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1 INTRODUCTION 

Hydropower contributes approximately one sixth of the world’s energy requirements and is one 

of the most important sources of renewable energy. In 2005 it contributed approximately 90% of 

the total renewable energy generated (International Hydropower Association 2005). Many 

hydropower schemes require the transport of water over long distances from storage dams to 

power stations by way of canals (Figure 1.1a,c), flumes (Figure 1.1b) and pipelines. These 

conduits are susceptible to the growth of freshwater biofilm species, including bacteria and 

algae, which adhere at the liquid-solid interface and impede the flow of water (Figure 1.1d). 

The majority of the electricity supplied in Tasmania, Australia, is produced by hydropower 

systems. Hydro Tasmania, the power generation utility, operates 29 hydropower stations 

incorporating 170 km of open channels. The potential for hydropower development in Australia 

has been well exploited and operators, such as Hydro Tasmania, are now investigating means to 

  

  

Figure 1.1 Tarraleah No.1 Canal (20 km long hydropower canal): (a) open canal section; (b) open flume 

section; (c) drained open canal section with bobcat for removal of biofouling; (d) heavy biofouling by 

Gomphonema tarraleahae 

(c) (d) 

(b) (a) 
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increase output from existing hydropower systems, including efficiency improvements in the 

water conveying systems. This thesis concentrates on the impact of freshwater biofouling in 

open channels, in particular from the diatom species Gomphonema tarraleahae (Figure 1.1d) 

and Tabellaria flocculosa which cause up to 10% loss of capacity in the Tarraleah No.1 Canal in 

Tasmania, Australia.  

This thesis is part of a multidisciplinary study of biofouling in hydropower conduits involving a 

team of engineers, plant scientists, and spatial information scientists. To provide a 

comprehensive approach to the problem it synthesises: laboratory measurements which 

investigate the flow physics; studies of the environmental conditions favoured by the biofouling 

species; studies of biofouling mitigation techniques; and the characterisation of the surface 

condition of the biofilms using close-range photogrammetry. 

The detrimental effect of biofilms on skin friction has been well established over the last 

century. It affects many industries including hydropower producers, water distribution utilities, 

and the shipping industry. Much research has been done on the effect of biofilms on drag in the 

marine environment. Full-scale ship trials and laboratory tests have shown that the presence of 

biofilms can have a substantial detrimental effect on skin friction (Lewthwaite et al. 1985; 

Picologlou et al. 1980; Schultz 2000; Schultz & Swain 1999; Stoodley et al. 1999). However, 

there have been few studies on freshwater biofilms and the mechanisms by which they cause 

drag and alter the structure of the flow. This thesis begins with a review of the literature on 

biofouling in Chapter 2, including its impact on skin friction drag and possible methods of 

mitigation. 

Turbulent boundary layer flow over rough surfaces is complex and occurs in a multitude of 

situations, whether they are in the natural environment or in engineering applications. Unlike 

smooth wall boundary layers, the governing conditions for rough wall boundary layers are still 

under some debate and are the subject of extensive research. There has been much discussion on 

the extent of the influence of surface roughness into the boundary layer, termed the wall 

similarity hypothesis, which is discussed in detail Chapter 2. Much of the research to date has 

been concerned with regular, solid roughness structures such as sandgrains or woven meshes 

(Bakken et al. 2005; Krogstad et al. 1992; Raupach et al. 1991; Schultz & Flack 2009; Shockling 

et al. 2006; Tachie et al. 2004). One of the objectives of this thesis is to determine whether or not 

the wall similarity hypothesis can be extended to include compliant biological surfaces. 
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Chapter 3 describes a field study which examined the ramifications of different canal upgrade 

options on biofilm growth, and involved installing a series of small test plates in a hydropower 

canal in two different locations and studying the growth of the biofilm over the summer period. 

A comprehensive set of laboratory measurements were completed in this study, and the 

experimental facilities used are detailed in Chapter 4. A recirculating water tunnel was used to 

investigate the flow over smooth, sandgrain, and biofouled test plates. Boundary layer mean 

velocity and turbulence profiles were measured using Laser Doppler Velocimetry (LDV) whilst 

total drag measurements were obtained using a floating element force balance. The roughness 

character of both uniformly rough and compliant biofouled surfaces was investigated using a 

novel close-range photogrammetry technique.  

One of the main objectives of this thesis is to investigate the structure of the turbulent boundary 

layer over smooth, rough, and biofouled surfaces in order to advance understanding of the 

mechanisms for drag production by biofilms. To achieve this aim, detailed measurements of the 

unsteady velocity fluctuations and Reynolds stresses are needed. The University of Tasmania 

(UTAS) Water Tunnel has not previously had the instrumentation required to measure 

turbulence. A review of the techniques available to measure turbulence is given in Chapter 2. 

Chapter 5 presents boundary layer turbulence measurements using a Pitot probe closely coupled 

to a Validyne pressure transducer and details of the two-dimensional Laser Doppler Velocimetry 

(LDV) system subsequently adopted for turbulence measurement. Potential sources of error in 

LDV measurements are investigated and the difficulties in obtaining two-dimensional 

measurements in the UTAS Water Tunnel are discussed. 

The analysis of rough wall boundary layer profiles is challenging due to the number of unknown 

parameters which must be solved including the origin of the wall, wall shear velocity, wake 

strength, and roughness function. Chapter 6 is devoted to data analysis, including a review of the 

available techniques to determine the wall shear stress. The Preston Tube Method, Bradshaw’s 

Method (inner layer similarity), the Log Law Slope Method (inner layer similarity), Perry and 

Li’s Method (inner layer similarity), Hama’s Method (outer layer similarity), and the Total 

Stress Method were all applied to the same data set and critically assessed for their accuracy, 

reliability, and ability to produce realistic results. The techniques used to determine the total drag 

using a floating element force balance are also discussed. 

The results of the laboratory investigations are presented in Chapters 7 and 8. Test plates (997 

mm x 597 mm) were placed in a hydropower canal for several months to allow flow-conditioned 
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freshwater biofilms to develop. Detailed results for flows over live biofilms are presented in 

Chapter 7, including one- and two-dimensional boundary layer profiles, total drag measurements 

and roughness measurements using photogrammetry for a set of eight test plates. Chapter 8 

examines the flow structure directly behind an artificial filamentous biofilm. 

The structure of turbulent boundary layers over the biofouled surfaces is compared to those for 

smooth and sandgrain surfaces in Chapter 9. The roughness data obtained from the boundary 

layer profiles, total drag measurements and the photogrammetry process are examined to 

determine if flow over freshwater biofilms is consistent with the wall similarity hypothesis, and 

whether or not there is a physical roughness parameter that correlates with the measured skin 

friction drag. 

Finally, the conclusions from this study and recommendations for future work are given in 

Chapter 10.  
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2 LITERATURE REVIEW 

The literature review is divided into five parts. The first section provides an overview of the 

studies relevant to the current research on freshwater biofilms. The second section comprises a 

review of the structure of turbulent boundary layers. The third section discusses open channel 

flow, and the validity of using a turbulent boundary layer research facility for a study where the 

application is primarily open channel flow. The fourth section provides an overview of the 

techniques available to measure turbulence in fluids. The chapter is concluded with a summary. 

2.1 FRESHWATER BIOFILMS 

The detrimental effect of biofilms on skin friction has been well established over the last century 

and spans many industries including the shipping industry, hydropower generation, bulk water 

supply, and cooling systems. However, the mechanisms behind the increase in skin friction due 

to biofouling are not as well understood. There is a need to develop environmentally sustainable 

solutions to the biofouling problem, with the aim to provide surfaces that both retard the growth 

of biofilms and enhance the friction characteristics of the underlying substrate. 

This section provides an overview of the studies relevant to the current research on biofilms. It 

also highlights the significance of the current research, and how it contributes to the 

understanding of the interaction of living freshwater biofilms with turbulent boundary layers and 

the resulting increase in drag. 

2.1.1 The Nature of Biofilms 

Biofouling is the undesirable growth of biological matter, including bacteria, algae, fungi and 

invertebrate organisms at liquid-solid interfaces. The increases in frictional resistance and 

resultant energy losses due to biofilms are of major concern to industry including hydropower 

generators, water supply industries and ship owners (Picologlou et al. 1980). 

In order to develop methods to prevent biofilm growth it is important to understand the 

mechanisms by which biofilms form and grow. Firstly, a conditioning film is adsorbed onto the 

substrate. This conditioning film may consist of both organic and inorganic molecules, such as 

metal oxides and very fine clay or silt particles, and can modify the substrate prior to further 

adhesion events (Callow 1993; Dobretsov et al. 2006). Callow (1993; 2000) states that the 
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interaction between the substrate and the conditioning film is the key to subsequent adhesive 

events and an understanding of the physico-chemical properties of the surface is crucial to the 

development of new strategies to control fouling. Following the adsorption of the conditioning 

film, the substrate may be colonised by bacteria, algae or other microorganisms, which are 

usually unicellular, colonial or simple filamentous in nature. Algal biofilms will form on any 

moist, illuminated surface (Callow 1993), whereas bacterial biofilms can form in both 

illuminated and dark conditions (e.g. in pipelines) (Barton 2007).   

Biofilms produce extracellular polymer substances (EPS), which are secreted to effectively hold 

the biofilm together and attach it to the substrate, as well as facilitating locomotion (Callow 

1993; Dobretsov et al. 2006). EPS is a highly hydrated, three-dimensional structure and consists 

mainly of polysaccharides and proteins, constituting 50-80% of the overall biofilm organic 

matter (Dobretsov et al. 2006; Flemming et al. 1999). It is due to the secretion of EPS that 

biofilms obtain their slimy characteristic. 

A common fouling species in open conduits and other illuminated locations is the diatom. 

Diatoms are microscopic, single-celled algae with silica shells and are prevalent in both marine 

and freshwater environments. They are commonly the first algae to colonise a freshly submerged 

surface (Callow 1993; McFie 1956). Diatoms attach themselves to the surface by the secretion of 

EPS, which allows them to remain in areas where photosynthesis and nutrient access conditions 

are optimal (Wetherbee et al. 1998; White & Chamberlain 1982). Strong adhesion to the 

substrate helps to prevent sloughing off by high velocity flows or physical disturbances (Callow 

1993; White & Chamberlain 1982). Low profile films, as opposed to upright stalked structures 

which may have more competitive advantage for nutrient and light access, are more resistant to 

the shear stress caused by the motion of the flowing fluid (Biggs & Thomsen 1995). 

It is important to note that the thickness and morphology of biofilms are a function of the 

hydrodynamic operating conditions and the hydrodynamic conditions depend on the nature of 

the biofilm (Callow 1993; Callow 2000; Lewandowski & Stoodley 1995; Picologlou et al. 1980; 

Wilderer et al. 1995), and, as such, the properties of the biofilm will change over time.  The 

hydrodynamic conditions, in particular the velocity, affect the thickness and morphology of 

biofilms by the transport of nutrients in the flow, and the formation of filamentous strands. 

Biofilms affect the flow by increasing the skin friction and drag.  

Algae colonise less effectively in fast current than in slow, and in fast flow, colonisation rates 

are higher on rough surfaces than on smooth ones (Peterson 2007). Peterson (2007) also 



Chapter 2 - Literature Review 

  7 

identifies the importance of the fluid shear stress on initial colonisation. However, surface 

irregularities, caused by cell accrual or even the substrate itself, provide interruptions to the flow 

and refuge from the shear stress. 

2.1.2 The Effect of Biofilms on Skin Friction 

Much research has been done on the effect of biofilms on drag in the marine environment. Both 

full-scale ship trials and laboratory tests have shown that the presence of biofilms can have a 

substantial detrimental effect on skin friction and hence ship performance. McEntee (1915) 

found that fouled plates exposed to seawater exhibited as much as four times the frictional 

resistance of a freshly painted smooth plate. Experiments were conducted by Watanabe et al. 

(1969) on slime coated concentric cylinders, rotating disks and a model ship, which predicted an 

increase in full-scale ship resistance of 9-10% due to ship fouling. Loeb et al.(1984) measured 

the influence of microbial biofilms on the hydrodynamic drag of rotating discs and found a 10-

20% increase. They hypothesised that the slime film might actually smooth a rough disc, but 

instead found a 10% increase in resistance. 

Lewkowicz and Das (1985) carried out a wind tunnel simulation of boundary layer flow over 

two different surfaces, one surface had an irregular coarse roughness, and the other rough 

surface was overlaid with nylon tufts to simulate marine biofouling growth. The local skin 

friction coefficient was 18% higher for the combined roughness and the combined roughness 

had a thickening effect on the boundary layer. 

Lewthwaite et al. (1985) measured the local skin friction on a moving 23 m tender vessel over a 

2 year period using a small Pitot tube to obtain boundary layer profiles. An 80% increase in the 

local skin friction was measured after 2 years, mainly attributed to the presence of a slime film, 

with a corresponding 15% loss in ship speed. Even a very slight coverage noted after 240 days 

afloat, which was too thin to measure the thickness and could only just be detected by touch, 

caused a 25% increase in the local skin friction. Following removal of the slime, the skin friction 

returned to very nearly the clean hull value.  

Another full scale ship trial was conducted by Haslbeck and Bohlander (1992) on a ship 

instrumented to measure shaft horsepower and ship speed. An 18% decrease in the required shaft 

horsepower to propel the ship was found after removal of 22 months of biofilm growth by 

underwater cleaning, with very little growth of macrofouling. Townsin (2003) also conducted a 
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full scale ship trial and found an increase in frictional resistance of 5% due to a slime film 

accumulated over a 40 day period. 

The effect of biofilms on freshwater systems has also been documented. Minkus (1954) 

measured a reduction in pipeline capacity of 23% over 5 years due to a thin microbial slime 

deposit in a concrete pipeline. The loss in capacity could not be attributed to the reduction in 

pipeline diameter and it was concluded that it was the nature of the slime that caused the 

reduction in capacity. Bland et al. (1975) found that slime accumulation in sewerage reticulation 

pipelines increased the frictional resistance. 

Of particular interest to the present study is the work previously conducted on Hydro Tasmania’s 

water conduits. McFie (1956, 1973, 1976), Brett (1980), Barton (2007) and Barton et al. (2008) 

have all documented the effect of biofouling. In open channels, biofilm growth causes an 

increase in depth to maintain the same flow rate, or a reduction in capacity to maintain adequate 

freeboard, both of which are undesirable. In hydropower pipelines increased headloss due to 

biofilm growth leads to a reduction in generating capacity and hence revenue. Results from 

headloss tests performed before and after pipeline cleaning indicate that where the substrate is in 

good condition, significant gains can be made from cleaning the internal surfaces, including a 

25% improvement in capacity at the Tarraleah Hilltop Pipeline (Barton et al. 2008). 

Schultz (1998, 2000) and Schultz and Swain (1999; 2000) made turbulent boundary layer 

measurements on surfaces in a recirculating water tunnel.  A smooth surface, two sandpaper 

surfaces with different grits and two surfaces covered with filamentous green algae grown over a 

30 day period were tested.  A significant increase in the skin friction coefficient was measured 

for both of the fouled plates (125% and 110% increase on smooth plate values), with the 

magnitude of the increase dependent on both the biofilm thickness and morphology.  Increases 

in the turbulence intensities and the Reynolds stresses were measured in the outer region of the 

boundary layer, which indicated an increase in the large-scale motions over the biofilms. 

Barton (2007) conducted measurements on freshwater biofilms grown on both smooth and rough 

test plates, placed insitu at Tarraleah, and brought back to the University of Tasmania for 

hydraulic testing in a purpose built facility and photogrammetric roughness characterisation.  

The results show that both low-form gelatinous biofilms and filamentous biofilms grown on 

smooth or rough surfaces cause significantly greater drag than the equivalent clean surface, 

which corroborates the results from previous studies.  It was found that rough surfaces 

accumulated the most biofilm, probably due to the greater surface area and suitability for biofilm 
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colonisation.  The biofilm was observed to grow in the valleys and interstitial spaces of the 

artificially created rough plate. 

The aforementioned studies have firmly established that biofilms have a detrimental effect on 

the drag on ships and the fluid carrying capacity of canals and pipelines. It has also been widely 

established that the effective roughness caused by biofilm growth is considerably larger than the 

absolute thickness of the biofilm layer, and is much more complex than the widely used 

Nikuradse sandgrain roughness (Barton 2007; Brett 1980; Picologlou et al. 1980; Schultz 1998; 

Schultz & Swain 1999; Schultz & Swain 2000).  Several studies have been undertaken to 

establish what mechanisms cause the increase in skin friction beyond that expected from the 

physical roughness of the biofilm.   

Picologlou et al. (1980) measured biofilm properties and pressure drop in tubular fouling 

reactors and found that frictional resistance due to biofilm accumulation can be substantial.  

Some important conclusions drawn from this study were: 

1. The reduction in cross sections due to biofilm accumulation only accounts for at most 

10% of the total frictional resistance; 

2. Increased surface roughness causes a significant increase in frictional resistance and the 

resistance is dependent on biofilm thickness; 

3. Frictional resistance does not increase above the hydraulically smooth pipe value until a 

critical biofilm thickness (which is approximately equal to the thickness of the viscous 

sublayer) is obtained; and 

4. Filaments of biofilm were observed to flutter with a frequency that is a function of the 

fluid velocity, and a significant portion of the total frictional resistance can be attributed 

to the action of filaments. The frictional resistance increases as a function of the 

streamer length. 

A number of studies have been undertaken considering the effects of filamentous biofilms, 

which are also referred to as streamers in the present study.  It has been established that 

filamentous biofilms cause additional increases in skin friction above the effects of non-

filamentous biofilms (Lewandowski & Stoodley 1995; Lewkowicz & Das 1985; Picologlou et 

al. 1980; Schultz 2000; Schultz & Swain 1999; Stoodley et al. 1999; Stoodley et al. 1998).  It is 

thought that the rapid three-dimensional oscillation of the streamers in the flow causes additional 
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kinetic energy dissipation.  Streamers have been observed to form only under turbulent flow 

conditions (Stoodley et al. 1999; Stoodley et al. 1998).  Stoodley et al. (1998) suggest that that 

the oscillation of the filaments is due to vortices shed from upstream biofilm clusters.  Non-

filamentous biofilms have also been observed to vibrate under flow conditions (Barton 2007).  

2.1.3 Biofilms in the Tarraleah Power Scheme 

The biofilms growing in the Tarraleah Power Scheme (see Section 3.1) in Tasmania, Australia, 

and in particular Tarraleah No.1 Canal and Pond No.1, have been identified with the diatom 

Gomphonema tarraleahae (Perkins et al. 2009) commonly found in high velocity areas and the 

diatom Tabellaria flocculosa commonly found in lower velocity areas. The diatoms form a 

brown jelly-like skin which may exceed 3 mm in thickness (McFie 1956), and are low-form 

gelatinous slimes dominated by EPS (see Figure 2.1). Filamentous algae streamers (Zygnema 

sp.) up to 200 mm long have also been observed to grow in Tarraleah No.1 Canal and are shown 

in Figure 2.2. Previous studies on the fouling in the Tarraleah Power Scheme include McFie 

(1956), Brett (1980) and Barton (2007). 

The environmental conditions in the power scheme differ significantly to that of a natural 

stream. Tarraleah No.1 Canal is concrete-lined and runs at a fairly constant velocity and flow 

depth for the majority of the year. It is drained approximately annually to remove the biofilms 

from the surface, as discussed in Section 2.1.4.2, and to perform any needed repairs. The water 

temperature in Tarraleah No.1 Canal exhibits a strong seasonal variation. Over the winter 

months, June to September, the water temperature is approximately 5 
o
C and increases over 

  

Figure 2.1 Gelatinous biofilms in Tarraleah No.1 

Canal 

Figure 2.2 Filamentous algae streamers grown in 

Tarraleah No.1 Canal 
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October and November to reach a maximum of approximately 15 
o
C during February/March 

(Barton 2007; Perkins et al. 2009).  

The levels of nitrogen and phosphorus, the two nutrients considered most important for algal 

growth, do not fluctuate significantly throughout the year (Barton 2007; Perkins et al. 2009). The 

amount of fouling present in the canal fluctuates seasonally, with more fouling present in the 

warmer summer months. Observations of fouling in the canal indicate that there is more growth 

in the shaded areas than in those exposed to direct sunlight. These conditions have allowed the 

diatoms to flourish, with an estimated 1.8 – 17.6 tonnes (dry weight) of biomatter in the 20 km 

long canal (Perkins et al. 2009). 

G. tarraleahae is a raphid diatom, with cells approximately 35 µm long and 6 µm wide, as 

shown in Figure 2.3a. As with a number of other diatom species, G. tarraleahae secretes a 

mucous stalk which pushes the cells away from the wall towards better light and nutrient 

conditions. The stalks observed from the fouling at Tarraleah are hundreds of microns long, tens 

of times the size of the cell itself. As seen in Figure 2.3, stalking is intense and the bulk of the 

fouling seen on the canal wall is made up of stalk material which appears remarkably resistant to 

bacterial degradation. Debris, dead cells, and other algal cells become trapped in the fouling, 

creating a dense mat. 

T. flocculosa is a distinctive diatom species, with oblong cells around 20-30 µm long and 20 µm 

wide, as shown in Figure 2.4. T. flocculosa may be found floating free in chains or attached to a 

substrate by mucous pads. The cells appear very different depending on the angle of viewing, as 

can be seen in Figure 2.4(b) and Figure 2.4(c). They form distinctive zigzag colonies, attached to 

 

Figure 2.3 G. tarraleahae: (a) single cell, scale is 6 µm; (b) mucous stalks (dyed), scale is 100 µm; (c)  

mucous stalks and cells, scale is 50 µm (all photos by Kathryn Perkins) 

(a) (b) (c) 
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each other at the corners of the cells. Such colony formation promotes floating and allows 

attached cells to live away from the substrate, where nutrients are more replete. T. flocculosa is 

dominant in fouling at Pond No.1, where water flow is decreased.  

The New Zealand pest diatom Didymosphenia geminata (‘rock snot’) (Kilroy 2004) is currently 

of concern to Hydro Tasmania and has been identified as one of the highest priority biosecurity 

threats for Tasmania. The environmental parameters favoured by D. geminata include cool water 

temperatures, stable hydrology and substrates, and high light availability (Whitton et al. 2009), 

which suggest that Tasmania’s hydropower canals may provide an ideal environment. It is 

capable of forming woolly thick mats 100 times thicker than the native diatom species and 

causing even more significant reductions in flow, which could have drastic consequences if 

introduced into Tasmania. 

2.1.4 Biofouling Mitigation 

Novel methods of biofouling control are required in both fresh, potable water environments and 

marine environments where the use of harmful chemicals and biocides is neither acceptable nor 

allowed (Barton 2007; Brady & Aronson 2003; Callow 1993; Candries & Altar 2003; Dobretsov 

et al. 2006; Osborn et al. 2005).  There are a number of different approaches to biofouling 

mitigation, which are discussed in the following sections. Several heat treatment techniques were 

trialled by the research group, and are detailed in Perkins (2009b). 

 

Figure 2.4 T. flocculosa: (a) colony of T. flocculosa demonstrating zigzag formation; (b) two T. flocculosa 

cells attached fully in the centre; (c) single T. flocculosa cell from a differently angled view (all scale bars 

10 µm), photos by Kathryn Perkins 

(a) (b) (c) 
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2.1.4.1. Chemical 

The use of chemicals to control biofouling is suited mainly for dosing single bodies of water that 

are not in the natural environment, e.g. swimming pools and recirculating water systems (Callow 

1993).  Chlorination is the most effective and widely used technique (Characklis 1973; Nair et 

al. 1997), but may have adverse effects on the natural aquatic environment, such as the 

production of trihalomethanes which must be taken into account (Callow 1993; McFie 1973; 

Nair et al. 1997).  Chlorination does not have residual effects, and thus a dosing program would 

need to be undertaken to control biofouling over extended periods of time (Minkus 1954).  The 

use of ozone and hydrogen peroxide is more costly (Callow 1993; Nair et al. 1997) and would 

not be suitable for large applications such as the water conveyance system for a hydropower 

scheme. 

Another method of chemical biofouling control involves spraying chemicals directly onto the 

surface, rather than dosing the body of water.  McFie (1956, 1973, 1976) carried out a series of 

trial and full scale experiments on the effectiveness of 15 different sprays on their toxicity to 

biofouling, and their effect on trout.  Consequently, Tarraleah No.1 Canal was sprayed with 

copper sulphate solution, followed by sodium carbonate achieving a 10% increase in output at 

the Tarraleah Power Station.  Characklis (1973) reports that silver, copper, chlorinated phenols 

and quaternary ammonium compounds have been used with limited success, and are not as 

effective as chlorination. 

2.1.4.2. Physical 

Physical removal of biofilms is a proven short-term method for fouling control. Barton et al. 

(2008) conducted headloss testing before and after mechanical cleaning using high pressure 

water sprays on three different conduits in Hydro Tasmania’s water conveyance system to 

determine the benefits of removing biofilms from the wetted surface. It was concluded that 

provided that the internal surface coating is in good condition, significant reductions in headloss 

might be gained by removing biofouling from the surface. Cleaning of the Wilmot Penstock 

resulted in a 1 m reduction in headloss in the penstock section tested, and cleaning of the 

Tarraleah Hilltop Pipeline resulted in a 25% improvement in capacity.   

Tarraleah No.1 Canal is cleaned approximately annually by dewatering the canal for several 

days, which partially dries out the biofilms, and scrubbing the walls and invert using steel 

brooms attached to a bobcat (Figure 2.5a) and a modified front-end loader (Figure 2.5b) to 
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remove as much of the biofilm mat from the surface as possible. High pressure water sprayers 

(Figure 2.5c) have also been trialled, but care must be taken not to remove the fines from the 

concrete as well as the biofilm. 

Perkins et al. (2009) report that a substantial amount of fouling remains after the cleaning 

process. Only the top layer of fouling is removed, and it is highly likely that the scrubbing 

technique does not remove fouling from the valleys of the concrete surface and merely removes 

the peaks and upper layer of the fouling mat. Andrewartha et al. (2006) measured valleys up to 

5.55 mm deep in the concrete surfaces of Tarraleah No.1 Canal, using the same photogrammetry 

techniques used to map the surface of the biofilms in this study. These valleys are assumed to 

provide shelter for a large number of cells during the cleaning process. 

Other physical methods for biofouling control include acoustics, UV light and thermal control 

(Callow 1993; Nair et al. 1997).  Heat treatment has been successfully used in ship ballast 

systems.  Waste engine heat is used to heat ballast water before release in foreign ports to kill of 

any biomatter present (Rigby et al. 2004).  However, this method is not generally suited for the 

natural environment (Callow 1993; Nair et al. 1997). Trials of killing the algal fouling with 

pressurised hot water and un-pressurised steam were unsuccessful, simply because this does not 

remove the dead stalking material itself, thus leaving physical scraping as the only alternative 

(Perkins 2009b). 

Physical methods of biofouling control are generally only short-term solutions.  Mechanical 

cleaning can damage the substrate, gradually increasing the surface roughness of the substrate 

and providing a preferred environment for biofilm colonisation. A long-term solution is needed 

to prevent the growth of biofilms, reduce the friction characteristics of the surface, and protect 

the surface from deterioration and other damage. 

 

Figure 2.5 Physical cleaning of hydropower canals: (a) bobcat with rotary broom for cleaning the invert; (b) 

modified front-end loader for cleaning the walls; (c) externally towed sprayer frame 

(a) (b) (c) 
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2.1.4.3. Surface Coatings 

Protective surface coatings work in two ways: through the control of surface properties or 

through biocidal properties. It has been established that the application of certain surface 

coatings can enhance the capacity of pipelines and open channels by both inhibiting the growth 

of biofilms and by decreasing the surface roughness of the substrate (Andrewartha & Cribbin 

2009; Barton & Sargison 2004; Sletfjerding et al. 1998).  Surface coatings also protect the 

substrate from corrosion and damage and reduce the need for maintenance. 

Sletfjerding et al. (1998) conducted an experimental study of pressure drop in gas pipelines at 

high Reynolds numbers to determine the effect of roughness. The friction factor for a coated 

pipe was 31% lower than for a steel pipe, which corresponded to a 21% increase in transport 

capacity.   

Hydro Tasmania applied a protective surface coating to the Liawenee Flume in central Tasmania 

following the resurfacing of the existing concrete substrate (Andrewartha & Cribbin 2009). 

Liawenee Flume is approximately 650 m long and transfers water from the Ouse River to the 

Great Lake via the Liawenee Canal. It was constructed in 1918-1921 and frequently experiences 

some of the most extreme cold weather in Tasmania. Eighty years of severe frost attack, 

concrete degradation, reinforcement corrosion and biofouling reduced the asset to an 

unacceptable state (Figure 2.6) where the structural integrity was seriously compromised, 

prompting an extensive upgrade, which commenced in 2002. Following restoration (Figure 2.7) 

the capacity of the flume was increased from 18.5 m
3
/s to 24 m

3
/s, an improvement of 30%. 

After seven years since the initial upgrade, the extent of biofouling is still at very low levels and 

no deterioration of the coating has been observed. 

  

Figure 2.6 Severe frost attack at Liawenee Figure 2.7 Liawenee Flume Post Upgrade 
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The research team at the University of Tasmania has undertaken an ongoing investigation in 

conjunction with Hydro Tasmania investigating the effectiveness of different surface coatings 

and surface preparations, including: deployment of test plates at Tarraleah; photographic 

documentation; and surface characterisation of the biofilms using photogrammetric methods 

(Andrewartha & Perkins 2009; Barton 2007; Barton & Sargison 2004; Bendall 2005).   

A range of surface coatings were applied to mild steel plates prepared to either replicate a 

smooth surface or an aged concrete surface. It was found that the plates prepared with a rapid set 

cement (to replicate an aged concrete surface) had considerably more growth than the smooth 

plates treated with the same protective surface coating, indicating the need to apply protective 

coatings to a smooth surface. Of the range of coatings tested, some performed very well and 

some clearly failed to inhibit the growth of biofouling. 

The surface coatings commonly used to control fouling growth are not 100% effective and do 

not specifically target biofilm EPS, which is responsible for biofilm adhesion (Perkins 2005).  

Thus strategies need to be developed which avoid the use of toxic chemicals, and are effective at 

controlling fouling growth.   

The use of toxic antifouling coatings, such as tributyl tin based coatings, is now prohibited due 

to toxic effects on the environment. There are two alternatives to tributyl tin based coatings 

(Candries & Altar 2003; Candries et al. 2003): foul release coatings and tin-free self-polishing 

co-polymers.  Tin-free self-polishing co-polymers work on the same principles as traditional 

antifouling coatings, but release copper based toxins rather than tributyl tin (Candries & Altar 

2003; Candries et al. 2003), however, these new coatings may also be toxic (Schultz 2004). 

Silicone elastomer based foul release coatings are promising as a replacement for toxic 

antifouling coatings, and work on a different principle (Brady & Aronson 2003; Callow 1993; 

Candries & Altar 2003; Candries et al. 2003; Nair et al. 1997; Schultz 2004; Townsin 2003).  

Foul release coatings do not prevent fouling settlement by the release of toxins, instead they 

work on the principle that the adhesion of organisms to surfaces is weak when the surface free 

energy of the surface is low, thus reducing adhesion strength of the biofilms. Foul release 

coatings must be easily cleaned mechanically or self-cleaning at operational speeds. 

2.1.4.4. Novel Drag Reduction Techniques 

There are several novel drag reduction techniques being developed, including microbubble 

injection, polymer injection, and the use of compliant and biological surfaces. 
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Microbubble injection can decrease drag in turbulent boundary layers, provided that the bubbles 

are present in the buffer region of the boundary layer (Deutsch et al. 2005; Olivieri et al. 2005).   

Olivieri et al. (2005) conducted experiments investigating the effects of microbubbles on a 

turbulent boundary layer flow over a flat plate. They found that reduction of drag in water flows 

is attainable, and that the position and concentration of bubbles in the boundary layer affect the 

amount of drag reduction attained. Microbubble injection is relatively simple and also has a low 

environmental impact with no toxins involved and is thus an attractive method of drag reduction, 

particularly for environmentally sensitive regions. 

Solutions of polymers have been shown to produce significant drag reduction (Characklis 1973; 

Deutsch et al. 2005; Olivieri et al. 2005; Schultz & Swain 2000). The polymers must be present 

in the buffer region of the boundary layer in sufficient concentration to effectively reduce drag 

(Deutsch et al. 2005; Schultz & Swain 2000). It is not known if the polymers found in biofilm 

EPS are effective in drag reduction, or whether they are produced in sufficient quantities to have 

effect (Characklis 1973; Schultz & Swain 2000).  Deutsch et al. (2005) conducted drag reduction 

experiments with combined microbubble and polymer injection on a flat plate in a recirculating 

water tunnel and found that higher drag reduction occurs for combined injection than individual 

injection. 

Compliant surfaces are flexible passive walls that may have properties tuned in to the flow 

properties (Carpenter 2005) and effectively delay transition by damping turbulent instabilities 

(Schultz & Swain 2000). Dolphins have a compliant skin that enhances their hydrodynamic 

performance by damping incipient turbulence and delaying transition from laminar to turbulent 

boundary layer flow, and it has been suggested by several authors that the skin of living dolphins 

makes adjustments that improve the boundary layer conditions (Candries & Altar 2003; 

Ridgway & Carder 1993). 

The dynamics of a compliant wall interacting with a fluid flow are very complex.  However, 

there is a considerable body of experimental evidence that suggests that compliant walls reduce 

skin friction in fully turbulent flows (Carpenter 2005).  Dolphin skin has been observed to have 

well adapted self-cleaning properties, attributed to the gel-coated skin surface and air bubbles 

created whilst jumping, directed against the early stages of biofilm formation (Baum et al. 2003). 

Marine microbes are promising potential sources of non-toxic antifouling compounds as they 

can produce substances that may inhibit the settlement and/or growth of microfouling, 

invertebrate larvae and macroalgal spores.  The growth of certain diatoms and other unicellular 
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algae has been shown to be inhibited by marine bacteria in laboratory studies.  The application 

of natural products from marine organisms has been proposed as a source of the active 

ingredient in surface coatings, however, information on microfouling “antifoulants” is limited 

and warrants further research (Dobretsov et al. 2006). 

2.2 THE STRUCTURE OF TURBULENT BOUNDARY LAYERS 

This section introduces the concepts of turbulence and boundary layers. The influence of 

roughness on turbulent boundary layer structure is discussed, including the application of the 

geometrically similar sandgrain roughness equations to non-uniform compliant surfaces such as 

biofilms. Recent studies concerning the wall similarity hypothesis are reviewed. The validity of 

using a turbulent boundary layer research facility for what is primarily an open channel flow 

application is discussed in Section 2.3. 

2.2.1 Turbulent Flow 

Most flows of practical engineering interest are turbulent, including flows in hydropower 

pipelines and canals. The coordinate system used throughout this study is defined in Figure 2.8. 

The x-direction is the streamwise direction and corresponds to the streamwise velocity, u. The y-

direction is the wall-normal direction and corresponds to the wall-normal velocity, v. The z-

direction is the spanwise direction and corresponds to the spanwise velocity, w. 

In turbulent flow, the velocity consists of a mean velocity and velocity fluctuations produced by 

the eddying motion. The instantaneous velocity at any point in time is given in Equation 2.1 for 

the three velocity components u, v and w in the x, y and z directions, respectively, where 

designates a time-mean value and ‘ designates an instantaneous fluctuation about the time-mean. 

 

Figure 2.8  Coordinate System for all equations and for the UTAS Water Tunnel 
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The eddies in turbulent flow greatly increase the rate of mixing of the fluid, and any quantity 

carried by the fluid such as dye, nutrients, energy or the momentum of the fluid parcels 

themselves. The range of eddy sizes in a turbulent flow depends on the Reynolds number, but for 

most flows of practical interest it typically covers several orders of magnitude. 

The Reynolds number of a flow is a dimensionless parameter defined as the ratio of the inertial 

to the viscous forces. It is given by Equation 2.2, where l is a characteristic length scale (e.g. 

pipe diameter, length of a test plate or the boundary layer thickness), U is a velocity scale, and ρ 

and µ are the fluid density and viscosity. 

µ
ρUl

=Re  Equation 2.2 

2.2.2 The Boundary Layer 

Ludwig Prandtl, in 1904, was the first to demonstrate the existence of the boundary layer.  He 

proved that the flow about a solid body can be divided into two regions: the boundary layer 

where friction plays an essential part, and the remaining region outside of the boundary layer, 

where friction may be neglected (Schetz 1993; Schlichting 1955; White 1991).  The boundary 

layer is the region where the velocity of a fluid increases from zero at the wall, due to the no-slip 

condition, to the freestream velocity at some distance away from the wall as illustrated in Figure 

2.9 for a flat plate.   

 

Figure 2.9  Development of a boundary on a flat plate, adapted from Schlichting (1955) 
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The boundary layer thickness, δ, increases streamwise along the plate and is usually defined as 

the distance from the wall where the velocity differs by one percent from the freestream velocity, 

U (Schlichting 1955).  The boundary layer thickness is difficult to measure accurately, as it 

largely depends on a single velocity measurement.  Thus the displacement thickness, δ*
, and the 

momentum thickness, θ, are commonly used as they are integral properties of the boundary layer 

velocity distribution that are not dependent on a single measurement. 

In flow with constant properties, the boundary layer displacement thickness is defined by: 

∫
∞

−=
0

* )1( dy
U
u

δ  Equation 2.3 

and the boundary layer momentum thickness is defined: 

∫
∞








 −=
0

1 dy
U

u

U

u
θ  Equation 2.4 

In the present study, the displacement and momentum thicknesses for all boundary layer profiles 

were evaluated by numerical integration using the trapezoidal rule. 

The boundary layer velocity profile shape factor, H, is defined by: 

θ
δ *

=H  Equation 2.5 

The total shear stress in a turbulent boundary layer comprises of both viscous and turbulent 

parts. The shear stress in the xy plane, to the boundary layer simplification, is given by: 

''vu
y

u
xy ρµτ −

∂
∂

=  Equation 2.6 

As this is the only shear stress component considered in the present study, it will be denoted 

herein by τ for simplicity. 

The wall shear velocity, also referred to as the wall friction velocity, is an important parameter in 

boundary layer analysis and is defined by Equation 2.7. 
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ρ
τ wu =*

 where τw is the wall shear stress Equation 2.7 

The skin friction coefficient is a very important parameter in skin friction research.  The local 

skin friction coefficient, typically determined by boundary layer profiles, is given by Equation 

2.8. The total drag coefficient, typically determined by total drag measurements, is given by 

Equation 2.9.  Further attention is given to the skin friction and drag coefficients in Section 6.1 

on methods to determine skin friction. 

2
2

1 U
c f ρ

τ
=  Equation 2.8 

blU
D

CD 2
2

1 ρ
=  Equation 2.9 

where b and l are the plate width and length, respectively, and D is the total drag force. 

2.2.3 Regions of the Smooth Wall Boundary Layer 

The turbulent boundary layer, in the simplest view, consists of an outer region where the 

boundary layer thickness, δ, is the appropriate length scale and the wall friction velocity, u*, is 

the appropriate velocity scale; and an inner region where the length scale is ν/u*
 and the velocity 

scale is u* in the case of a smooth wall (Krogstad et al. 1992; Raupach et al. 1991).  There is an 

overlap region where laws for the outer and inner regions both apply.  The regions of a smooth 

wall boundary layer are depicted schematically in Figure 2.10. 

The inner region on a smooth wall consists of the viscous sublayer and the logarithmic region 

and covers the innermost 10-20% of the turbulent boundary layer.  In boundary layer flows with 

zero pressure gradients, the total shear stress in the fluid remains approximately constant, equal 

to the wall shear stress, and consists of both viscous and turbulent components.  The velocity in 

the inner region is a function of the wall shear stress, kinematic viscosity, and distance from the 

wall, and may be written in dimensionless form as (Raupach et al. 1991; White 1991): 
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 Equation 2.10 
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In the outer layer, the turbulent stresses dominate and the wall acts as a source of retardation.  

The velocity is independent of viscosity, but a function of the wall shear stress, boundary layer 

thickness, density, distance from the wall, and the freestream pressure gradient and is usually 

written in the dimensionless velocity defect form as given by Equation 2.11 (White 1991).  The 

velocity defect physically represents the local decrease in velocity below the freestream velocity 

(Schetz 1993). 








=
−

dx

dP
yf

u

uU
w ,,,,

*
δρτ  Equation 2.11 

There also exists an overlap region where both viscous and turbulent shear are important, and 

Equation 2.10 and Equation 2.11 both hold.  The overlap region typically extends from about y+
 

= 30 to y+
 = 300 (Schetz 1993; White 1991). The outer limit is not constant and depends on the 

boundary layer Reynolds number. Here the velocity distribution must be logarithmic to satisfy 

both types of similarity. 

Note that the local velocity, u, and distance from the wall, y, are frequently referred to in 

normalised notation where *uuu =+
 and ν*yuy =+

. 

 

Figure 2.10 Schematic diagram of a smooth wall turbulent boundary layer 
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2.2.3.1. Viscous Sublayer 

The viscous sublayer is a very thin layer of fluid and consists of two regions: the linear sublayer 

and the buffer layer.  The linear sublayer, in which the viscous stress dominates, is the region 

between 0 < y+
 < 5. Here the velocity profile is linear, as given by (White 1991): 

++ = yu  Equation 2.12 

The buffer layer is the region between 5 < y+
 < 30.  The velocity profile is neither linear nor 

logarithmic; rather it is a smooth merge between the two layers.  Spalding (1961) proposed the 

following relationship, which approximates the velocity profile across the entire inner layer 

including the buffer layer out to y+
 > 100: 
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 Equation 2.13 

2.2.3.2. Logarithmic Region 

The logarithmic region extends from approximately 30 < y
+
 < 300.  Viscous stresses are 

negligible in the logarithmic region, and the xy shear stress component largely consists of the 

turbulent Reynolds stress ( )''vuρ− . 

To derive the well known log law, Prandtl’s mixing length theory is introduced.  Prandtl 

proposed a mixing length, l, representative of the typical eddy size. The mixing length is 

proportional to the distance from the wall, such that yl κ= . The mixing length theory gives 

(Schlichting 1955): 
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lρτ  Equation 2.14 

Since viscous stresses are assumed to be negligible, and the shear stress is assumed constant 

equal to the wall shear stress, we have: 
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Rearranging and substituting yl κ=  gives: 
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 Equation 2.16 

Integration leads to the well known log law relationship: 

( ) Cyu += ++ ln
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ln

1
 Equation 2.17 

The log-law relationship expressed in Equation 2.17 will vary according to the values of κ and 

C, which are determined by experiment. Clauser (1954) used κ = 0.41 and C = 4.9.  It is 

generally accepted that κ lies between 0.39 and 0.41. In this study κ = 0.41 and C = 5.0 are used. 

Coles (1956) presents an extensive historical review of experimental data, providing evidence of 

the existence of a universal log-law relationship in the two-dimensional turbulent boundary 

layer. An example data plot in log-law form is given in Figure 2.11 from Schetz (1993). Data in 

the viscous sub-layer is also shown. Note that the viscous sublayer is referred to as the laminar 

sublayer in earlier studies. 

The log-law velocity distribution law was determined for turbulent flow, and only took into 

account the turbulent stresses. Such an assumption is only satisfied at large Reynolds numbers 

(Schlichting 1955). For smaller Reynolds numbers, when viscous stresses may be present 

outside of the viscous sublayer, the power law (which was derived by experiment) may be 

appropriate, as given in Equation 2.18. Schlichting (1955) suggested the relations given in 

Equation 2.19 for the general case of the power law on a flat plate. For smooth walls, the value 

of the exponent n is usually taken as 7, and the law is known as the 1/7
th
 power law. 
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2.2.3.3. Outer Region 

The outer region is typically defined by y/δ > 0.1.  In the outer layer, the turbulent shear stresses 

dominate. The velocity profile can be expressed in velocity defect form, as given in Equation 

2.11. An increase in skin friction corresponds to a greater velocity defect. This is easily 

explained as a higher skin friction means that there is a greater retarding force acting on the fluid 

in the boundary layer and hence more momentum is drawn from the flow and the velocity in the 

boundary layer is less (Schetz 1993). Equation 2.11 indicates that the velocity defect is also a 

function of pressure gradient.   

The boundary between the inner and outer regions is not abrupt, and there exists an overlap 

region where both inner and outer region laws hold. The overlap region typically covers 30 < y
+
 

< 300.  Thus, for the overlap region only, the velocity defect law may be expressed as given in 

Equation 2.20. For flow over a smooth plate with zero pressure gradient (i.e. dP/dx = 0), the 

 

Figure 2.11  Experimental data in log-law form (Schetz 1993) 
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constant B has a value of 2.5 (Schetz 1993) and represents the velocity defect intercept, 2Π/κ 

(Schultz & Flack 2007). 
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 Equation 2.20 

Experimental data expressed in velocity defect form is given in Figure 2.12. There is some 

debate in the literature as to whether or not smooth and rough wall data collapse onto the same 

curve in velocity defect form. This is reviewed in Section 2.2.6. 

Coles (1956) defined the deviation from the smooth wall log law, given in Equation 2.17, in the 

outer region of the boundary layer by introducing a wake function, w, which is common to all 

two-dimensional turbulent boundary layer flows with low freestream turbulence intensity levels. 

Coles considered the wake parameter, Π, to be constant with a value of 0.55 for zero pressure 

gradients and gave a table of possible wake functions. Π is, in general, a function of pressure 

gradient and Reynolds number. The normalising conditions for the wake function are given in 

Equation 2.22 

 

Figure 2.12  Experimental data in velocity defect form (Schetz 1993) (note U = u; Ue = U; u* = u*) 
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1
1

0
=∫ dw

yw

δ
 and 2)1(1 == ww where w1 is the maximum value of w Equation 2.22 

2.2.4 Effect of Roughness 

Turbulent boundary layer flow over rough surfaces is complex and occurs in a multitude of 

situations, both in the natural environment and in engineering applications. Unlike smooth wall 

boundary layers, the governing equations for rough wall boundary layers are still under some 

debate and the subject of extensive research, particularly regarding the extent of the influence of 

surface roughness into the boundary layer. This is discussed in detail in Section 2.2.6. 

Most flows over practical engineering surfaces are influenced by surface roughness effects. The 

surface topography is likely to be highly irregular, and may also change over time. For example 

a pipeline or lined canal may be hydraulically smooth at the time of deployment, but over time 

the surface will become roughened due to weathering or deposition of foreign materials such as 

biofilms. 

Wall roughness causes increased turbulent mixing in the boundary layer and changes the mean 

velocity profile near the wall and the skin friction coefficient. The velocity gradient near a rough 

wall is not as steep as the velocity gradient near a smooth wall (Nikuradse 1933; Schetz 1993; 

Schlichting 1955). For laminar flow, plots of u/U vs. y/δ collapse onto the same curve regardless 

of the type of fluid or wall roughness. This does not occur for turbulent flow. The shape of the 

curve is influenced by the skin friction coefficient, as shown in Figure 2.13 (Schetz 1993). A 

greater skin friction coefficient correlates to a greater  dimensionless velocity defect, due to the 

higher loss of momentum, and hence velocity, in the boundary layer (Schetz 1993). 
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2.2.4.1. Flow Regimes 

There are typically three different flow regimes described for flows over rough boundaries: 

hydraulically smooth, smooth-rough transition, and hydraulically rough. The flow regime 

experienced depends on the ratio of the height of the roughness protrusions to the boundary layer 

thickness and in particular to the thickness of the viscous sublayer (Hama 1954; Ligrani & 

Moffat 1986; Schlichting 1955). A roughness Reynolds number, Rek, is defined in Equation 

2.23, which determines the degree to which the roughness has an effect on the flow. Note that 

the roughness Reynolds number has been defined in terms of the equivalent sandgrain roughness 

height, ks, which is discussed in Section 2.2.4.3. 

 
ν

s
k

ku*

Re =  Equation 2.23 

The range of roughness Reynolds numbers for each flow regime are described in Table 2.1 for 

Nikuradse’s sandgrain roughness (Ligrani & Moffat 1986; Nikuradse 1933; Schlichting 1955).  

It is recognised that the limits differ for different kinds of roughness (Raupach et al. 1991; 

Schultz & Flack 2007). 

 

Figure 2.13  Effect of roughness on the turbulent boundary layer (Schetz 1993) (note U = u; Ue = U) 
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If the roughness elements are completely submerged in the viscous sublayer the flow is said to 

be hydraulically smooth and the friction is a function of Reynolds number only. If the roughness 

elements extend partly outside the laminar sublayer, the flow is said to be in the smooth-rough 

transition regime. The roughness elements exposed are subject to bluff body (or form) drag and 

eddy shedding, though some dependence on Reynolds number remains. In the hydraulically 

rough flow regime, all protrusions extend outside the viscous sublayer, which can no longer be 

identified. The skin friction in hydraulically rough flow is almost entirely dependent on form 

drag and eddy shedding from the protrusions, and there is no longer a dependence on Reynolds 

number (Ligrani & Moffat 1986; Nikuradse 1933). 

Two critical values of Rek may be introduced to describe the boundaries between the different 

flow regimes. Rek,smooth denotes the roughness Reynolds number below which the flow is 

hydraulically smooth, and physically represents the onset of vortex shedding by the roughness 

elements (Bandyopadhyay 1987). Rek,rough denotes the roughness Reynolds number above which 

the flow is hydraulically rough. Between the two critical Rek the smooth-rough transition regime 

applies. The critical roughness Reynolds number values also depend on the geometrical 

characteristics of the roughness elements. The values defined in Table 2.1, as used in this study, 

are for Rek based on the equivalent sandgrain roughness height, ks. 

The majority of hydropower conduits in Tasmania operate in the smooth-rough transition or 

hydraulically rough regimes.   

Table 2.1  Range of roughness Reynolds numbers for different flow regimes based on Nikuradse’s sandgrain 

roughness (Nikuradse 1933; Schlichting 1955) 

Flow Regime Limits Friction Depends On: Description 

Hydraulically 

smooth 
Rek < 5 Reynolds number only 

Roughness elements completely 

submerged in viscous sublayer 

Smooth-rough 

transition 
5 < Rek < 70 

Form drag and eddy shedding, with 

some dependence on Reynolds 

number 

Roughness elements extend partly 

outside viscous sublayer 

Hydraulically 

rough 
Rek > 70 Form drag and eddy shedding only 

All roughness elements extend outside 

viscous sublayer 
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2.2.4.2. Rough Wall Velocity Profiles 

Nikuradse (1933) studied the effect of turbulent flow in rough pipes with various degrees of 

relative roughness, defined as k/r. Uniform roughness was obtained by cementing graded sand 

particles to the walls of pipes with different radii to obtain various relative roughness ratios 

ranging from 1/500 to 1/15 (Schlichting 1955). The boundary layer velocity distribution was 

examined for a wide range of Reynolds numbers. Nikuradse (1933) found that the velocity 

distributions for the different degrees of relative roughness merge to a single curve in the fully 

rough region by plotting the dimensionless terms: u/u*
 vs. log (y/ks). All observed points could 

be fitted with good agreement to Equation 2.24 for the hydraulically rough flow regime. 
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 Equation 2.24 

More generally, Equation 2.24 can be expressed as: 
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where BN assumes different values for the three different roughness regimes and is a function of 

the roughness Reynolds number defined in Equation 2.23.  For the hydraulically rough regime, 

BN = 8.5 is used. 

The logarithmic law for a smooth wall (Equation 2.17) is modified for a rough wall by 

introducing the roughness function ∆u+
.  The roughness function is a shift in the velocity profile 

from the smooth wall profile, and increases with increasing wall roughness (Ligrani & Moffat 

1986; Raupach et al. 1991), as shown in Figure 2.14. The log-law constant, C, retains the smooth 

wall value of 5.0.   

+++ ∆−+= uCyu ln
1

κ
 Equation 2.26 

For the hydraulically smooth regime, Rek < Rek,smooth, the roughness function is equal to zero and 

the logarithmic law is the same as for a smooth wall. 
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The velocity profile in the outer region of a rough wall boundary layer can also be described by 

using Coles’ (1956) wake function, as given in Equation 2.27. Equation 2.27 implies that the 

description of the measured velocity profile in the case of a rough wall requires the 

determination of four parameters: u*, ε, ∆u+, and Π, where ε is the virtual origin correction 

which is discussed in more detail in Chapter 6 (Krogstad et al. 1992). 
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For the hydraulically rough regime, Rek > Rek,rough, the roughness function, ∆u+, may be 

described using Equation 2.28 (Ligrani & Moffat 1986): 

( ) Nk BCu −+=∆ + Reln
1

κ
   (BN = 8.5 for hydraulically rough flow) Equation 2.28 

For the smooth-rough transition flow regime (Rek,smooth < Rek < Rek,rough), Ligrani and Moffat 

(1986) suggest that the value of BN can be determined using the relationship given in Equation 

2.29, which is valid for all three flow regimes. This is based on their data for flow over densely 

packed uniform spheres and the data of Nikuradse (1933).  This is shown graphically in Figure 

2.15. 

 

Figure 2.14 Log law profiles for various rough  surfaces, noting the shift below the smooth wall profile    

____ u+ = y+, ─ ─  Smooth wall profile (Ligrani & Moffat 1986) 
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The velocity defect law (Equation 2.20) can also be used for rough walls by introducing Coles’ 

(1956) wake function, as given in Equation 2.30. The advantage of using this form is that the 

number of variables required is reduced to three. 
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Figure 2.15 Variation of BN  with roughness Reynolds number,� Nikuradse (1933) sandgrain, --- BN = 

8.5 (hydraulically rough flow), ___ Equation 2.29( smooth-rough transition), ┴┴ Equation 2.29 (smooth 

wall)  (Ligrani & Moffat 1986) 
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2.2.4.3. Roughness Length Scales 

There are two basic types of engineering roughnesses: ‘k-type’ and ‘d-type’. For k-type 

roughnesses, e.g. sand particles, at high Reynolds numbers ∆u+ is determined by the roughness 

height, k. For d-type roughnesses, e.g. transverse rods, ∆u+
 is independent of k and is determined 

by pipe diameter, d, in pipe flow or by boundary layer thickness, δ, in a zero pressure gradient 

boundary layer (Perry et al. 1969; Raupach et al. 1991).  

There has been some discussion in the literature regarding the differences between k-type and d-

type roughnesses, based on whether or not vortices are shed into the main flow from the crests of 

the roughness elements (k-type) or are stable and form within the grooves between roughness 

elements (d-type) (Leonardi et al. 2007). Leonardi et al. (2007) conducted a numerical study 

which concluded that d-type behaviour occurs when the frictional drag is much larger than the 

pressure drag and that the important difference between the two behaviours is due to the relative 

magnitudes of the frictional and pressure drags, rather than differences in vortex shedding 

patterns. The surfaces examined in the present study have k-type roughnesses. 

The average roughness height, k, is the most frequently used characteristic length scale. 

However, other geometrical parameters such as the aspect ratio, roughness element dimensions 

and element separation may considerably influence the dynamics of flow over rough surfaces 

(Tachie 2000). It is very rare that a single parameter can adequately define the surface 

topography. Krogstad et al. (2005) conclude that k is generally not a well-defined flow quantity, 

and its numerical value is only relevant when comparing flows over geometrically identical 

surfaces. Flack et al. (2005) found that a mesh surface with a roughness height, k, of less than 

half that of a sandgrain roughened surface had a higher roughness function. This reinforces the 

importance of the texture, spacing, density, and slope of the roughness in characterising the 

influence of roughness on a boundary layer. 

Length scales such as roughness height readily describe a solid surface, such as the sandgrains 

used by Nikuradse (1933). However, biological surfaces are not rigid, but compliant. Most 

correlations are restricted to surfaces whose geometry is easily described, and cannot cope easily 

with irregular surfaces (Jimenez 2004). 
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It is very useful to be able to compare the equivalent roughness of different surfaces. Schlichting 

(1955) extended the work of Nikuradse (1933) by determining the skin friction for a range of 

surfaces roughened by elements of various geometries and spacing’s. He proposed that the 

roughness height, k, could be commonly expressed as an equivalent sandgrain roughness height, 

ks, to allow different surfaces to be compared.  The equivalent sandgrain roughness is simply the 

height of the Nikuradse sandgrain that would produce the same skin friction resistance as the 

surface being tested (Coleman et al. 1984; Schlichting 1955). 

In many studies, the equivalent sandgrain roughness was calculated by determining the height of 

Nikuradse sand that gave the same roughness function in the fully rough regime. However, this 

was not necessarily the flow regime under which the roughness was tested (Coleman et al. 1984; 

Schultz 1998). Schlichting determined ks by comparing the rough wall log law determined for 

the tested surface (Equation 2.25) with Nikuradse’s equation for hydraulically rough flow 

(Equation 2.24) (Coleman et al. 1984). However, this method relies on the height of the 

roughness elements, k, being known and the testing being undertaken in the hydraulically rough 

flow regime. This poses problems for determining ks for compliant surfaces such as biofilms as it 

is not possibly to define a single parameter, k, to define the roughness. 

Schultz (1998) suggests the following procedure using Equation 2.28 and Equation 2.29, which 

will be used to determine the equivalent sandgrain roughness in the present study: 

1. Assume the hydraulically rough flow regime Rek > Rek,rough.  Thus BN = 8.5. 

2. Given that ∆u+ is determined experimentally, solve Equation 2.28 for Rek.  If Rek > 

Rek,rough, then Rek is correct. 

3. If Rek < Rek,rough, the flow is assumed to be in the smooth-rough transition regime 

(Rek,smooth < Rek < Rek,rough).  Solve Equation 2.28 and Equation 2.29 iteratively for Rek.  

If Rek,smooth < Rek < Rek,rough then Rek is correct. 

4. If Rek < Rek,smooth then the flow is hydraulically smooth. 

5. Once the value of Rek is known the equivalent sandgrain roughness, ks, can be found 

using the definition of Rek given in Equation 2.23. 

The biofilms investigated in the present study produce drag through a combination of surface 

roughness and compliant vibration. This has been quantified using the equivalent sandgrain 
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roughness computed from the boundary layer profiles and total drag measurements (see Chapter 

7), as this is the standard measure used in the literature to compare surfaces with different 

substrates (Montes 1998; Nezu & Nakagawa 1993) and provides a measure of the sandgrain 

roughness height which would produce the same skin friction resistance as the biofouled surface 

being tested. 

Physical roughness data was obtained using close-range photogrammetry (see Section 4.6) and 

the results were compared with the equivalent sandgrain roughness data and the drag coefficients 

and roughness functions for each surface (see Section 9.3). The physical roughness parameters 

obtained for each surface are given in Table 4.2. Schultz and Swain (1999) suggest that other 

parameters such as the ratio of the wall shear stress to the shear modulus of the biofilm are also 

likely to be important. Vibration, shearing behaviour and flow through the biofilm are all 

important mechanisms for energy dissipation that are not encapsulated with a physical roughness 

height parameter, and are unique to compliant surfaces. 

2.2.5 Turbulence Structure in the Boundary Layer 

To investigate the effect of biological roughness on the structure of the turbulent boundary layer, 

the turbulence structure in smooth and rough wall boundary layers must first be understood. The 

topic is only briefly covered here and the reader is referred to Hinze (1975), Schlichting (1955) 

or Nezu and Nakagawa (1993) for a more comprehensive treatment of the subject. 

2.2.5.1. Turbulence Intensity 

Klebanoff (1955) carried out extensive three-dimensional measurements on a smooth plate in a 

wind tunnel with zero pressure gradient using hot-wire anemometry. The turbulence intensities 

in each of the three dimensions are given in Figure 2.16, where the turbulence intensity is 

defined as the root-mean-square (rms) of the fluctuating velocity component normalised by the 

freestream velocity (i.e. the streamwise turbulence intensity is Uu 2' ). It is obvious from 

Figure 2.16 that the turbulence is highly anisotropic in the boundary layer, however, at 

approximately y/δ = 0.9 the turbulence intensities coincide and isotropic turbulence occurs. It is 

in the anisotropic region were most of the production and dissipation of turbulence energy takes 

place (White 1991). 

White (1991) notes that the fluctuations in the boundary layer are quite large, and it is the 

presence of the wall that causes the fluctuations to be different in magnitude. The largest 
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turbulence intensity is in the streamwise direction, where the flow is unimpeded by the wall. On 

the other hand, the smallest turbulence intensity is for the wall-normal direction where the 

fluctuations are impeded by the wall. 

Antonia and Luxton (1971) studied the response of a turbulent boundary layer to a step change 

in surface roughness, from a smooth to a rough surface. They found that the turbulence 

intensities for both the streamwise and wall-normal components were elevated above the smooth 

plate values once the boundary layer had established equilibrium over the rough surface, as 

shown in Figure 2.17. The shape of the profiles, however, is essentially the same as for the 

smooth surface profiles given in Figure 2.16. 

 

 

Figure 2.16 Turbulence intensities in the smooth wall turbulent boundary layer (Klebanoff 1955) 
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2.2.5.2. Reynolds Stresses 

Studies of the structure of smooth and rough wall boundary layers typically present both the 

normal and shear Reynolds stress components. For rough surfaces where the roughness scale is 

small when compared to the boundary layer thickness, it is generally accepted that the effects of 

the roughness are confined to the near-wall region, and that apart from setting the wall shear 

velocity, the roughness has no affect on the outer region of the boundary layer. This is discussed 

in detail in Section 2.2.6, which examines Townsend’s Wall Similarity Hypothesis.  

There is no consensus in the literature regarding the appropriate velocity scale to collapse the 

Reynolds normal stresses, although traditionally u*2
 is used. Brzek et al. (2007) trialled both the 

traditional scaling and U2
 as suggested by George and Castillo (1997). Tachie et al. (2004) also 

used u*2
 and U2

 to normalise the Reynolds stresses, along with the mixed velocity scaling, u*U, 

as suggested by DeGraaff and Eaton (2000). Tachie et al. found that using U2
 as the scaling 

parameter demonstrated more pronounced roughness effects on the normal stresses than u*2
. The 

 

Figure 2.17 Turbulence intensities in the rough wall turbulent boundary layer (Antonia & Luxton 1971) ● 

smooth wall profiles, all other symbols for rough wall at various distances downstream from the step 

change in roughness 

Streamwise intensity 

Wall-normal component 
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square of the wall shear velocity has been used consistently throughout the present study to 

normalise both the normal and shear Reynolds stresses. 

The xy Reynolds shear stress is determined by obtaining the cross-correlation of the fluctuating 

velocity components in the streamwise and wall-normal directions. It is an important component 

of the total shear stress, which was given by Equation 2.6. The smooth wall data of Klebanoff 

(1955) normalised by u*2 
is given in Figure 2.18. Klebanoff’s data shows that the contribution of 

the non-dimensional turbulent shear stress approaches unity near the wall in the log-law region. 

This illustrates the dominance of the turbulence component of the wall shear stress in this region. 

Klebanoff was not able to obtain data in the viscous sublayer due to probe size limitations. The 

near-wall data of Schubauer (1954), given in Figure 2.19, shows the decline of the turbulent 

stresses in the buffer layer and linear sublayer for y+ < 20. The viscous component of the total 

stress increases in this region to maintain the near constant total shear stress in the inner region 

of the boundary layer. 

Ligrani and Moffat (1986) presented data for the Reynolds shear stress over a uniform sphere 

roughness. Their results collapsed for a range of different roughness Reynolds numbers. More 

recently, Schultz and Flack (2005) found that their plate with uniform sphere data collapsed well 

with smooth plate data in the outer region of the boundary layer, and also showed good 

agreement with Ligrani and Moffat (1986). 

 

Figure 2.18 Reynolds shear stress for a smooth wall turbulent boundary layer (Klebanoff 1955) 



Chapter 2 - Literature Review 

  39 

 

2.2.5.3. Quadrant Analysis 

Quadrant analysis is a conditional sampling technique which is used to identify coherent 

structures (turbulence events that are correlated in both space and time) (Nezu & Nakagawa 

1993). Nezu describes coherent structures, such as a bursting motion, as having a quasi-periodic 

and quasi-organised motion. The bursting process occurs in near-wall flow and generates the 

turbulent energy and instantaneous Reynolds stress. A bursting motion consists of a quasi-cylic 

process of ejections and sweeps (Nezu & Nakagawa 1993): ‘an individual parcel of fluid lifts 

away from the wall, oscillates in three dimensions and then breaks down; in the process a 

substantial portion of the low-speed fluid is ejected into the outer flow. Subsequently, a high 

speed parcel of fluid approaches the wall and sweeps away the retarded fluid that remains there 

from the ejection process.’ 

Quadrant analysis (Wallace et al. 1972) sorts turbulent events into each of the four quadrants of 

the u’-v’ plane, providing information regarding the turbulence structure. In particular, it allows 

the contributions of ejection (Q2) and sweep (Q4) motions to the total Reynolds shear stress to 

be calculated (Schultz & Flack 2007). This can be particularly useful in determining if there is 

any difference in turbulence structure between smooth and rough surfaces. 

Wallace et al. (1972) classified the instantaneous u’v’ signal according to the sign of its 

components, u’ and v’, into four categories, as shown in Table 2.2. The classified portions were 

 

Figure 2.19 Near-wall Reynolds shear stress for a smooth wall turbulent boundary layer (Schubauer 1954) 
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then averaged to obtain their contributions to the Reynolds shear stress, '' vuρ− . The quadrants 

where the signal is negative are associated with ejection type motions (u’ < 0, v’ > 0) and sweep 

type motions (u’ > 0, v’ < 0). It was found that over the wall region considered, 3.5 < y < 100, 

that these two types of motion gave rise to stresses considerably greater in magnitude than the 

total Reynolds stress. The two other types of motion were found to account for the ‘excess’ 

stress produced by the first two categories. The quadrants where the signal is positive correspond 

to low speed fluid deflecting towards the wall (u’ < 0, v’ < 0) and high speed fluid displaced 

outwards from the wall (u’ > 0, v’ > 0). 

Lu and Willmarth (1973) introduced the hyperbolic hole method of quadrant decomposition.  

The u’-v’ plane is divided into five regions as shown in Figure 2.20 (the ‘hole’ region (hatched), 

and the four quadrants excluding the hole region). The size of the hole, H, is given by the curves 

|u’v’| = constant. This method of analysis allows large contributors to the Reynolds shear stress 

to be extracted, leaving the smaller fluctuations in the hole. The contributions to the total 

Reynolds shear stress from the four quadrants can be computed from: 

( ) ∫∞→
=

T

Q
T

Q dtHtItvu
T

vu
0

),()(''
1

lim''  (Q = 1,2,3,4) Equation 2.31 

where IQ(t,H) is a trigger function defined as: 
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otherwise  0
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Table 2.2 Quadrant Definitions (Wallace et al. 1972) 

Quadrant Sign of u’ Sign of v’ Sign of u’v’ Type of Motion 

1 + + + Interaction (outward) 

2 - + - Ejection 

3 - - + Interaction (inward) 

4 + - - Sweep 
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The contribution to the total Reynolds shear stress from the hole region is given by: 

( ) dtHtItvu
T

vu h

T

T
h ),()(''

1
lim''

0

∫∞→
=  Equation 2.33 

where Ih(t,H) is a trigger function defined as: 

The case where H = 0 captures all of the turbulence information, and effectively means that there 

is no hole. 

Schultz and Flack (2007) found excellent agreement between smooth and rough wall boundary 

layers for Q2 and Q4 events for H = 0, which was in agreement with the sandpaper and mesh 

roughnesses of Flack et al. (2005). Krogstad et al. (1992), however, observed a significant 

increase in Q2 across much of the boundary layer and an increase in Q4 events in the wall region 

for a woven mesh roughness compared to a smooth wall with H = 0. The reasons for these 

differences are discussed in the following section on Townsend’s Wall Similarity Hypothesis. 

Schultz and Flack (2007) also present results for H = 2, which isolates strong turbulence events. 

The results show good agreement in the contributions from both Q2 and Q4 events for the 

smooth and rough wall boundary layers across most of the boundary layer. In the near-wall 

region, y/δ ≤ 0.025, the contribution from strong Q2 events on the rough wall decreases, while 

( )
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otherwise 0
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Figure 2.20 Sketch of hyperbolic hole region for quadrant analysis (Lu & Willmarth 1973) 
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the contribution from strong Q4 events increases. Conversely, the contribution from strong Q2 

events on the smooth wall increases and the contribution from the Q4 events decreases. These 

trends were also observed by Flack et al. (2005) and Krogstad et al. (1992) for sandpaper and 

mesh roughnesses.  

Krogstad and Antonia (1999) used H = 2.5 and found that differences between their mesh 

roughness and a smooth wall were confined to y/δ < 0.05. Their rod roughness, however, altered 

the percentage contributions up to y/δ ~ 0.4. 

2.2.6 Townsend’s Wall Similarity Hypothesis 

The smooth wall boundary layer has been extensively studied and is well understood. Rough 

walls have also been extensively studied, but owing to the complexity of the relationship 

between the surface topography and the roughness function, turbulent flows over rough walls are 

still far from being understood (Jimenez 2004). It is generally accepted that within the roughness 

sublayer, up to 5k from the wall, the turbulence is strongly affected by the surface conditions as 

the roughness elements will interact strongly with the streamwise vortices found near the walls 

(Krogstad et al. 2005; Wu & Christensen 2007). However, the role of the surface topography in 

setting the conditions in the outer region of the boundary layer is still contested. Extensive 

research has been conducted in the past thirty years to answer the following question: just how 

far into the boundary layer does the surface roughness have an effect?   

Townsend (1976), and as later extended by Raupach et al. (1991), hypothesised that turbulence 

outside the roughness sublayer is not affected by surface conditions at sufficiently high Reynolds 

numbers, with the underlying assumption that the roughness height, k, is small compared to 

thickness of the boundary layer, δ. This implies that the effects of surface roughness are 

confined to the immediate vicinity of the roughness elements in the sublayer (usually assumed to 

exist up to 5k) and that the turbulence structure over a significant portion of the boundary layer 

should be independent of the surface characteristics of the wall and will thus collapse for all 

types of surfaces when suitably scaled (Bakken et al. 2005; Krogstad et al. 1992; Raupach et al. 

1991; Tachie 2000). This perspective implies that there is little communication between the wall 

region and the outer region of the boundary layer (Krogstad et al. 1992). The implications of 

Townsend’s hypothesis are very attractive for turbulence modelling, since they suggest that apart 

from a modification in the skin friction parameter, the mean flow structure should remain the 

same (Bergstrom et al. 2002; Patel 1998). 
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Recent studies, summarised in Section 2.2.6.2, of the effect of roughness on the structure of the 

turbulent boundary layer indicate that, for situations where the roughness height is small 

compared to the boundary layer thickness, Townsend’s wall similarity hypothesis applies and 

significant similarity in turbulence structure can be expected outside of the roughness sublayer. 

However, several studies have reported modifications to the turbulence structure well into the 

outer region of the boundary layer, as discussed in Section 2.2.6.1. 

2.2.6.1. Studies Contesting Outer Layer Similarity 

There are a number of studies which question the validity of outer layer similarity in all 

situations, including those by Krogstad et al. (1992), Krogstad and Antonia (1999), Keirsbulck 

et al. (2002), Bergstrom et al. (2002) and Tachie et al. (2000, 2004). These studies determine the 

skin friction coefficient using a variation of Hama’s method (see Section 6.1) which allows the 

value of the wake parameter to be optimised, rather than assuming the value of Coles (1956). 

The value of the wake parameter was found to depend on the roughness geometry in all cases. 

Other investigators have found the wake strength to be virtually unaffected by the surface 

condition, but in many of these cases a smooth wall value of the wake parameter has been used 

implicitly in the method for determining cf (Krogstad et al. 2005). An increased wake parameter 

value means that the velocity defect profile is not universal for smooth and rough surfaces and 

the traditional method of determining the roughness effects on the mean flow through the 

roughness function (∆u+
) may be misguided (Schultz & Flack 2007). 

Krogstad et al. (1992) carried out experiments in an open-return blower tunnel on a smooth 

surface and one covered with a woven mesh screen. The mean velocity distribution had the 

expected k-type roughness function shift in the inner region when normalised by the wall shear 

velocity. However, the roughness at the wall was shown to influence both the mean velocity 

profiles and the turbulent stresses well into the outer region of the boundary layer, including a 

stronger wake region which was dependent on the type of roughness. Normalising with the wall 

shear stress, Krogstad et al. (1992) found a significant increase in the wall-normal turbulence 

intensity and a moderate increase in the Reynolds shear stress over the rough wall. The 

streamwise turbulence intensity distribution was essentially the same for both the rough and the 

smooth surfaces. This is in opposition to Townsend’s wall similarity hypothesis, and suggests 

that the degree of interaction between the wall and the outer region may not be negligible as is 

often assumed. 
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Krogstad and Antonia (1999) conducted hot wire experiments in wind tunnel boundary layers 

over a smooth surface and two very different rough surfaces (the wire mesh reported in Krogstad 

et al. (1992) and a surface consisting of lateral rods with measured ks = 9.7 mm) that produced 

the same effect on the mean velocity (i.e. same roughness function). The mean velocity in defect 

form was found to collapse for all three surfaces, suggesting that the effect of the roughness on 

the mean velocity was confined to the inner region of the boundary layer. However, the wall 

normal Reynolds normal stress exhibited a significant increase for the rough surfaces over the 

smooth surface for a significant portion of the boundary layer, as did the Reynolds shear stress. 

The results demonstrate that it is inadequate to characterise the roughness by examining the 

effect on the mean velocity profile alone, and that two very different roughness geometries with 

the same roughness function can produce very different turbulent wall mixing properties. These 

results were extended by Antonia and Krogstad (2001), who also found differences in the 

Reynolds stress anisotropy for the two rough surfaces. 

Keirsbulck et al. (2002) conducted experiments in an open wind tunnel on k-type surfaces and 

found similar results to Krogstad et al. (1992) for the second order moments. 

Bergstrom et al. (2002) investigated the effect of surface roughness on the velocity profile for 

four different roughness types: sandgrains, a wire screen, a perforated plate and a smooth plate. 

Measurements were conducted in a high speed wind tunnel using a Pitot probe arrangement.  

Results indicated that the surface roughness increased the magnitude of the wake parameter. 

Tachie et al. (2000) presented measurements in a shallow open channel flow over four different 

surfaces, including three different types of rough surface and a smooth surface. They examined 

specifically the wake strength parameter, Π. Similarly to Krogstad et al. (1992), they found that 

the strength of the wake parameter depended on the type of roughness, and that the mean 

velocity and turbulence profiles in the outer region were affected by the roughness at the wall. 

Tachie et al. (2004) presented measurements demonstrating that surface roughness significantly 

enhances the Reynolds stresses in a way that depends on the specific geometry of the roughness 

elements. The higher values of the wake parameter obtained for the rough surfaces, and the 

higher Reynolds stresses over most of the boundary layer, suggested a strong interaction 

between the inner and outer region of a turbulent boundary layer than would be implied by the 

wall similarity hypothesis. 
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Akinlade et al. (2004) examined the relevance of outer scaling choice in the collapse of rough 

wall turbulent boundary layer data. The velocity defect law (Equation 2.20) is usually scaled 

with the wall shear velocity, u*
. However, there are other possibilities including the freestream 

velocity, U, and a mixed outer velocity scale, Uδ*/δ. Based on their analysis, they found that the 

u* scaling was unable to completely collapse the results for the sandgrain and woven mesh 

surfaces. The U scaling was unable to completely collapse the results for the smooth and 

sandgrain surfaces, and the effects of surface roughness were much more pronounced when 

comparing profiles for different surface roughnesses. The Uδ*/δ scaling collapsed the data for all 

cases onto a single curve. It was pointed out that the ability of the mixed scaling to collapse the 

results does not imply that the smooth and rough wall velocity profiles are completely similar 

when appropriately scaled, as some significant differences exist in the wake parameter. The 

method used to determine the wall shear velocity was the same as Krogstad et al. (1992). 

2.2.6.2. Studies in Support of Outer Layer Similarity 

Flack et al. (2005) completed boundary layer measurements on flat plates covered with 

sandgrain and woven-mesh roughness in a closed circuit water tunnel. Their boundary layer 

thickness to equivalent sandgrain roughness height ratio (δ/ks) was greater than 40 to satisfy the 

assumption that the boundary layer thickness is large compared to the roughness height. The 

results collapsed well in velocity defect form in the overlap and outer regions of the boundary 

layer. The Reynolds stresses for the rough surfaces agreed well throughout most of the boundary 

layer and collapsed well with smooth plate results for y > 3ks. Higher moment turbulence 

statistics indicated that the differences in rough wall boundary layers were confined to y < 5ks. 

Schultz and Flack (2005) compared the mean velocity, Reynolds stress, and higher-order 

velocity moment profiles over two rough surfaces in the fully rough regime with a smooth 

surface. One of the rough surfaces was covered with uniform diameter, close-packed spheres; 

the other consisted of the same close-packed spheres covered with a finer-scale grit roughness. 

Good collapse of the mean velocity profiles in velocity defect form was observed, along with 

agreement in Reynolds stresses and higher order moments in the region outside the roughness 

sublayer.  Schultz and Flack (2005) suggested that the equivalent sandgrain roughness, ks, may 

be a more appropriate length scale for defining the extent of the roughness sublayer than the 

roughness height itself. 

Bakken et al (2005) repeated the boundary layer experiments of Krogstad et al. (1999; 1992) in 

a fully developed channel flow, and determined the friction velocity directly from the mean 
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pressure gradient.  Their results indicate that the boundary conditions had little influence on the 

turbulent properties in the outer region, y/0.5h > 0.15 – 0.17, where 0.5h = the channel half 

height. This is in contrast with previous investigations on rough wall boundary layers and 

channels with only one rough wall. Bakken et al.(2005) conclude that the differences observed 

may be due to the differences in boundary conditions, and that symmetrically roughened flows 

may be better candidates for the wall similarity hypothesis than asymmetrical flows. 

Krogstad et al. (2005) investigated a fully turbulent channel flow with smooth and rod-

roughened walls using hot-wire anemometry and direct numerical simulation. Mean velocity 

profiles and the Reynolds stresses were found to be independent of surface roughness in the 

outer region. Krogstad et al. (2005) concluded that surface roughness effects on the outer layer 

may be dependent on flow type (i.e. boundary layer or channel flow).  

Connelly et al. (2006) tested seven different surfaces, including a smooth surface, three different 

grades of sandpaper roughness, and three different grades of woven wire mesh. The results 

showed that the mean velocity profiles for all of the test surfaces agreed within their uncertainty 

in velocity-defect form in the overlap and outer layer when normalised by u*
. The results provide 

evidence that roughness effects on the mean flow are confined to the inner layer even for 

relatively large roughness. 

Shockling et al. (2006) conducted mean flow measurements in fully developed turbulent pipe 

flow over a large range of Reynolds numbers covering hydraulically smooth to fully rough 

behaviour, with a ratio of characteristic roughness height to pipe diameter of 1:17000. Outer 

scaling of the mean velocity data showed excellent collapse, providing support for Townsend’s 

wall similarity hypothesis.   

Kunkel et al. (2007) extended the mean flow results presented by Shockling et al. (2006) to 

turbulence intensities, higher order moments, and frequency spectra. The turbulence intensity 

data in the outer region agreed with previous studies and indicated that the rough wall does not 

affect the turbulence intensity in the outer part of the flow. The rough-wall one-dimensional 

streamwise spectra in the logarithmic region were found to agree with the smooth-wall results, 

indicating that the roughness does not affect the distribution of energy in the flow and implying 

that it does not change the structure of the flow. 

Schultz and Flack (2007) conducted turbulence measurements in a rough wall boundary layer 

over a large range of Reynolds numbers on a honed surface similar to that used by Shockling et 
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al.(2006) and Kunkel et al. (2007). The mean velocity and high order statistics strongly 

supported the notion of outer layer similarity for rough walls, in which there is a large separation 

between the roughness length scale and the largest turbulence scales in the flow. 

Flack et al. (2007) examined the concept of a critical roughness height for outer layer similarity 

between smooth and rough wall turbulent boundary layers, where the roughness begins to affect 

the outer region of the boundary layer. Measurements were undertaken on seven different 

smooth and rough surfaces with 16 < δ/k < 110. Beyond 5k or 3ks from the wall, similarity in 

turbulence quantities was observed between the smooth and rough wall boundary layers. Their 

results indicate that a critical roughness height does not exist. Instead, the outer layer is 

gradually affected with increasing roughness height as the roughness sublayer begins to occupy 

an increasing portion of the outer layer. 

Castro (2007) considered mean flow profiles for a wide variety of three-dimensional 

aerodynamically rough surfaces. He found that the mean flow similarity adequately described 

the mean flow profiles independently of the nature of the roughness where the roughness height 

was a significant fraction of the boundary layer thickness, up to k/δ ~ 0.2. 

Wu and Christensen (2007) replicated the surface of a turbine blade damaged by deposition of 

foreign materials with highly irregular topography and a broad range of topography scales.  

Particle image velocimetry measurements showed collapse of turbulence statistics in the outer 

region of the boundary layer, providing strong support for the wall similarity hypothesis. 

Schultz and Flack (2009) studied the boundary layer flow over a pyramidal shaped roughness 

where they systematically varied both the height and the slope of the pyramids. The results 

support the wall similarity hypothesis, as the data collapsed with a smooth wall profile when 

plotted in velocity defect form. The results indicate that the slope of the pyramids is only 

important at shallow angles, with the steeper angled pyramids scaling solely with the roughness 

height. 

2.2.6.3. Concluding Remarks on the Wall Similarity Hypothesis 

Summaries of the studies which support and contest wall similarity are given in Table 2.3 and 

Table 2.4 respectively. All of the studies mentioned here have considered regular idealised 

roughness patterns, whether they be for sandpaper, woven meshes, or closely packed spheres.  

However, in real engineering applications surfaces are unlikely to have such a regular repeating 
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roughness texture and the topography of the surface may change over time.  Some examples of 

such surfaces include flows over aircraft and ship hulls, through canals and pipelines, and over 

turbine blades.   

Whilst the effects of surface roughness on the outer region of the boundary layer may still be in 

dispute, the effects in the inner region are well known including the role that wall conditions 

have on setting the wall shear velocity.  It is generally accepted that the streamwise Reynolds 

normal stress exhibits similarity in the outer region of the boundary layer. However, the 

literature does not show consensus on outer region similarity for the wall-normal Reynolds 

normal stress and Reynolds shear stress. 

A salient feature of the studies summarised in Table 2.3 is the scale separation between the 

roughness height and the outer length scale. Schultz and Flack (2007), in consensus with 

Jimenez (2004), conclude that the outer flow may be directly affected by the surface roughness if 

there is not sufficient scale separation between the roughness height and the boundary layer 

thickness (or associated scale height, e.g. pipe diameter).  

Jimenez (2004) proposed that wall similarity should exist provided that δ/k ≥ 40. However, 

many of the studies summarised in Table 2.4 are above this threshold yet exhibit characteristics 

that contest wall similarity. Whilst they may have large separation between length scales when 

based on k, many of them have relatively small values of δ/ks, which suggests that ks may be a 

more appropriate roughness scale than k. However, as Schultz and Flack (2005) point out, the 

main drawback with ks is that it cannot be predicted for a generic roughness based on physical 

measurements of the surface; boundary layer profiles are required to determine its value. 
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Table 2.3 Recent studies supporting Townsend’s Wall Similarity Hypothesis 

Study 
Flow 

Type† 

Roughness 

Type 
Reθ 

k 

[mm] 

δ 

[mm] 
k+ Rek

 δ/k δ/ks 

Flack et al. 

(2005) 
BL 

Sandpaper 
14000 

0.69 31.9 134 100 46 62 

Woven mesh 0.32 31.1 64 138 97 45 

Schultz and 

Flack (2005) 
BL Spheres 

3000-

15000 

0.96 - 

1.13 
~ 30 35-182 - 26-31 - 

Bakken et al. 

(2005) 
C 

3D Mesh 
6200-

68000* 
1.5 50* 15-187 30-617 30* - 

2D Rods 
6000-

56000* 
1.7 50* 20-200 60-1560 30* - 

Krogstad el al. 

(2005) 
C 2D Rods 6000* 1.7 67.5* 20.4 121 29.4* - 

Connelly et al. 

(2006) 
BL 

Sandpaper 
7000-

13000 

0.69 -

2.85 

38 - 

45 
60-380 36-860 16-54 7-91 

Woven Mesh 
8000-

12500 

0.32 -

2.45 
35-47 28-330 56-1150 19-110 5.5-55 

Shockling et al. 

(2006) 
P Honed 

57x103-

21x106 ~ 
0.0076 129~ - 0-45 17000~ - 

Kunkel et al. 

(2007) 
P Honed 

9.1x105-

5.5x106~ 
0.0076 129~ - 2.1-11 17000~ - 

Flack et al. 

(2007) 
BL 

Sandpaper 
7970-

12430 

0.69 -

2.85 

37.2 -

44.9 
60-380 36-860 16-54 7-91 

Mesh 
7290-

13050 

0.32 -

2.45 

34.8 -

46.8 
28-330 56-1150 19-110 5.5-55 

Wu & 

Christensen 

(2007) 

BL Irregular 

13000 4.2 112 - 115 28 48 

13000 2.1 110 - 29 50 162 

Schultz & 

Flack (2007) 
BL Honed 

2180-

27100 
0.026 28 - 2.3-26 1078 - 

Schultz & 

Flack (2009) 
BL Pyramids 

3000 – 

31000 
0.3-0.6 ~ 30 12-211 - 50-100 - 

† BL = boundary layer, C = open channel, P = pipe 

*channel half height substituted for boundary layer thickness (δ), Reynolds number based on channel half height. 

~ 
pipe diameter (d) substituted for boundary layer thickness (δ), Reynolds number based on d. 
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Table 2.4 Recent studies contesting Townsend’s Wall Similarity Hypothesis 

Study 
Flow 

Type† 

Roughness 

Type 
Reθ 

k 

[mm] 

δ 

[mm] 
k+ Rek

 δ/k δ/ks 

Krogstad et al. 

(1992), 

Krogstad & 

Antonia (1994) 

BL Woven mesh 12800 1.55 75 143 352 48 15 

Krogstad & 

Antonia (1999) 
BL 

Woven Mesh 12800 1.55 75 143 352 48 15 

Lateral rods 4806 1.6 - - - - - 

Tachie et al. 

(2000) 

BL 

(C) 

Sandgrain 
1560-

2620 
1.2 39-50 25-35 - 21-29 - 

Wire mesh 
2580-

3240 
0.6 40-45 17-25 - 67-75 - 

Bergstrom et 

al. (2002) 

BL 

(C) 

Perforated 
4900-

11700 
1.4 – 1.6 ~30 97-267 - 19-21 - 

Woven mesh 
7100-

12800 
0.6 ~35 46-88 - 58 - 

Sandgrain 
5600-

11300 
1.2 ~30 98-184 - 25 - 

Keirsbulck et 

al. (2002) 
BL Lateral rods 8550 3.00 79 150 - 26 - 

Tachie et al. 

(2004) 

BL 

(C) 

Sandgrain 2180 1.2 37 33 20 31 50 

Woven mesh 2600 0.6 38 17 44 63 25 

Akinlade et al. 

(2004) 
BL 

Sandpaper 

3730-

12260 

0.2 33 - 18-47 165 - 

Woven mesh 0.58 36 30-76 95-168 62 - 

Perforated 

plate 
0.76 34 29-78 9-12 44 - 

 

2.3 OPEN CHANNEL FLOW 

The measurements reported in the present study were obtained in a turbulent boundary layer 

using a recirculating water tunnel and its associated instrumentation (see Chapter 4). However, 

the main application for the study is in hydropower canals – i.e. open channel flow. Nezu and 

Nakagawa (1993), Montes (1998) and Nezu (2005) provide detailed reviews of the hydraulics 

and turbulence structure of open channel flows. This section provides a discussion of the 

pertinent differences between open channel flow and turbulent boundary layer flow. 
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Of primary concern to the present study is the similarity of the flow structure between open 

channel flow and turbulent boundary layers. Montes (1998) points out that the shear stress is 

non-uniform along the wetted perimeter in open channels, due to the existence of the free 

surface, which precludes treating open channel flows in the exact same manner as closed 

conduits and turbulent boundary layers. 

The turbulent structure of open channel flows can be divided into three subregions (Nezu & 

Nakagawa 1993), similar to turbulent boundary layers, as given in Table 2.5. This similarity 

between open channel flow and turbulent boundary layers occurs despite the fact that open 

channel flows are driven by gravity and turbulent boundary layers are driven by pressure (Nezu 

& Nakagawa 1993).  

Open channel flow has the same velocity profile as for closed channel flow and turbulent 

boundary layer flow (Montes 1998; Nezu 2005; Nezu & Nakagawa 1993). It has a laminar 

sublayer with a linear velocity gradient (Section 2.2.3.1); a buffer region where the laminar 

motion progressively becomes turbulent (Section 2.2.3.1); a wall region where the velocity 

profile is logarithmic (Section 2.2.3.2); and an outer region extending to the free surface (Section 

2.2.3.3). 

The near wall region for open channels is controlled by the kinematic viscosity and the wall 

shear velocity. Nezu (2005) states that ‘the law of the wall applies almost universally to 

turbulent flow near a solid boundary’. The linear sublayer and logarithmic region for open 

channel flow are the same as for turbulent boundary layers and are described by Equation 2.12 

and Equation 2.17, respectively. Nezu and Nakagawa (1993) reviewed experimental data in 

smooth wall bounded shear flows and concluded that κ and C are universal constants for flow 

over smooth beds, irrespective of flow configuration (boundary layer, closed or open channel 

flow), and that ‘turbulent structures in the wall region are likely to be similar for boundary 

Table 2.5 Subregions of turbulent open channel flow 

Region Boundary Description 

Wall region y/h < (0.15-0.2) 
Length and velocity scales are ν/u* 

and u*, respectively. 

Intermediate region (0.15-0.2) < y/h < 0.6 
Not strongly influenced by either 

wall or free surface. 

Free surface region 0.6 < y/h < 1 
Length and velocity scales are h and 

U, respectively. 
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layers, closed channel flows and open channel flows’. The values for κ and C are 0.41 and 5.0-

5.3, respectively. 

The outer region for open channels, defined by y/h > 0.2, consists of both the intermediate and 

free surface regions (see Table 2.5) and is controlled by the flow depth and the maximum 

freestream velocity. The free surface influences the outer region only and damps the vertical 

velocity fluctuations near the free surface (Nezu & Nakagawa 1993). Historical studies have 

applied the logarithmic law from the near wall region to the free surface by adjusting κ and C. 

However, Nezu and Nakagawa (1993) and Montes (1998) suggest that a wake function should 

be added in the same manner as for turbulent boundary layers, using the relationship derived by 

Coles (1956) given in Equation 2.21. Montes (1998) suggests that a polynomial function be used 

for the wake function in open channel flows, giving a wake parameter of 0.2, rather than the 0.55 

suggested by Coles (1956) for turbulent boundary layers. 

Coherent structures in the near wall region, discussed in Section 2.2.5.3, are the same for 

turbulent boundary layers and open channel flows. The bursting motions occur for y+ < 100 for 

open channel flow and are the mechanism of turbulence production in the inner layer (Nezu 

2005). Nakagawa and Nezu (1981) present a detailed study of the bursting phenomena in open 

channel flow, using similar techniques to those proposed by others for turbulent boundary layers 

including Wallace et al. (1972) and Lu and Willmarth (1973) and used in the present study. 

Contrary to closed channel flows where the turbulence is isotropic in the core region, open 

channel flows have anisotropic turbulence near the free surface which generate secondary 

currents (Nezu 2005). Open channels with a limited width to depth ratio (typically less than 5) 

exhibit a velocity dip where the maximum velocity occurs at a point below the water surface, 

whereas for channels with a large width to depth ratio, the maximum velocity occurs at the water 

surface (Montes 1998; Nezu 2005). The presence of secondary currents causes a non-uniform 

distribution of shear stress over the wetted perimeter of an open channel, contrary to the uniform 

distributions in pipe flow (Montes 1998; Nezu 2005). The variation of shear stress is important 

in the analysis of velocity distribution and boundary resistance, and is influenced strength of the 

secondary flow, boundary roughness and shape of the cross section (Montes 1998). 

 As noted by Montes (1998) the variation in shear stress in open channels is important in certain 

cases, for example in the stability of earth lined channels where the maximum shear stress, rather 

than the average is required. The location of the maximum depends on the channel shape. For 

rectangular cross-sections the maximum tends to be at the centreline, whereas for trapezoidal 



Chapter 2 - Literature Review 

  53 

cross-sections the maximum occurs not at the centreline, but at points closer to the sidewall 

(Montes 1998). 

Chanson (2000) investigated undular open channel flows and observed minimum and maximum 

boundary shear stress under wave crests and troughs, respectively, at both the bed and the walls. 

This can lead to the formation of standing wave bed forms in channels lined with movable 

materials, such as gravels and sands.  

In summary, the velocity distribution and turbulence characteristics of open channel flows and 

turbulent boundary layers are very similar, particularly in the near wall region. There are 

differences in the outer region, in particular in the strength of the wake. Open channel flow is 

subject to secondary currents and surface waves, which influence the shear stress distribution. 

The UTAS Water Tunnel used to obtain the turbulent boundary layer measurements presented in 

this study is described in detail in Chapter 4. The flow conditions within the working section 

were designed to replicate the flow conditions typical of hydraulic conduits. Barton (2007) 

compared the UTAS Water Tunnel specifications with typical hydraulic conditions in Hydro 

Tasmania field conduits. The details for the UTAS Water Tunnel and Tarraleah No.1 Canal are 

given in Table 2.6. 

A recirculating water tunnel was chosen for the laboratory program, rather than an open channel 

setup, to provide well-conditioned uniform flow, free of the more complex surface and 

secondary flow interactions found in open channel flow. The biofouling studied was only several 

Table 2.6 Comparison of Tarraleah No.1 Canal and UTAS Water Tunnel flow conditions at 15oC 

 

Hydraulic 

Radius  

RH 

[m] 

Mean 

Velocity  

U 

[m/s] 

1Maximum 

Reynolds 

Number 

ReD 

2Wall Shear 

Velocity  

u*  

[m/s] 

Roughness 

Reynolds Number 

Rek  

(for ks = 0.2 mm) 

Tarraleah No.1 Canal 1.10 0 - 2 7.7 x 106 0.093 – 0.114 16 

UTAS Water Tunnel 0.075 0 - 2 5.3 x 105 0.079 14 

1 where 
ν

URH
D

4
Re =  

2 where u* for Tarraleah No.1 Canal was estimated using 
oH SgRu =*  (Nezu & Nakagawa 1993) and the 

value for the UTAS Water Tunnel is for a smooth plate at the maximum freestream velocity of 2 m/s. 
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millimetres thick and the dimensions of the hydropower canal where it grows are comparatively 

large. The area of interest was the near wall flow, which as shown, is similar between turbulent 

boundary layers and open channel flow, thus justifying the use of a turbulent boundary layer to 

study the structure of the flow over freshwater biofilms grown in an open channel. 

2.4 TURBULENCE MEASUREMENT TECHNIQUES 

There are several widely used techniques to measure turbulence including hot-film anemometry, 

Laser Doppler Velocimetry, and Particle Image Velocimetry (PIV). Lesser known techniques 

include Acoustic Doppler Velocimetry (ADV), Ultrasonic Velocity Profiling (UVP), and fast 

response pressure probes. The characteristics of each measuring system were evaluated to 

determine whether or not the particular measuring system would be suitable for use in the UTAS 

Water Tunnel. 

The use of traditional hot-film probes in liquids is problematic, even in de-aerated and deionised 

water (Arndt & Ippen 1970; Bradshaw 1971; Nezu & Nakagawa 1993). The water used in the 

present study of freshwater biofilms was taken from a natural source to provide nutrients to 

sustain the biofilm, and was filtered through a 20 micron filter. The presence of small 

particulates and shed fouling in the water makes the use of hot film probes impractical due to 

their fragility (Bradshaw 1971). Previous attempts by Barton (2007) to measure turbulence using 

hot-film anemometry in the same facility resulted in probe fouling and broken filaments. 

LDV is a non-intrusive optical technique for measuring velocities at a point in a flow. The 

measurements are performed at the intersection of two laser beams, where there is an 

interference fringe pattern of alternating light and dark planes. Particles in the flow scatter the 

light, which appears to flash as the particles pass through the bright planes of the interference 

pattern. The scattered light is captured by a photo-detector which converts the optical signal to 

an electrical signal for processing. The frequency of the flashing light (i.e. the Doppler 

frequency) is linearly proportional to the flow velocity component normal to the fringes at the 

measuring point.   

LDV has a high frequency response, and is frequently used in fluid dynamics studies, e.g. by 

Candries (et al.) (2001; 2003, 2005), Schultz (et al.) (1998, 2000, 2004; 1999; 2000) and Tachie 

(2000) in studies of turbulent boundary layers over biological and painted surfaces, and has a 

high frequency response. The optics are able to define a very small measuring volume, thus 

providing good spatial resolution.  The small measuring volume in combination with fast signal 
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processing permits time resolved measurements of fluctuating velocities, providing excellent 

temporal resolution if the seeding is adequate (Dantec Dynamics 2006). A two-dimensional 

LDV system allows the determination of the Reynolds stresses in the turbulent boundary layer 

over a flat plate, which is necessary for a thorough analysis of turbulence production 

mechanisms. LDV can be used to obtain near-wall data by tilting the head of the probe slightly 

(Candries 2001; Karlsson et al. 1993; Schultz 1998; Tachie 2000). One disadvantage of LDV is 

that it provides a point measurement, which means that the system needs to be traversed to 

obtain a boundary layer velocity profile, unlike PIV systems which obtain the data in a flow 

field. Both LDV and PIV systems are expensive, and unsuitable for field measurements. 

Particle image velocimetry is a whole-flow-field technique which provides instantaneous 

velocity measurements in a cross-section of the flow. PIV is a non-intrusive optical technique 

and measures the velocity of particles in the flow, similar to LDV, ADV, and UVP. However, it 

is expensive compared to the other options considered. 

Acoustic Doppler velocimetry was developed in the 1990s as a means of measuring velocity in 

three dimensions. The principles are similar to LDV, with an acoustic signal projected into the 

flow to be reflected by particles in the flow. The velocity is determined from the shift in 

frequency of the reflected signal. The sampling volume is projected away from the probe so that 

the probe does not interfere with the flow as much as a Pitot probe or a hot-film probe (Nikora & 

Goring 1998; Precht et al. 2006). Voulgaris and Trowbridge (1998) compared the results of an 

ADV probe with a LDV system and found that the mean flow velocities agreed within 1%. 

Lohrmann et al. (1994) suggest that for a typical sampling volume it is possible to get within 4.5 

mm of a solid boundary with ADV. Closer measurements can be made at the expense of an 

increase in Doppler noise. However, Finelli et al. (1999) and Precht et al. (2006) found that 

ADV underestimates the actual flow velocity near solid surfaces. As the sampling volume starts 

to incorporate parts of the stationary surface, parts of the sound bursts are reflected without 

frequency shift and these un-shifted signals are included in the velocity calculation averaged 

over the whole sampling volume; this results in lower measured velocities in all three axes. 

Finelli et al. (1999) found that at heights less than 10 mm from a boundary the velocities 

assessed were 60-80% lower than those determined by hot-film anemometry.     

Frequency response is also an issue with ADV, as it averages the velocity over a period of time, 

which has ramifications for high frequency fluctuations (Garcia et al. 2004). The best available 

ADV today has a frequency response of 100 Hz, which is not high enough to capture the full 
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range of turbulent eddies expected in the boundary layer. Voulgaris and Trowbridge (1998) 

found that eddies smaller than 2.2 cm in the vertical and 1.5 cm in the horizontal were not 

resolved by the ADV probe used in their study. The noise is higher at the high sampling rates 

required to measure turbulence in the small sampling volumes are required to obtain suitable 

resolution (Gordon & Cox 2000). However, the main advantages of ADV are that it is 

mechanically rugged, suitable for use in both the field and the laboratory, and cheaper than LDV 

and PIV systems. 

Ultrasonic velocity profilers are similar to ADVs. An ultrasound pulse is emitted from the 

transducer into the liquid, and the same transducer receives the echoes which originate from 

particles suspended in the fluid. The Doppler shift is used to derive the velocity information, and 

the echo shift signal is analysed to determine the instantaneous velocity (Takeda 1995, 1999). 

UVP provides data along a line, unlike ADV and LDV which provide a point measurement. 

However, UVP is not suitable for the current application, as the frequency response is in the 

order of 10 ms at best due to the signal processing technique, and is insufficient for the study of 

turbulence (Ozaki et al. 2002).   

An alternative to the methods given above is the use of Pitot probes closely coupled to fast 

response pressure transducers. Brandner et al. (2004), and Arndt and Ippen (1970) have 

previously designed fast response pressure probes for use in water using miniature pressure 

transducers located close to the head of the probe. However, these probes are unsuitable for use 

in the UTAS Water Tunnel due to the small pressure ranges encountered. The water tunnel has a 

maximum speed of approximately 2 m/s, corresponding to a maximum mean dynamic pressure 

of 2 kPa. The lowest full-scale pressure currently available in miniature sensors is 0.13 bar (130 

kPa), which would give unacceptable resolution for this application. 

In summary, the most suitable methods currently available for observing boundary layer 

turbulence are LDV and PIV. The other methods either do not have adequate frequency response 

(ADV, UVP) or are not suited to the conditions encountered in the UTAS Water Tunnel (hot-

film anemometry and fast response pressure probes). Unfortunately, both LDV and PIV are quite 

expensive. An alternative low-cost measuring system was investigated using a Pitot probe 

closely coupled to a more sensitive diaphragm type differential pressure transducer, and is 

discussed in detail in Section 5.1. Unfortunately the proposed system was unsuccessful. An LDV 

system was subsequently purchased and commissioned (see Section 5.2) and used for the 

majority of the measurements presented in this study. 
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2.5 CHAPTER SUMMARY 

The detrimental effect of biofilms on skin friction has been well documented over the last 

century, with both full-scale field measurements and laboratory tests establishing that biofilms 

increase drag on surfaces beyond the level expected by their physical roughness.  Whilst the 

effects of biofilms on skin friction are well known, the mechanisms behind the increase in skin 

friction are not as well understood.   

This study focuses on two freshwater diatom species, Gomphonema tarraleahae and Tabellaria 

flocculosa, found in the open, concrete-lined Tarraleah No.1 Canal and Pond No.1 in the 

Tarraleah Power Scheme in central Tasmania, Australia. 

This chapter has provided an overview of the structure of smooth and rough wall turbulent 

boundary layers. Most of the investigations to date have been for solid, uniformly roughened 

surfaces quite unlike the compliant biofouled surfaces that are the focus of the present study. 

One of the main objectives of this study is to investigate the structure of the turbulent boundary 

layer over biofouled surfaces, focusing on the measurement of unsteady fluctuations and 

turbulent Reynolds stresses, to advance the understanding of the mechanisms for drag 

production by biofilms. The results will be examined in the context of Townsend’s Wall 

Similarity Hypothesis. This has not been done before for freshwater biofilms to the best of the 

author’s knowledge. 

The use of a turbulent boundary layer, rather than an open channel flow, to study the structure of 

the flow over freshwater biofilms has been discussed and justified. 

The various techniques available for turbulence measurement in fluids have been reviewed. 
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3 FIELD STUDY – TARRALEAH NO.1 CANAL 

This chapter presents the results of a field study conducted at Tarraleah No.1 Canal in 2006 - 

2007.  The study examined the ramifications of different upgrade options on biofilm growth. The 

chapter begins with an introduction to the Tarraleah Power Scheme, including the No.1 Canal. A 

complementary field study was conducted by Hydro Tasmania that investigated the potential 

capacity of the canal under its current condition; this study is presented in Appendix B. 

3.1 THE TARRALEAH POWER SCHEME 

The general arrangement of the Tarraleah Power Scheme is given in Figure 3.1. The scheme is 

located approximately 600 m above sea level in the central highlands of Tasmania and was 

commissioned in 1938. Water is released from Clark Dam, which impounds Lake King William, 

via the Butlers Gorge Power Station. Some of the water released is diverted into Tarraleah No.1 

Canal, a 20 km long concrete-lined open channel. The canal consists of approximately 12.1 km 

of in-ground trapezoidal canal (Figure 1.1a), 6.6 km of above-ground rectangular flume (Figure 

1.1b) and twin steel inverted siphons which convey the water over a steep gully. The design 

capacity of the canal is 25.5 m
3
/s; however, the current capacity is approximately 21 m

3
/s due to 

the degradation of the concrete surface and extensive biofilm accumulation. The average 

velocity is approximately 2 m/s. The canal is physically cleaned approximately annually as 

described in Section 2.1.4.2. 

Some of the water released from Clark Dam flows into Tarraleah No.2 Canal, an 11 km long 

conduit with a design capacity of 8.5 m3/s. It is further north than the No.1 Canal and includes a 

series of tunnels, inverted wood stave siphons, and open channel sections and also has inflow 

from local catchment runoff.   

The flows from No.1 and No.2 canals meet at Pond No.1. The combined flow is then split into 

two low-pressure hilltop pipelines. At the hilltop valves the flow in each pipeline is split into 

three and six high-pressure penstocks then carry the flow down to the Tarraleah Power Station at 

the bottom of a steep gully. The Tarraleah Power Station consists of six Pelton turbines with a 

rated capacity of approximately 90 MW. However, due to long term water constraints caused by 

the decreased capacity of Tarraleah No.1 Canal, the station can only operate at 70-75 MW. The 

water is finally released into the Nive River, where it flows into Lake Liapootah and into the 

Lower Derwent Power Development. 
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Figure 3.1 Tarraleah Power Scheme general arrangement 
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3.2 INTRODUCTION TO FIELD STUDY 

Hydro Tasmania has several different options regarding the capacity of lined canals such as 

Tarraleah No.1 Canal: 

• They can do nothing and accept the reductions in carrying capacity or freeboard as a 

result of concrete deterioration and biofilm growth and continue with the current 

cleaning regime; or 

• They can upgrade the surface of the canal to improve the friction characteristics of the 

water/concrete interface. This could be done in a several ways, including painting over 

the existing concrete surface, relining the canal with a thin cementitious render, or 

relining the canal with a thin cementitious render and painting over the new render. 

Barton and Sargison (2004) conducted a study over a two year period on the performance of 

different surface coatings in retarding biofilm growth. The result of that study was to 

recommend several different protective surface coatings which provided a good resistance to the 

growth of biofilms in Tarraleah No.1 Canal. The present study takes the investigation in a 

different direction by examining combinations of upgrade options. A field test was devised to 

test the resistance of the various upgrade options to the growth of biofilms by applying 

protective surface coatings to both rough and smooth surfaces. This section presents details of 

this 6-month field study including: the test plates used and the surfaces applied to them; the 

location of testing sites in the field; and the results. 

3.3 SMALL TEST PLATE DETAILS 

The small test plates were mild steel plates 600 mm long, 300 mm wide, and 6 mm thick. They 

were designed to be deployed in Tarraleah No.1 Canal and were used previously by Barton 

(2007). In the present study four different surfaces were used, designed to replicate the range of 

upgrade options for concrete lined canals. The surfaces are detailed in Table 3.1, and pictured in 

Figure 3.3. 

Two different readily available protective surface coatings were used. Jotun Jotamastic 87, a 

two-component epoxy mastic coating, was chosen as it was found to be the best performing 

surface coating from the trials by Barton and Sargison (2004); hence it could be used as a 

reference plate as its performance was already well known. Sikagard 680s, a methacrylic resin 
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coating, was also chosen as it is a coating that Hydro Tasmania have used in the past; and it is 

likely to be used on Tarraleah No.1 Canal when the concrete lining of the canal is upgraded 

(Andrewartha & Cribbin 2006; Andrewartha et al. 2006). The surface coatings were applied to 

the test plates in accordance with the manufacturer’s recommendations, which meant that the 

Jotamastic 87 was sprayed on and was noticeably smoother than the Sikagard 680s which was 

rolled on. 

The sandgrain roughened test plates were prepared under an earlier study by Barton (2007). The 

sand grit was chosen for its optical characteristics so that it could be successfully used for 

photogrammetry (see Section 4.6) whilst providing a surface similar to the sandgrain roughness 

of Nikuradse (1933) and a likeness to the surface finish of the aged concrete open channels being 

studied (Barton 2007). Two different grades of sand were used; the fine grit was a washed river 

sand horticultural propagating mix and had a less uniform diameter than the coarse grit, which 

was screened for size and was made for use as bed gravel for aquariums. The particle size 

distribution of the two different grades of sand used was determined by Barton (2007) using 

standard sieving methods and is given in Figure 3.2. A weighted average sandgrain diameter was 

determined from the particle size distribution for each grit size and used as an estimate of the 

roughness height, k. The estimated roughness height was 2.9 mm for the coarse grit, and 1.5 mm 

for the fine grit. 

The plates were prepared by applying an even coat of Hydro Seal (tar) and pressing in the fine or 

coarse grit. The plates were then cured for 12 hours. Barton (2007) tested the Hydro Seal on a 

Table 3.1 Small test plate designation for field trial on canal upgrade options 

Plate 

No. 
Plate Name Plate Description 

Location of 

Deployment* 

1 
Sikagard 680s Smooth 

(x 2) 

3 coats (rolled) of Sikagard 680s applied to a smooth grit-blasted 

test plate.  Each coat  200 – 250 µm dry film thickness (dft). 
B9, T4 

2a 
Sikagard 680s Rough 

(Fine) 

3 coats (rolled) of Sikagard 680s applied to a fine sandgrain 

roughened test plate.  Each coat was 200 – 250 µm dft. 
T4 

2b 
Sikagard 680s Rough 

(Coarse) 

3 coats (rolled) of Sikagard 680s applied to a coarse sandgrain 

roughened test plate.  Each coat was 200 – 250 µm dft. 
B9 

3a Rough (Fine) Fine sandgrain roughened test plate. T4 

3b Rough (Coarse) Coarse sandgrain roughened test plate. B9 

4 Jotamastic 87 (x 2) 
2 coats (sprayed) of Jotun Jotamastic 87 applied to a smooth grit-

blasted test plate.  Each coat was 200 - 250 µm dft. 
B9,T4 

* B9 = Bridge 9, T4 = Transition 4 (see Section 3.4 for more details) 
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separate plate and installed it in the canal to ensure that it did not unexpectedly retard biofilm 

growth. It was found that biofilm growth was not inhibited, with a thin layer developing within 

the first month of deployment. 

A painted sandgrain roughened test plate was developed to investigate biofilm growth over a 

rough surface that had been painted over, without doing any remedial smoothing. The plates 

were prepared simply by coating a sandgrain roughened plate with Sikagard 680s according to 

the manufacturer’s instructions. 

 

Figure 3.2 Particle size distribution for fine and coarse grit sands used for rough test plates, where D is 

the diameter of the sand particles 

  

  

Figure 3.3 Small test plates (as installed at Bridge 9) on 03/10/06 in the clean state: (a) Sikagard 680s 

Smooth; (b) Jotamastic 87; (c) Rough (coarse); (d) Sikagard 680s Rough (coarse) 
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3.4 FIELD INSTALLATIONS FOR BIOFILM GROWTH 

Racks are installed in Tarraleah No.1 Canal to allow the insertion of test plates into the canal to 

grow flow-conditioned biofilms. The large test plates which are used in the laboratory and 

photogrammetry studies (see Section 4.3) are projected approximately 60 mm into the flow away 

from the wall, and the small plates approximately 20 mm (see Figure 3.4). The mounting bracket 

was designed so that the plates were as close to the wall as possible to best replicate the wall 

shear and prevailing flow velocities (Barton 2007). Figure 3.4 clearly shows the high water mark 

(dark line above small test plates). The small test plates were at an approximate depth of 

between 0.3 m for the top plates to 1.0 m for the bottom plates. The plates could not be placed 

any lower in the canal due to safety reasons during retrieval. Figure 3.5 demonstrates the 

retrieval of a large test plate from Pond No.1 using long hooks and a safety harness.  

There are three locations in the Tarraleah Power Scheme where test plate brackets are installed. 

They were chosen by Barton (2007) to represent the range of different conditions experienced in 

the canal system. Two of the field measuring sites are located in Tarraleah No.1 Canal; the third 

site is at Pond No.1. The sites are described in detail in the following sections. 

3.4.1 Bridge 9 

Bridge 9 (which refers to the 9
th
 footbridge over the canal) is located in the upper section of 

Tarraleah No.1 Canal, and is fairly close to Butlers Gorge and Clark Dam. The exact location is 

indicated in Figure 3.10.  It is located on a long straight section of trapezoidal canal (dimensions 

are given in Figure 3.10), and is exposed to direct sunlight for the entire day. The average 

velocity is 2 m/s for the canal flowing full, and biofilms grown here were conditioned to high 

velocities. Only the small test plates were deployed at Bridge 9. 

3.4.2 Transition 4 

Transition 4 (Figure 3.8 and Figure 3.9) is located in the lower section of Tarraleah No.1 Canal 

and is close to Pond No.1. The exact location is indicated in Figure 3.10. The site is located on a 

bend, and is subjected to secondary flows. The site receives direct sunlight only for part of the 

day, as it is shaded by the surrounding vegetation in the early morning and late afternoon. The 

average velocity is 2 m/s for the canal flowing full, and biofilms grown here were conditioned to 

high velocities. 
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Figure 3.4 Test plates in Tarraleah No.1 Canal Figure 3.5 Retrieving a test plate from Pond No.1 

  

Figure 3.6 Bridge 9 Figure 3.7 Small test plate arrangement at Bridge 9 

  

Figure 3.8 Arrangement of small and large test plates 

at Transition 4 

Figure 3.9 Transition 4 
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Figure 3.10 Tarraleah No.1 Canal general arrangement, showing locations of field installations 
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3.4.3 Pond No.1 

Pond No.1 (Figure 3.11) is located at the downstream end of Tarraleah No.1 Canal and also 

receives flows from Tarraleah No.2 Canal. The test plate brackets are located near the skimmer 

gate which controls the flow to the Hilltop Pipelines. The flow velocity is slower than the other 

testing sites, with an average velocity of 1 m/s, and thus the biofilms grown here were 

conditioned to lower velocities. Pond No.1 has different water quality characteristics than 

Tarraleah No.1 Canal, as it is mostly earth lined rather than concrete lined (see Figure 3.12). The 

water entering the pond from Tarraleah No.2 Canal has passed through earth and rock lined 

sections. Large test plates were deployed at Pond No.1 in the current study. 

3.5 METHODOLOGY 

The small test plates were deployed in Tarraleah No.1 Canal over a six month period in the 

summer months, when more growth activity occurs.  The plates were briefly removed from the 

canal and photographed on approximately a monthly basis and rated according to the qualitative 

grading developed by Barton and Sargison (2004). 

The test plates were deployed at Bridge 9 (B9) and Transition 4 (T4), with one of each type of 

plate deployed at each location.  The fine rough plates were deployed at T4 and the coarse rough 

plates were deployed at B9.  The plates were first installed on 3/10/2006.  The canal had been 

drained and cleaned the week before, from 22
nd
 – 26

th
 September 2006. 

  

Figure 3.11 Large test plates installed in Pond No.1 Figure 3.12 Pond No.1 (drained) 
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The grading system is used to assess the resistance of the various surface finishes to biofilm 

growth.  Each surface was graded from A – F, depending on the characteristics of the biofilm 

present, as defined in Table 3.2. 

 

Table 3.2 Surface coating grading system for small test plate trials 

Grading Description (Barton 2007; Barton & Sargison 2004) Photograph 

A A clean plate, with no biofilm present. 

 

B 

A very lightly fouled plate, with the biofilm found to be 

present by wiping a finger across the surface and 

looking at the residue. The biofilm may not cover the 

entire plate. 
 

C 

A lightly fouled plate, with the biofilm less than a few 

mm thick. The biofilm consists of only a thin layer of 

biofilm with no clumps of algae present. The biofilm 

may not cover the entire plate. 
 

D 

A moderately fouled plate, with the biofilm typically a 

few mm thick. The biofilm consists of a thin layer with 

some clumps of gelatinous algae formations. The 

biofilm may not cover the entire plate and may appear 

as patches.  

E 

A very fouled plate, with biofilm thickness in the order 

of several mm. The biofilm consists of large and 

numerous clumps of gelatinous algae formations, but 

does not cover the entire plate and may appear as 

patches.  

F 

A fully fouled plate, with biofilm thickness in the order 

of several mm. The biofilm consists of large and 

numerous clumps of gelatinous algae formations, with 

coverage over the entire plate. 
 



Chapter 3 - Field Study - Tarraleah No.1 Canal 

  69 

3.6 RESULTS 

A comparison of the test plates from their initial clean condition to their condition at the end of 

the six months at each location is given in Figure 3.14 - Figure 3.17 for each of the test plate 

surface preparations.  A description of the fouling development over the six month period is also 

given.  Section 3.6.5 compares the different surface preparations and gives the rating for each 

test plate for each inspection over the six month period. 

The water levels in the canal over the testing period are given in Figure 3.13. It was noted that 

the top half of some of the test plates were exposed to air during the study. 

3.6.1 Sikagard 680s Smooth Test Plates 

At Transition 4 the Sikagard 680s smooth test plate retained a clean rating for only the first 

inspection. Tiny spots of fouling were noted in December 2006 after approximately 11 weeks of 

exposure. By February 2007 the biofilm covered most of the test plate and was quite clumpy 

compared to the Jotamastic 87 test plate installed in the same location. Laboratory testing by 

Perkins (2009a) found the clumpy material to be G. tarraleahae stalks. Note that the top half of 

the test plate was exposed to air due to low water levels in the canal; thus fouling only appears 

 

Figure 3.13 Water levels at Bridge 9 over the testing period: (1) test plates installed; (2) final inspection 
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on the bottom of the test plate in Figure 3.14. At the end of the six month testing period, the test 

plate had a rating of E.  

At Bridge 9 small spots of fouling were observed in the first inspection in November 2006 after 

approximately 7 weeks of exposure. However, the test plate did not develop a biofilm residue 

like the Jotamastic 87 test plate at the same location. Rather it developed spots of mucous 

fouling which was later identified to be G. tarraleahae (Perkins 2009a). The test plate never 

developed much of a layer of fouling; this was possibly due to the abundance of black fly larvae 

present, which were competing with the diatoms, and may have been grazing on them. 

3.6.2 Sikagard 680s Rough Test Plates 

At Transition 4, the Sikagard 680s rough (fine grain) plate was lightly fouled by December 2006 

after approximately 11 weeks of exposure. In January 2007 it was observed that the fouling was 

mainly present behind the protruding sandgrains, where the fluid shear stress is lower. By 

February 2007, the biofilm had established itself over the entire plate, including the peaks of the 

sandgrains. The fouling on this test plate was not as clumpy as the fouling on the Sikagard 680s 

smooth test plate in the same location. An abundance of black fly larvae was observed on the 

plate in April 2007 (Figure 3.15c,d). Unfortunately the application method (rolling) does not 

  

  

Figure 3.14 Sikagard 680s Smooth: (a) clean; (b) after 6 months exposure at Bridge 9; (c) after 6 months 

exposure at Transition 4; (d) close-up of fouling at Transition 4 after 6 months exposure 

(a) (b) 

(c) (d) 
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appear to be ideal, as the paint started to fail just 3 months after deployment. However, if the 

coating were to be applied in a large scale operation, it is more likely that it would be sprayed 

on, as it was at Tods Corner in the Great Lake Power Scheme (see Andrewartha & Cribbin 

2006). 

At Bridge 9 the Sikagard 680s rough (coarse grain) plate was also lightly fouled by December 

2006. The fouling was also observed to establish behind protruding sandgrains. The fouling on 

this test plate reached a D grading by the end of the six month trial. 

3.6.3 Rough Test Plates 

The first inspection at Transition 4 revealed a clean rough test plate. However, by December 

2006 a clumpy fouling which covered most of the test plate had developed. By January 2007, the 

fouling covered the entire test plate and had reached a rating of F. Tiny holes were observed in 

the fouling, and it is not known what causes them. The fouling also appeared to be in a ripple 

formation. 

At Bridge 9, the rough test plate remained clean for 3 months after installation. The fouling was 

slower to develop than at Transition 4, as already discussed. By March 2007 several large 

  

  

Figure 3.15 Sikagard 680s Rough: (a) clean; (b) after 6 months exposure at Bridge 9; (c) after 6 months 

exposure at Transition 4; (d) close-up of fouling at Transition 4 (note black fly larvae) 

(a) (b) 

(c) (d) 
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clumps of biofouling were present, and by April the plate was completely fouled to rating F. No 

holes were observed in the biofilm, unlike the rough plate at Transition 4.  

3.6.4 Jotamastic 87 Test Plates 

At Transition 4 the Jotamastic 87 test plate retained a clean rating for the first and second 

inspections after installation. In the January 2007 inspection, a very light fouling was noted 

which covered the entire test plate (rating B). The fouling developed over the next few months to 

become slightly clumpy (Figure 3.17d), although not as clumpy as the Sikagard 680s smooth test 

plate (Figure 3.14d) which was installed at the same location. 

At Bridge 9 the Jotamastic 87 test plate also retained a clean rating for the first and second 

inspections after installation. In the January 2007 inspection, a biofilm residue was noted which 

covered the entire test plate. This residue only developed slightly over the following months. 

  

  

Figure 3.16 Rough: (a) clean; (b) after 6 months exposure at Bridge 9; (c) after 6 months exposure at 

Transition 4; (d) close-up of fouling at Bridge 9 after 6 months exposure 

(a) (b) 

(c) (d) 
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3.6.5 Comparison of Test Plates 

The progressive rating of each test plate based on the rating system described in Section 3.5 is 

given in Table 3.3 for the six month monitoring period. A final ranking is also given from 1 – 4 

for each of the test plates in each field location, with 1 designating the best performing surface, 

and 4 the worst performing surface. As expected, the unpainted rough test plate (Rough) was the 

worst performing plate in terms of biofouling retardation. The painted rough test plates 

(Sikagard 680s Rough) exhibited a significant improvement over the unpainted rough plates. 

The Jotamastic 87 and Sikagard 680s Smooth test plates were generally the best performing 

surfaces, as expected. 

It was observed during the trial that the black fly larvae preferred the Sikagard 680s product to 

the Jotamastic 87 product at both testing sites. It was also noted during the trial that G. 

tarraleahae tends to grow longer stalks on the Sikagard 680s surface than the Jotamastic 87 

surface. A highly stalked biofilm will cause greater resistance to the flow and hence cause 

reduced flow carrying capacity than a biofilm with less stalks. 

  

  

Figure 3.17 Jotamastic 87: (a) clean; (b) after 6 months exposure at Bridge 9; (c) after 6 months exposure 

at Transition 4; (d) close-up of fouling at Transition 4 after 5 months exposure 

(a) (b) 

(c) (d) 
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More growth occurred at Transition 4 than at Bridge 9, which was also observed by Barton and 

Sargison (2004). This is thought to be due to the higher degree of shading present at the 

Transition 4 site. 

 

3.7 CONCLUSIONS 

The purpose of conducting this study was to determine whether or not different surface 

preparation methods affect the growth of G. tarraleahae in Tarraleah No.1 Canal. Hydro 

Tasmania has several options regarding the mitigation of biofilm growth as already mentioned.  

The 3 cases studied here were: 

• The “do nothing” option, which was replicated using the sandgrain roughened test 

plates (designated “Rough”); 

Table 3.3 Results of small test plate trial at Tarraleah 

Plate 

No 
Plate Name Position in Frame 

3
/1
0
/0
6
 

2
3
/1
1
/0
6
 

1
8
/1
2
/0
6
 

1
7
/0
1
/0
7
 

1
9
/0
2
/0
7
 

2
2
/0
3
/0
7
 

2
4
/0
4
/0
7
 

R
an
k
in
g
 

TRANSITION 4 

1 
Sikagard 680s 

Smooth 
Top  A A B+ B D E E 3 

2a 
Sikagard 680s 

Rough 

Installed in middle, and 

moved to bottom in Dec 06 
A A  B+ C C C D 1 

3a Rough 
Installed in bottom and 

moved to middle in Dec 06 
A A D F F F  F 4 

4 Jotamastic 87 Top A A A B C D D 1 

BRIDGE 9 

1 
Sikagard 680s 

Smooth 

Installed in middle, and 

moved to top in Dec 06 
A B+ B+ B B B B 1 

2b 
Sikagard 680s 

Rough 

Installed in bottom and 

moved to middle in Dec 06 
A A B+ B B B D 3 

3b Rough 
Installed in bottom and 

moved to middle in Dec 06 
A A A B B D F 4 

4 Jotamastic 87 
Installed in middle, and 

moved to top in Dec 06 
A A A B B B C 2 
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• The “paint only” option, which would be done as a cost saving measure if the surface 

coating satisfactorily resists biofilm growth, was replicated using a painted sandgrain 

roughened test plate (Sikagard 680s Rough); and 

• The “reline and paint” option, which was replicated by the Sikagard 680s Smooth, and 

Jotamastic 87 test plates. 

The six month qualitative study found that in terms of biofilm retardation, the preferred upgrade 

option would be to reline and paint the canal, as evidenced by the smooth painted plates having 

the best performance. The smooth test plates also have better friction characteristics, as will be 

shown by quantitative boundary layer studies in other chapters of this thesis. The paint only 

option is preferable to doing nothing in terms of biofilm retardation. However, over time the 

biofilm does establish and the current regime of draining and scrubbing the canal approximately 

annually would need to continue to maintain an acceptable flow rate in Tarraleah No.1 Canal. 
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