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ABSTRACT 

Gravel-bed rivers play an important ecological role as they provide habitat for fauna and flora. The 

detailed description of the structure of the near-bed turbulent flow is an essential aspect for the 

understanding the overall river dynamics. The effect of the macroscopic properties of bed morphology 

and the effect of the hyporheic region flow are of paramount importance to characterize the flow in the 

near bed and, in general, the inner flow layer. Not many studies addressed the issue of the influence of 

hyporheic/subsurface interactions. This thesis addresses this knowledge gap.  

The general objective of this dissertation is to study the effect of the hydraulic conductivity on near bed 

turbulent flows of viscous fluids over mobile and hydraulically rough beds of cohesionless sediment. In 

order to fulfil this objective, experimental tests performed in high conductivity beds (mono-sized glass 

sphere beads) are compared with the existing database of low conductivity beds of Ferreira et al. (2012), 

keeping constant the range of values of porosity, Shields parameters and roughness Reynolds numbers. 

The hydraulic conductivity is varied by changing the tortuosity (and the dimensions of the pore paths) and 

not the porosity, which results in an absolutely novel study.  

The database of Ferreira et al. (2012) is composed of mean-flow and turbulence quantities, obtained from 

an original Laser Doppler Anemometry (LDA) database. A new database of instantaneous velocities was 

acquired with Particle Image Velocimetry (PIV) and processed to gather time-averaged velocities and 

space-time averaged (double-averaged) quantities, namely velocities, Reynolds stresses and form-

induced stresses. The hydraulic conductivity was measured for both types of bed. The experimental work 

was carried out in the Laboratory of Hydraulics and Environment of the Department of Civil Engineering 

and Architecture. 

This thesis specifically investigates the effects of hydraulic conductivity on the parameters of the log-law 

that is thought to constitute a valid model for the flow in the overlapping region of fully developed 

hydraulically rough boundary layers over mobile cohesionless beds. In the range of investigated Shields 

parameters, the bed mobility varies. The joint effect of hydraulic conductivity and bed mobility is explicitly 

addressed.  

The parameters of log-law obtained from high conductivity flows are compared with those of existing low 

conductivity flows, for mobile and immobile bed conditions. The main findings can be summarized as 

follows: 
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i. Hydraulic conductivity does not affect the location of the zero plane of the log-law, the 

thickness of the region above the crests where the flow is determined by roughness, 

ii. Increase of hydraulic conductivity does not appear to decrease bed roughness parameters, 

iii. Higher hydraulic conductivity is associated to a structural change: higher near-bed velocity 

and higher shear-rate in the inner region. In dimensional terms this means a same friction 

velocity,    is achieved with a flow with larger mass rate thus a lower friction factor   
  

 
 
 

 , 

and 

iv. So flows over high conductivity beds appear drag-reducing even if roughness parameters do 

not change appreciably. 
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1 INTRODUCTION 

 

1.1 Motivation 

Mountain rivers are at the head of river systems. They are gravel bedded rivers that play an important 

ecological role as they provide habitat for fauna and flora. They are hydraulically rough and are 

characterized by a wide range of roughness scales, different morphological features and different 

mechanics of bed armouring. The occurrence of morphological features in gravel bed rivers is directly 

linked to dynamic fluvial processes including as near-bed turbulence, bed mobility, sediment size and 

composition, slope and anthropogenic influences. Gravel bed rivers can be considered as framework-

supported when gravel sizes form an irregular but self-supported lattice possibly with finer sediment in its 

voids. It can be considered sand matrix gravel bed when the larger clasts are nor in contact but 

embedded in finer material – the matrix. The gravel bed reaches of the river system will exhibit totally 

different morphological characteristic and, in general, they will be less responsive to modest changes in 

discharge and discharge duration than sand bed rivers (Simons et al., 1987). 

The knowledge of rough bed hydrodynamics is crucial to river engineers and environmental and 

ecological scientists (Navaratnam & Aberle, 2017). In particular, the detailed description of the structure 

of the near-bed mean flow and organized turbulence is a key element in the study of both incipient and 

generalised gravel motion. 

The great importance of gravel-bed rivers has constantly attracted many researchers consistently forming 

a topic of discussion since 1970’s. From the first international workshop on gravel bed rivers at Wales 

(1980) till recent years, a wide range of topics including sediment transport, morphological changes, flow 

resistance, flow turbulence, anthropic processes and disaster mitigation, among others, have been 

researched. Yet, it is noted that few studies addressed specifically the effects of bed hydraulic 

conductivity on the near-bed flow. 

 

 



2 
 

 

Figure 1: Grave-bedded river 

 

According to ASTM D653 definition, hydraulic conductivity is defined as the volume of water at the 

existing kinematic viscosity that will move in a unit time under unit hydraulic gradient through a unit area 

measured at right angles to the direction of flow (in field aquifer tests). Gravel bed hydraulic conductivity 

depends primarily on reach geometry, flow velocity and the catchment erodibility controls the flow within 

the hyporheic zone. These would affect hydrological, ecological, and biogeochemical processes essential 

to river ecosystem function (Blois et al., 2014). The near bed flow field over rough gravel beds is of 

practical importance for many hydraulic engineering applications such as parameterization of flow 

resistance, sediment transport, exchange processes between groundwater and surface water.  

The influence of the parameters describing the hyporheic region flows on the structure of the mean flow 

and of turbulence in the inner region of gravel-bed rivers has not been sufficiently addressed. This thesis 

addresses this knowledge gap. 

 

Wangchu river in Bhutan 
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1.2 Objectives 

The general objective of this dissertation is to study the effect of the hydraulic conductivity on near bed 

turbulent flows of viscous fluids over mobile and hydraulically rough beds of cohesionless sediment.  

In particular, this thesis seeks: 

 To characterize the parameters of log-law for high hydraulic conductivity bed,  

 To discuss the differences  observed in the log-law parameters between high and low 

conductivity beds and,  

 To discuss the combined effects of bed mobility and hydraulic conductivity on the flow 

variables.  

 

 

 

1.3 Methodology and structure    

In order to fulfil the objectives, laboratory work was carried out in the Laboratory of Hydraulics and 

Environment of the Department of Civil Engineering and Architecture of Instituto Superior Técnico. In this 

work, the technique based on PIV (Particle Image Velocimetry) is being used. The tests were performed 

in high conductivity bed of spherical glass beads for high roughness Reynolds number.  

The databases of new experimental tests are compared with the already existing database of mean flow 

and turbulence obtained by Ferreira et al (2012) on a hydraulically rough bed over a poorly sorted gravel-

sand mixture under mobile and immobile conditions with Laser Doppler Anemometry (LDA). Essentially 

the new experimental tests have high hydraulic conductivity while existing database have low hydraulic 

conductivity. Both data sets have same range of Shields parameters, roughness Reynolds numbers and 

porosity. For the flow of same Shields parameters, the differences in bed load discharge and associated 

geometrical parameter such as grain size distribution in sand-gravel bed, tortuosity, permeability and 

hydraulic conductivity are computed. Note thus that the hydraulic conductivity is varied by changing the 

tortuosity (and the dimensions of the pore paths) and not the porosity, which results in an absolutely novel 

study. 

The dissertation consists of 7 chapters, as follows: 

 Chapter 2 reviews the most important concepts about gravel flow and its flow characteristics; 
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 Chapter 3 presents the description of the laboratory facilities, instrumentation and procedures; 

 Chapter 4 presents the theoretical background on Double-Average Methodology (DAM) and 

logarithmic vertical distribution of the longitudinal velocity; 

 Chapter 5 characterizes the experimental tests, the existing database and the main data 

treatment procedures; 

 Chapter 6 presents the discussion of the results comparing data from high conductivity tests 

with data from low conductivity tests; 

 Chapter 7 concludes the thesis with a set of conclusions and some recommendations for future 

works.  
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2 A STATE OF THE ART 

 

2.1 Description of Physical system 

Open-channel flows in gravel-bed rivers are normally turbulent. While studying the turbulence properties 

of open-channel flows in hydraulically smooth beds, Nezu and Nakagawa (1993, p.19) classified the 

turbulence flow layers into wall                  , intermediate                      ], and free-

surface region             analogously from spectral subrange of velocity fluctuations into 

reproductive, inertial and viscous subrange. The variable    and   are vertical direction of flow and flow 

depth respectively as shown in Figure 2. 

The rough bed flow has similar flow properties to smooth boundary flow at least at a distance from the 

bed sufficiently greater than the roughness height but near-bed flow properties are different. In rough bed 

flow, Nikora et al. (2001) revised the Nezu and Nakagawa (1993) flow layers with specific reference to the 

Double-Averaging Methodology (DAM). The flow region in permeable rough bed is divided into five layers 

namely: outer layer, logarithmic layer, form-induced sublayer, interfacial sublayer and subsurface layer.  

These flow regions are subdivided to account with the additional terms and variables in different flow 

regions. The outer layer includes the intermediate region in the sense of Nezu and Nakagawa (1993) till 

the free surface.  The logarithmic layer is similar to the logarithmic layer for flows with hydraulically 

smooth beds and may be identified as equilibrium layer in Townsend’s (1976) sense. The form-induced 

sublayer lies between the roughness crest and the logarithmic layer. Its flow characteristics are similar to 

the logarithmic layer except for the form-induced stresses which arise due to the flow separation from 

roughness elements (Curto & Lera, 1996). The interfacial sublayer occupies the flow region between th 

roughness crest and the troughs.  The above four regions cover the whole open-channel flow in 

impermeable rough bed and in permeable rough bed, there is another layer in which flow occupy the 

pores between the granular materials called subsurface layer (Nikora et al., 2001). 

Ferreira et al. (2008) idealized the flow layer in mobile-rough bed region based on the stresses and forces 

acting upon the flow that are dominant at each layer. The flow depth is divided into free surface layer, 

logarithmic layer, Interfacial layer and pythmenic layer from free surface till bed troughs in addition to 

substrate. In the free surface layer, the turbulent flow is influenced by the free surface. The characteristic 

scales at this layer are flow elevation,   and shear velocity,    . The term logarithmic derives from the 

classical description (see Coles & Hirst, 1969), where vertical gradient of the mean longitudinal velocity 
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follows a logarithmic profile with distance from the wall  . The layer between the logarithmic layer and the 

crest of the bed surface is the interfacial layer. In the presence of bed load, drag on moving particles acts 

as a sink in the equation of conservation of momentum, so form-induced stresses may disappear. In the 

absence of bed load transport both form-induced and Reynolds shear stresses are important. Ferreira et 

al. (2008) added a new layer in the flow layer since he observed there is an hydrodynamic process which 

contain both porous media and wall-bounded phenomena without much inclination to any of these 

phenomena, hence termed pythmenic, meaning bottom or base in Greek.  This layer lies between the 

highest crests and the lowest troughs of the bed topography. Pressure and viscous drag become 

dominant as the bottom of this layer is reached and they act as a momentum sink on the immobile bed 

particles. 

Ferreira et al. (2012) divided idealized open channel flow into four regions namely outer, inner, pythmenic 

and hyporeic region represented in Figure 2. There may be an overlap between every two adjacent 

regions as the phenomena that characterize each region do not cease to exist abruptly. In the 

overlapping region between the outer and inner region, the longitudinal flow velocity will be logarithmic 

considering wall similarity in the sense of Townsend (1976). The details characteristic scale for all regions 

will be presented in subsequent sections.  

 

Figure 2: Idealized open channel flow with mobile-rough bed (adapted from Ferreira et al., 2012) 

 

In the idealized physical system shown in Figure 2,    is the elevation of the free-surface,    and    are 

the space-averaged elevations of the planes of the crests and of the lowest bed troughs respectively.    

is the plane below which there is no relevant vertical momentum transfer.    is the boundary zero and if 

the bed amplitude is small, coincides with   . All elevations are relative to an arbitrary datum. The 

remaining variables are identified in the text. 
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There are two particular problems with rough beds. Firstly, what kind of parameter to use as 

representative roughness element size? Nikuradse confirmed equivalent sand roughness itself can be 

used as geometric roughness scale   . The value of    can be determined either from the friction law 

derived from the log-law or from the mean velocity distribution in the region where it coincides with the 

logarithmic-law of the wall region. However, these two methods may not lead to the same value (Nezu & 

Nakagawa, 1993).  

Secondly in rough porous bed, there is no “natural” zero to set the theoretical wall level. The boundary 

zero and the zero of logarithmic-law are based on the adopted definition on which logarithmic-law 

parameters are quantified. In physical applications, the value of bed amplitude,   should be at some 

intermediate point in the range        (Nezu & Nakagawa, 1993). The value of bed amplitude   can 

be determined relatively to best fit of velocity distribution on logarithmic-law. 

 

2.2 Flow properties in the overlapping region 

There is an overlapping layer between the inner and outer regions of the vertical profile of longitudinal 

velocity. The outer region is scaled by   and     while the inner region is scaled by roughness scale   . 

According to Ferreira et al. (2012), based on smooth-wall hydrodynamics, the partition of the flow column 

into overlapping inner and outer regions is valid if (i) gradients in the longitudinal direction, notably the 

pressure gradient, are small (gradually varied flow in the longitudinal direction), (ii) the aspect ratio is high 

(time-averaged flow far from the wall is essentially two-dimensional in the vertical plane) and (iii) the 

relative submersion is high. The main distinctive features in this region are the logarithmic law and the 

mean flow characteristics. 

 

2.2.1 Logarithmic law and mean flow characteristics 

The extensive study on turbulence and mean flow velocity has been started since 1938, when Keulegan 

proposed that the logarithmic velocity distribution holds over the entire flow depth. In mid nineteen 

century, several authors (Einstein & Banks, 1950; Sayre & Albertson, 1963; O’ Loughlin & Sastry, 1969; 

Singhal, 1970; Roberson & Chen, 1970) clearly stated that in open channel flow with rough bed, the 

velocity distribution in major portion of the depth has been found to follow logarithmic law but deviations 

from log-law has been noticed by many over about one to two times the roughness height.  Later Nezu 

and Rodi (1986) proved that the logarithmic law is valid only in the inner region. The region extends 
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approximately up to the height         . The boundary zero could be inferred by fitting the data to the 

logarithmic profile and forcing the slope to be             (Monin & Yaglom, 1971). Nikora et al. (2002) 

proposed that the zero plane of the logarithmic-law marks the limit of penetration of large eddies in the 

rough bed. Monkewitz et al. (2007) observed the short coming in different description on the ideas of 

Prandtl, von Kármán, Millikan, Rotta, and Clauser of classical two layer model for the mean velocity 

profile with logarithmic profile in the overlapping region. It is principally due to the scarcity of independent 

wall shear stress measurements and the limited range of experimental Reynolds numbers, besides, the 

experimental uncertainties. 

The shear velocity    is the one of the variables of universal velocity logarithmic law (equation 1).  It is the 

most fundamental velocity scale which normalizes both mean velocity and turbulence stresses. According 

to Nezu and Nakagawa (1993),      determined from the measured Reynolds shear stress 

distribution             in conjunction with direct measurement of wall shear stress with instruments is most 

appropriate in turbulence research because direct measurement is obtain theoretically and Reynolds 

stress itself is turbulence quantity.  

    

  
 
 

 
   

   

  
      

 

    

where      is double-averaged longitudinal velocity,     is the friction velocity which sometimes refers as 

shear velocity,        is the coordinate normal to the bed above the elevation of the zero reference 

plane for the logarithmic law,    (herein zero for the log-law),   is the coordinate normal to the bed above 

an arbitrary datum,   is the von Kármán constant,   is the displacement height,     is the geometric  

roughness scale relative to bed troughs and   is the additive constant that is normalized flow 

velocity         . The detailed description on universal velocity logarithmic law (herein the log-law) will be 

made later in chapter 4 section 2.  

The displacement height   and the geometric roughness scale    are the adjusting parameter to ensure  

the best fit between the log-law and the lower boundary of the inner region.   can be above or below the 

boundary zero (Ferreira et al., 2012). The universality of the von Kármán constant   has been topic of 

debates for last few decades. Authors like Dittrich and Koll (1997) argued that   equal to       should be 

an observational one and not a theoretical result.  Contrarily to Song et al. (1998) and Calomino et al. 

(2004a; 2004b) view of considering   as a constant equal to Nikurade clear-water  roughness value of 

0.4, Gaudio et al. (2010) claimed that   should be derived from the inner region velocity log-law because 

it varies in the presence of bed load, suspended load and low submergence. In open-channel flows with 

bed load,   mainly decreases with the sediment volumetric concentration (Gaudio et al., 2011). Ferreira et 

al. (2012) revealed that the value of   can be adjusted to both flow independent      ), fitting log-law 
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above the lowest bed troughs and flow dependent through choice of other parameters like      and 

boundary zero. Later, Ferreira (2015) studied the nature of   theoretically, considering three scenario: no 

similarity, complete and incomplete similarity in the dimensional parameters that describe bed 

composition and bed mobility. In no similarity, vertical distribution of longitudinal velocity would not be 

logarithmic.  In complete similarity,   doesn’t imply constant for rough mobile bed although it is constant in 

case of mobile bed. In incomplete similarity,   should be determined as actual functional dependence of 

bed composition together with  . Several authors (Gust & Southard, 1983; Bennett & Bridge, 1995; 

Bennett et al., 1998; Nikora & Goring, 1999; Gallagher et al., 1999; Dey & Raikar, 2007) reported a 

decrease in   from its universal value due to the bed mobility. Owen (1964) postulates the roughness 

height,    increases with saltation height as it include the momentum sink due to particle movement. 

Similarly, Dey et al. (2012) also found an increase in    and    of log-law parameters in the presence of 

bed load transport. 

Ferreira et al. (2012) considered that, for both immobile and mobile beds, the velocity profile 

characterization of ensemble-average longitudinal velocity is the same coherently with the research 

practice of Carbonneau and Bergeron (2000), Ferreira et al. (2002), Campbell et al. (2005) and Dey and 

Raikar, (2007) among others.  They had also stated that the water-worked mobile beds with sediment 

transport are explicitly distinct from immobile beds with imposed sediment feed in terms of degree of 

freedom to change the variables. In the former case, under uniform flow, for the same bed mixture, the 

same slope and the same discharge, there is no degree of freedom between the composition of the bed 

surface and the quantity and composition of the bed load. On the contrary in the later case, there is no 

relation between the composition of the bed surface and the bed load rate and composition. 

Many people have been analyzing the influence of the surface roughness on mean velocity in turbulent 

flows but no actual conclusion has been ever reached on the location of the logarithmic region. The one 

possible reason could be under subsurface; the role of the subsurface flow in terms of tortuosity and 

hydraulic conductivity has not been properly taken into account. An old study dealing with porosity 

revealed the lowering of the log-law which may not be due to tortuosity and hydraulic conductivity alone 

but there is a strong indication of its influence. For rough bed with large ratio of flow depth     to 

geometric roughness scale       Raupach et al. (1991) recommend that the overlap region for log-law 

behaviour lies in the range                 in line with many other researchers. For such flows the 

logarithmic velocity profile has been shown to be valid for the inner flow region away from both the rough 

bed and the water surface. The modern theory of turbulence indicates that the log-law is applicable only 

in the wall region 
 

 
     (Nezu & Nakagawa, 1993). This is based on examination done by Steffler et al. 

(1985) and Nezu et al. (1986) on the logarithmic velocity distribution in the wall region.  
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2.3 Flow properties in pythmenic region 

The pythmenic region starts from the lowest bed troughs, overlapping the inner regions as seen in figure 

2. The characteristic scale of the flow in this region is bed micro-topography. The flow in this region has 

strong vertical momentum fluxes due to flow separations at roughness elements. The main flow 

properties in this region are mean flow velocity and turbulence.  

 

3.3.1 Mean flow velocity and turbulence 

Turbulence is ubiquitous and represents a fundamental engine of transport, spreading, mixing and 

geomorphological evolution.  It is in particular the main sink for riverine flow total energy (Franca & 

Brocchini, 2015). Large turbulent eddies are responsible for the conversion of total flow energy into 

turbulent energy and it is navigated by viscosity after it becomes small through break down. The 

fluctuation variables of the hydrodynamic equation due to turbulence are based on the division of mean 

and fluctuating component of Reynolds decomposition (Monin & Yaglom, 1971; Frisch, 1995; Pope, 

2000). The structural characteristics associated with the time and space heterogeneity of flow are 

responsible for fluid fluctuation properties like secondary currents and large scale-vortices (Nikora & Roy, 

2012; Abad et al., 2013; Proust et al., 2013, among others).  

Authors like Cardoso et al. (1989), Nezu and Nakagawa (1993) and Graf (1994) among others produced 

enough literature on the Reynolds stress tensor components and turbulent kinetic energy of hydraulically 

smooth beds to provide good result for uniform flow. Nezu and Nakagawa (1993) clearly explained mean 

velocity distribution and turbulence structure above the bed roughness in open channel flow without bed 

load. For hydraulically rough bed, the vertical distribution on turbulence quantities is locally dependent on 

the bed forms below the height where the influence of the bed is felt and the inner region of flow 

correspond to the roughness layer (Nikora & Smart, 1997; Smart, 1999; Nicholas, 2001; Franca, 2005b; 

Franca & Lemmin, 2006b, among others). The underlying mechanisms of flow in terms of interactions of 

transported particles with the fluid and those with the beds are different for mobile and immobile bed (Dey 

et al., 2012). 

There is uncertainty regarding the effect of bed load transport on mean flow and turbulence since 

relatively few studies are focused on it. Vanoni and Nomicos (1960) studied the effect of bed load 

transport only taking sediment transport in suspension concluding damping of turbulence intensity leading 

to reduction of flow resistance due to suspended sediment. Contradictorily, Muller (1973) found the 

increment of turbulence intensity in the presence of mobile sediment, although there was suspended as 
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well as bed load transport in their study. This apparent contradiction is echoed in bed load studies. Bed 

load interact both with flow and bed roughness, where flow accelerate but bed roughness decelerate 

causing the bed load to rest. Owen (1964) and Smith and McLean (1977) postulated near-bed 

momentum deficit and reduction of longitudinal velocity due to bed load collisions extracting kinetic 

energy from mean flow. Coherently many researchers concluded that in general, the flow resistance 

increases due to addition of bed load (Gust & Southard, 1983; Wang & Larsen, 1994; Best et al., 1997; 

Song & Chiew, 1997). Carbonneau and Bergeron (2000) found that the bed load transport causes 

reduction of turbulence and an increase of mean flow velocity. Campbel et al. (2005) obtained relatively 

constant form induced stress for both fine and coarse bed in lesser bed load transport. On increasing 

bed-load, it is reduced by 50% and mean longitudinal flow velocities at any given depth were lower than 

their no bed load counterparts.  Similarly, Dey et al. (2012) concluded that the momentum provided by the 

flow to the bed load for overcoming the bed resistance leads to the reduction of the Reynolds shear 

stress magnitude over the entire flow depth.  The diminishing level of turbulence resulting from the fall in 

magnitude of the flow velocity relatively to the velocity of bed load transport leads to the damping of the 

Reynolds shear stress near the bed. This leads to a reduction of mobile-bed flow resistance and friction 

factor. 

According to Dehsorkhi et al. (2013), extrapolating spatially-averaged log-law profiles provides the best 

estimate of bed shear stresses for different roughness sizes and bed form geometries than the 

application of Reynolds stress method. One may argue for extrapolating the lowest portion of the 

Reynolds stress profiles but this will give values near zero everywhere since both the longitudinal and 

normal velocities are approaching zero as the bed is approached and viscous stresses increases. Under 

steady-state flow, the determination of turbulent quantities such as Reynolds shear stresses is straight 

forward (Chassaing, 2000). The damping in shear stress distributions close to the rough bed is a common 

feature due to the formation of the roughness sub-layer that gives rise to form induced stress (Sarkar & 

Dey, 2010). Dey et al. (2012) state that despite a number of serious efforts, the relative role of the mean 

flow and turbulence characteristics on the sediment dynamics has yet to be ascertained. 

 
 

2.4 Flow properties in hyporeic region  

This region exists in permeable rough bed, in which flow occupies the pores between the granular 

materials. In general, in the hyporeic region, the flow should be determined by the porosity (or the void 

function), tortuosity, grain-size distribution of bed sediment, hydraulic gradient, fluid viscosity and density 

and the acceleration due to gravity. These properties can be combined in parameters such as hydraulic 

conductivity and permeability. 
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4.1.1 Hydraulic conductivity, tortuosity and permeability 

Gravel bed rivers contain porous medium within granular materials. There are strongly coupled exchange 

processes between turbulent free flow and flow in a porous medium (Fetzer et al., 2016). The structure of 

porous bed has much influence on the parameter of the log law. Until Carman introduced the 

dimensionless parameter,  , called hydraulic tortuosity, the fluid flow through a porous medium was 

describe by physical properties like permeability   and porosity  . The practicality relations among these 

properties are observed for many separation processes like sedimentation, centrifugation, filtration etc. 

Tortuosity is one of the key parameters describing the geometry and transport properties of porous media 

(Matyka et al., 2012). 

Tortuosity has many definitions based on its formula (shown in Table 1, where   is permeability) but 

generally tortuosity is defined as the ratio of the actual tortuous length of flow path to the shortest straight 

distance along the macroscopic pressure gradient  (Ahmadi et al., 2011). It can be referred either as an 

average elongation of fluid paths or as a retardation factor that measures the resistance of a porous 

medium to the flow. In uniform size particle, although it make porous medium properties easier but less 

flexible as a subject of control in the sense it is difficult to control permeability and diffusivity for same 

porosities. Carman modified original equation of Kozeny, introducing Kozeny-Carman constant    which 

is function of tortuosity in the following form: 

  
  

          
     

where   is the porosity,   is the specific surface of the solid volume, and       
  is the Kozeny-Carman 

(KC) constant in which   is the tortuosity and    is a constant depending on capillary pore shape. The    

for sand-gravel mixture represents the non-dimensional coefficient of proportionality that is dependent of 

the particle shape and        is considered (Urumovic & Urumovic Sr., 2014).  Assuming spherical 

particles, substituting for   and    in equation (2) leads to  

  
  

   
       

  
      

where    is a mono-sized sphere diameter. Although this equation has extensive application, the KC 

constant is found not constant and it only provide reasonable estimate of permeability for random packing 

of spheres, periodic arrays of spheres and fractal porous media (Parada et al., 2009). Carman proposed 

a constant tortuosity of      , but many researchers shown in Table 1 found that tortuosity should be 

different for different permeabilities in different particulate media. This shows that the KC constant differs 

not only by porous structure but also by porosity, tortuosity and pore area. However KC equation was 
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found valid up to a porosity of 0.9 in a homogeneous medium (more number of sphere) through study 

using direct three-dimensional (3D) computational fluid dynamics (CFD) model of mono-sized sphere 

(Zaman et al., 2010).  

 

Table 1: Tortuosity functions for particulate media. (Adapted from Ahmadi et al., 2011) 

Reference Tortuosity 

correlation 

Porosity range Applicability Derivation 

method 

Comiti and Renaud            

 

– 

 

Bed of 

particles 

Experimental 
(conductivity 

measurements) 

 

Koponen et al. 

          

 

            – 

 

Numerical (2D 

lattice- 

Boltzmann 

method) 

Weissberg , Mauret and 

Renaud , and Barrande et 

al. 

                            Bed of 

spheres 

Experimental 

(conductivity 

measurements) 

Iversen and Jørgensen 

 

                           Sandy marine 

sediments 

Experimental 

(diffusion 

measurements) 

Bear, Dullien, Mota et al., 

and Dias et al. 

 

  
 

– Granular 

beds 

Experimental 

(conductivity 

measurements) 

 

Tortuosity is one of the macroscopic parameters used to compute the value of permeability based on 

geometry of the medium and to distinguish various kinds of porous media (Matyka et al., 2012). Ahmadi 

et al. (2011) proposed analytical method to obtain tortuosity and permeability functions for sphere arrays. 

It are based on the concept of Representative Element Volume (REV) correlating with Bear and Bachmat 

formulation which is an improved approach of Biot’s coupled formulation of Darcy flow in porous media. 

The equation to obtain tortuosity and permeability shown in equation (4) and (5) respectively are obtained 

from the classical formula (equation 3). 
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The variables are defined in equation (2). When the above function is compared with accredited functions 

of tortuosity shown in table 1, it shows nearly linear with equations of reference 
 

  
  for the porosities 

between 0.48 and 0.64.  However, when porosities increase, it differs slightly. When porosities reach 

nearly 0.95, it approaches equations          and           .  For porosities lesser than 0.48, 

there is apparent discrepancy due to limitation of the cubic sphere model, in which the minimum porosity 

applicable is                  for         Similarly the proposed permeability function also showed 

good coherence with KC correlation. The equations (3) and (4) are based on ideal packing of sphere in 

cubic configuration and it doesn’t change with increasing porosity. For different packing configuration 

(tetrahedral), the equations (4) and (5) changes as follows: 

   
  

              
 
   
 
 

 
        

  

  
             

 
   

               
 
        

  

      
  
  

 

    

 

Hydrogeological parameters of coherent and incoherent deposits are deeply dependent of their 

granulometric characteristics. The effective porosity and the referential grain size are the fundamental 

granulometric parameters which express an effect of the forces operating fluid movement through the 

saturated porous media (Urumovic & Urumovic Sr, 2014). The linear flow law of Darcy, relating the flux to 

the hydraulic gradient by a constant of proportionality, the hydraulic conductivity (K), is almost universally 

employed to analyse and predict the flow of fluids through soils, aquifers and sand-gravel bed (Mulqueen, 

2005). Laminar flow is a prerequisite for its application. The hydraulic conductivity measured how 

easily water moves through the porous media. It depends on the permeability of the material, the degree 

of saturation and the density and viscosity of the fluid. While the permeability measure how well a porous 

media can transmit a fluid. It has nothing to do with the fluid itself. It measures the ability of a porous to 

allow fluids to pass through it. The hydraulic conductivity is calculated from permeability as follows: 

  
   

 
       

Where   is the hydraulic conductivity, m/s;     is the permeability, m
2
,    is the density of the fluid, kg/m

3
 , 

  is the density of the fluid, kg/m
3
 and    is the dynamic viscosity of the fluid, kg/(ms). 
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3 LABORATORY FACILITIES AND INSTRUMENTATIONS 

 

3.1 Introduction 

The database for this Master Dissertation was obtained from the experimental work of Antico (2018), 

based on Particle Image Velocimetry (PIV) data, and an already existing database of Ferreira et al. 

(2012). New tests were added to the experimental database of Antico (2018) and a novel data treatment 

was undertaken. The purpose of using the database of Ferreira et al. (2012) is to compare the effect on 

near bed turbulent flows of high and low hydraulic conductivity. Turbulent quantities are necessary to 

characterize the turbulent flow which is derived from the two-dimensional (in the vertical plane) maps of 

instantaneous velocities which are acquired by Particle Image Velocimetry (PIV) system.  

The experimental work was performed in the recirculating tilting flume (CRIV), at the Laboratory of 

Hydraulics and Environment of Instituto Superior Técnico (IST). The experimental work is carried out in 

cohesionless granular bed composed of mono-sized glass sphere. 

The present chapter describes the detailed laboratory facilities, instrumentation and PIV in section 3.2, 

3.3 and 3.4 respectively. 

 

 

3.2 Laboratory Facilities 

 

3.2.1 The Flume 

The recirculating tilting flume (CRIV) at IST is a 12.5 m long, 40.9 cm wide and 50 cm tall rectangular 

prismatic channel with adjustable slope in the range -0.5% to +2.5%. It has 10 m of effective length and it 

is supported by a metallic structure. The channel has side walls made of glass, enabling flow visualization 

and laser illumination. A general view of the CRIV is shown in Figure 3.  
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Figure 3: Schematic view of CRIV 

 

 

Legend of the Figure 4 (next page) 
 

a) Tanks                                    
 

i) Height adjustable support  
 

b) PVC conduit  
 

j) Auxiliary metallic support  

c) Digital Flow meter  
 

l) Channel outlet  

d) Centrifugal pump  
 

m) Pipeline connecting tanks  

e) Valve downstream of the pump  
 

n) Channel inlet  

f) Valve upstream of the pump  
 

o) Glass side walls  

g) Gate  
 

p) Support Column  

h) Outlet orifices  
 

q) Free surface Stabilizer  
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Figure 4: General view of the CRIV: a) Plan view, b) Lateral view 

 

 

 

(b) 

 

(a) 
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The main water recirculation circuit of CRIV is composed of: (i) four storage and inertia communicating 

tanks with a maximum storage volume of 1.1 m
3
 each; (ii) a water recirculation PVC pipe system with 200 

mm diameter; (iii) a centrifugal pump whose maximum discharge is 28 l/s (Figure 5 (a)). 

 

 

 

 

 

Figure 5:  a) Centrifugal pump b) Digital flow meter 

 

As accessories, the recirculation circuit has (i) a valve upstream the pump, (ii) a valve in the compression 

conduit used to control the discharge and (iii) a digital electromagnetic flow meter, capable of measuring 

from 0 to 200 m
3
h

-1
 with 0.3 m

3
h

-1 
of precision (Figure 5 (b)). 

Water is pumped from one of the intermediate tanks (see Figure 4 (b), second tank from right) to avoid 

collecting air and sediments into the recirculation circuit and transported into the inlet of the flume. In the 

inlet, the flow is accelerated into the channel reach and free surface oscillations are eliminated by means 

of a wooden stabilizer (Figure 4 (a)). 

At the outlet, the flow is vertically discharged to a tank through a pair of orifices. These orifices can be 

closed so that water can be stored within the channel (Figure 4 (a)). A manually operated gate, whose 

position is fine-tuned by a screw-pole, is employed to control the water level helping, hence, to set 

uniform flow conditions in subcritical regime (Figure 4 (a)). 

To feed the system with sediments, a conveyor belt was used. It is placed on the channel rails and it 

introduces the specified sediment load at a distance of 2.5 m downstream the inlet. The sediment 

(a) (b) 
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discharge is controlled by the velocity of the belt and the thickness and width of the sediment streak. The 

velocity of the belt is set by an electric engine equipped with a variator, which allows a continuous range 

of 0 to 270 rpm. 

 

3.2.2 Instrumentation 

This experimental work required instruments for the measurement of:  

i. Instantaneous flow velocity; 

ii. bed topography; 

iii. free-surface elevation and; 

iv. water temperature. 

The instantaneous flow velocities were measured non-intrusively with Particle Image Velocimetry (PIV). 

The system is based on a double-cavity laser which allows the user to set the delay between two laser 

pulses. The positions of the seeding particles illuminated by the laser were captured with a CCD camera 

usually positioned at right angle to the light sheet. The detailed explanation on the principle and 

measuring technique of PIV is mentioned in subsection 3.3. 

The measurements of the free-surface and bed elevation were carried out with a high precision laser 

displacement sensor, the LK-2501 model commercialized by Keyence® (Figure 6). This equipment 

consists in an III-b class laser head connected to a high precision controller. To measure the free-surface 

level a very small and opaque plastic sheet 0.2 mm thick was placed on the measuring point to allow the 

laser reflection at the free surface level. It should be noticed that the interference of that piece of plastic 

with the free surface was negligible. In order to get the bed topography, bed profiles were measured with 

0.1 mm precision point gage running along the instrumentation rails at the measurement locations.  

 

Figure 6: Keyence® laser. 
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3.3 Particle Image Velocimetry 

 

3.3.1 Brief historical background and basic principle 

Particle Image Velocimetry (PIV) is the newest entrant to the field of fluid flow measurement and provides 

instantaneous velocity fields over global domains. The PIV is an optical and image-based technology that 

allows the recording of instantaneous velocity flow fields, least intrusively, by estimating the displacement 

of small tracer particles (herein called seeding particles) that are carried by the fluid in small regions 

(herein called interrogation areas) considering short time periods.  

The basic principle of PIV is dated long time back when one of the prominent researchers on fluid 

mechanics, Lugwig Prandtl, utilized flow visualization techniques in a water tunnel to study aspects of 

unsteady separated flows in the beginning of the 19
th
 century (Raffel et al., 2007). At that time, only 

qualitative description of the flow was possible. However, the scientific and technical progress achieved in 

the last 20 years in optics, lasers, electronics, video and computer techniques necessary to enhance the 

qualitative flow visualization made quantitative measurement of complex instantaneous velocity fields 

possible. The present PIV for fluid flow measurement was adopted from Laser Speckle originally 

developed for solid mechanics in the late 1970’s. Later, researcher’s like Pickering, Halliwell and Adrian 

(1984) made first explicit recognition of the importance of particle images. During early 1990’s, Willert, 

Gharib and Westerweel promoted using digital cameras and later Santiago et al. came up with micro-PIV. 

The development of PIV during the past 20 years is characterized by the fact that analog recording and 

evaluation techniques have been replaced by digital techniques. At the beginning of the development of 

PIV, the understanding of the technique was a more intuitive one. Progress was often made just by trial 

and error. In the past few years, the theoretical understanding of the basic principles of the PIV technique 

has been improved considerably. Such theoretical considerations as well as simulations of the recording 

and evaluation process give useful information on many parameters important for the layout of an 

experiment using PIV.  At present, PIV is widely used in fluid mechanics in the investigation of air and 

water flows (Raffel et al., 2007). 

The principle behind a PIV system is simple. The flow is illuminated by a strong light source and the 

particle positions are recorded by imaging the light scattered from tracer particles onto a recording 

medium such as a photographic film or a matrix detector. It is clear from the principle of PIV that this 

technique in contrast to hot wire or pressure probe techniques is based on the direct determination of the 

two fundamental dimensions of the velocity i.e. length and time. The measurement technique is indirect 

as it determines the particle velocity instead of the fluid velocity. It measures the instantaneous velocities 
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in planar regions of the flow. It can measure the two-in-plane velocity components (2D PIV) or the three 

components (3D PIV), for which a second camera is required. The position of the fluid is imaged through 

the light scattered by small seeding particles illuminated from a laser light sheet. In most applications, 

such particles are not naturally present in the flow, so therefore it has to be seeded with seeding particles. 

As the particles are expected to trace the motion of the fluid and at the same time act as transmitters of 

information in the form of scattered light, they must, of course be present in the fluid in sufficient 

concentration and have the right size to be able to play both roles. Thus the choice of seed particles and 

the methods for their deployment in the fluid are important aspects of the PIV technique (Jahanmiri, 

2011). The details on seeding particles will be presented in subsection 3.3.3.  

According to (Jahanmiri, 2011), the reason for the interest in PIV is due to the fact that it gained 

information’s in the flow pattern over  whole region or cross section of the flow. It also requires less data 

collection time than the conventional point methods. The saving measurement time is limited by 

increased processing time. Another reason is the current emphasis on research into coherent structures 

in turbulence-generating flows such as shear flows and boundary layers. Since it uses optical techniques 

for flow measurement, it has the advantage of non-interference with the flow but the tracer particles 

added into flow have a little limitation on the non-intrusiveness nature of this technique. The possibility of 

calculating velocity gradients and thus out-of-plane vorticity are advantages of PIV comparing with older 

indirect technique such as Laser Doppler Anemometry (LDA) (Ferreira, 2011). According to Ricardo 

(2013), PIV has disadvantages of heavy reliance on software for analysis of raw data simply acquired. 

This technique is ideal for only controlled research environments such as laboratories where tracer 

particles are visible from outside flume. As mentioned above, it has another drawback regarding the long 

time required for processing raw data (images) and converting it into instantaneous velocity fields. The 

process of data acquisition and conversion will be explained in subsection 3.3.4. 

 

3.3.2 Components of PIV 

The PIV system used in this experimental work is composed of: 

i. Laser head and lens (Figure 7 a);  

ii. Power supply or laser beam generator (Figure 7 b);  

iii. CCD camera ( charge-couple device , Figure 7 c);  

iv. Timing unit (Figure 7 d);  

v. Acquisition and control software (Figure 7 e).  
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Figure 7: Photos of PIV components: a) laser head; b) laser beam generator; c) CCD camera; d) timer; e) acquisition 
and control software 

 

The laser head has an optical system (lens) that projects the light sheet to a given area. The Laser head 

emit thin light (infra–red) sheet which illuminates the seeding particles normally added to the flow and this 

particles scatter the light which is captured onto subsequent images frames by the digital camera. Lasers 

are widely used due to their ability to emit monochromatic light with high energy density that can be 

bundled into thin light sheets allowing the lightening of the seeding particles without chromatic 

aberrations.  

(a) (b) 

(c) 

(d) 

(e) 
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The laser is a Nd:YAG (Neodymium-doped  Yittrium Aluminium Garnet) and it is classified as class four 

radiation hazards. Therefore, its operation requires wearing appropriate laser safety goggle (Figure 8).  

The Nd:YAG laser depends on the temperature.  At standard operating temperatures, it emits at 

wavelength         in the infrared spectrum. The laser beam generator controls the power and the 

production of the laser light. It also includes a cooling system. The cooling system is an essential feature 

as this process requires stable temperature (Ferreira, 2011). 

CCD (charged-couple device) camera is chosen over CMOS (complementary metal oxide semi-

conductor) since the later is prone to noise although it is fast. The CCD operates with photoelectric effect 

at each pixel. Each pixel’s charge is then transferred through the same output nodes, which is reliable 

(not prone to noise) although it is slow. 

The timing unit ensures the synchronization between the light emission by the laser head and the image 

acquisition by the camera.  The duration of the illumination light pulse must be short enough so that the 

motion of the particle is frozen during the pulse exposure in order to avoid blurring of the image. The time 

delay between the illumination pulses must be long enough to be able to determine the displacement 

between the images of the tracer particles with sufficient resolution. 

The whole system is usually controlled by software that in this case was DynamicStudio®. The PIV 

system used in this project was operated with a sampling rate of 15 Hz and its power source is able to 

generate a pulse of energy of      . The whole systematic component of PIV is shown in Figure 11. 

 

 

Figure 8: Goggle for laser protection 
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3.3.3 Seeding Particles 

The choice of seeding particles and the methods for their deployment in the fluid are important aspects of 

the PIV technique (Jahanmiri, 2011). Ideally, the seeding particles should be neutrally buoyant, non-

inertial, non-toxic, non-corrosive, non-abrasive, non-volatile, chemically inactive, and clean (Melling, 

1997; Raffel et al., 2007). If the seeding particles are large, there will be stronger scattering but lower 

tracking ability and spatial resolution. On the other hand, the lighter particles are more expensive though 

it have higher tracking ability. If more particles are deployed then there will be higher spatial/temporal 

resolution but it is more expensive and produces noise. The particles should be small enough to follow 

the flow but large enough to reflect the required amount of light. 

The relative tracking ability depend more on the diameter than on the density and flow turbulence. The 

tracking ability and cost of tracers govern the choice of tracer (Ferreira et al., 2011). In the present 

experiment, the artificial seeding called Decosoft 60 (Figure 9), which is polymerized material with density 

1.31 g/cm
3
 are used. This artificial seeding has an average size of    μm in a range from 50 to 70 μm. It is 

a white material with round shaped particles and its chemical composition consists of 73% polyurethane 

and     of titanium dioxide.  

 

Figure 9: Seeding particles-Decosoft 60 

 

According to Melling (1966), mentioned in Ricardo (2013) and Ferreira and Aleixo (2017), it is possible to 

evaluate the suitability of seeding particles to follow specific flows ratio and hence determine the smallest 

turbulent eddies that can be identified evaluating the ratio    . The ratio     can be determined from the  
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Where     is the modulus of seeding terminal fall velocity;        is the modulus of flow velocity;    is the 

frequency of the characteristic turbulent structures of the flow;      is density of seeding particles;    is the 

diameter of the seeding particles;    is fluid’s kinematic viscosity. The seeding particles are able to 

perfectly track the flow when    =     . However, Melling (1997) proposed a threshold of acceptability of    = 

0:95. Equation (9) expresses the ability of the seeding particle to follow the fluid’s turbulent micro-

structure whose scale is    (expressed in terms of frequencies) as a function of the density and the 

diameter of the particles. This model renders a conservative estimate of the tracers tracking ability since 

in most cases the density of the seeding particles is not much larger than the water density. 

 

Figure 10: rp ratio as a function of frequency for seeding particles with 50, 60 and 70 μm 

 

The Figure 10 is plotted using equation (8) and (9) for      50, 60 and 70 μm and       of 1.3 g/cm
3
. As 

stated before, the threshold of acceptability is    = 0:95. Corresponding to    = 0:95, the acceptable 

frequency for turbulent flow range from 0 Hz to about 40 Hz. For average size artificial seeding of 60 μm, 

fc = 28 Hz.  It means the employed seeding is suitable to detect turbulent structures with frequencies 

lower than 28 Hz. Since the PIV was operated at 15 Hz, the Nyquist frequency is equal to 7.5 Hz, 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 

r p
 (

 -
 )

 

fc (Hz) 

dp=50 μm 

dp=60 μm 

dp=70 μm 



26 
 

therefore it can be concluded that the seeding particles used ensure the quality of the data acquired in the 

time domain. 

 

3.3.4 Principle of operation 

The whole experimental setup of the PIV system is shown in Figure 11. As mentioned before, the PIV 

system measures the instantaneous velocity fields through images of the position of the tracer’s particles 

which is illuminated twice by the laser and where the time delay between the pulses depend on mean 

flow velocity and the magnification at imaging. The instantaneous velocity field is obtained through 

following process. Firstly, the seeding particles scatter the light emitted by Laser beam which is recorded 

by the high quality lens on a single frame high-resolution digital camera. The photo-graphical PIV 

recording is digitized by means of scanner (acquisition and control software) and stored to the memory of 

the computer directly. With modern CCD cameras (1000×1000 sensor elements and more) it is possible 

to capture more than 100 PIV recordings per minute. High-speed recording on complementary metal-

oxide semiconductor (CMOS) sensors even allows for acquisition in the kHz range (Raffel et al., 2007). 

With the evolution of digital PIV, it records several thousand instantaneous velocity vectors within a 

second with standard computers (depending on the size of the recording, the IA and processing 

algorithm). If data is required at even faster rates for online monitoring of the flow, dedicated software 

algorithms which perform evaluations of reduced precision within fractions of a second are commercially 

available. 

 

Figure 11: Schematic representation of a PIV system with all its components 
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It is important to understand the basics of PIV to know how actual processing and validating the velocity 

maps with PIV is done. The basics of PIV indicated by Ferreira et al. (2011) are as follows: 

i. Correlation of image pairs, 

ii. sub-pixel accuracy and  

iii. Validation. 

 

Correlation of image pairs 

Cross-correlation is the single most important component of plannar (2D) PIV. Cross-correlation is the 

technique to determine the predominant trend of motion of the particles in the interrogation area (IA). The 

key concepts of PIV associated with cross correlations of image pair are field of view (FOV) and 

interrogation area (IA). FOV is the visualization window which determines how much we want to see 

beforehand and IA is the parcel of space used to determine how resolved we want to see.  For a given IA 

centered at      , we can evaluate the longitudinal     and vertical     velocities. It can be done through 

mean longitudinal       and vertical displacements      of the seeding particles over a small time lag 

(   -time between pulses) as shown in equation (11) and (12) respectively. 

        
         

  
 

     

        
         

  
       

According to Ricardo (2013), one can assume computed velocity is a quasi-instantaneous velocity since 

the time to register images is smaller than time between two consecutive laser pulses.  

The key issue in PIV data processing is calculating the mean planar displacement           of each 

interrogation area to analyze the image acquired with least error. According to Raffel et al., (2007) 

mentioned by Ricardo (2013), the mean planar displacement within IA can be computed from cross-

correlation function   shown in equation (13) 

                          

 

   

 

   

 
     

where    is the intensity level on the IA of first frame and     is the intensity level on the same IA of the 

second frame.   is shifted around in    without extending over edges of the latter. For each choice of 

sample shift       , the sum of the products of all overlapping pixel intensities produces one cross-

correlation value         Note that       and   refer to the referential of the centre of the IA. By applying this 
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operation for the range of shifts            and          , a correlation plane is obtained, 

whose size is               . The mean planar displacements                corresponding to the 

correlation peak in the referential of the centre of the IA is graphically shown in Figure 12. The 

characteristic displacement is (technically) not a mean displacement in the interrogation area but it is not 

too different either (Ferreira, 2011). The values of characteristics displacement are divided by time 

between pulses      for whole IA of image to get each velocities corresponding to each IA.  

 

 

Figure 12(a) shows buffering of IA over time period    and   .  There could be an error due to tracer 

 

 

 

  

 

  

 

 

 

 

Figure 12: Processes in obtaining the mean planar displacement 
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particles leaving IA in time interval   . These could lead to reduction of correlation peak due to missing 

pairs. Figure 12 (b) shows the result of a correlation-based algorithms which actually compare gray levels 

of consecutive images in a given interrogation area and surrounding area. Figure 12 (c),     corresponds 

to the coordinates of the correlation peak in the referential of centre of the interrogation area.  The better 

contrast between the illuminated particles and the background, the less noisy becomes the signal, i.e., 

the clear peak without ambiguity due to smaller secondary peaks Figure 12 (d). 

Another alternative to cross-correlation provided by DYNAMIC STUDIO® software are average-

correlation and adaptive-correlation. Adaptive correlation normally gives better results when the flow has 

strong gradients. In comparison to cross-correlation algorithm, the adaptive correlation algorithm allows 

for improvements on the spatial resolution and spatial accuracy while reducing the bias errors (Wereley et 

al., 2000). Due to the above mentioned reason, adaptive correlation is chosen for correlation of image 

pairs (one image with its sequential image). The algorithm starts with wide IA to get approximated flow 

and its direction, followed by successive small IA to get better estimation of the velocity flow field and its 

correct displacement. 

The parameters that control the quality of correlations are: i) time between the pulses, ii) quantity of 

seeding and iii) size of IA. The problem like “the loss of pairs-out of plane or in-plane plus out of plane”, 

(Raffel et al., 2007) and “bias-to-zero”, (Sveen et al., 2004) occur due to time between the pulses 

parameters. The loss of pair problem arises when time between pulses is large enough for the seeding 

particle captured in one frame doesn’t remain in subsequent frame.  The bias-to-zero problem occurrs 

when time between the pulses is lower allowing only smaller IA. Smaller IA decreases the accuracy of 

displacement computation because of very small movement of seeding particles leading to wrong zero 

velocity values. Regarding the quantity of seeding, there should be more than 12 seeding particles and 

the motion of particles should be about 25% of the dimension of final IA (Raffel et al., 2007). Therefore 

the size of IA depends on both the time between the pulses and quantity of seeding. The relations among 

these parameters are illustrated in Figure 13. 

 
Figure 13: Relationship between interrogation areas, seeding and lag time. 
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Validation 

The last step in PIV measurement is validation. It is post-processing of PIV data. The velocity field 

computed will have many spurious vectors due to inadequate quantity of seeding, strong gradients in IA, 

in-plane loss-of-pairs, out-of-plane loss-of-pairs etc.  Validation is method to improve the velocity field by 

replacing spurious velocity vectors. Spurious velocity is detected by comparing reference velocity with 

median of 8 neighbour’s velocity vectors. The improvement can be done by local median filter where it 

compares each velocity vector defined at the centre of each interrogation area with the median vector of 

the sample constituted by the vectors of the 8 neighbouring interrogation areas. If the difference between 

the vectors is superior to a pre-determined threshold value, it is considered an outlier. The outlier vectors 

are substituted by the median. The improvement can be done by substitution through interpolation if 

bilinear satisfy continuity and if there are only 5% bad vectors. An alternative to interpolation could be 

iterative approach which allows overlap between adjacent IA. For more details on PIV data validation, 

refer to “Data Validation, Interpolation and Signal to Noise Increase in Iterative PIV Methods”, (Lecuona, 

2002). For more details on PIV Error correction, refer “PIV Error Correction”, (Hart, 1998). 

 

PIV parameter used for experiment 

The present experiment, it started with wide IA size (128×128 px
2
) to get approximated flow and its 

direction. It ended with smaller IA (16×16 px
2
) to get better estimation of the velocity flow field and its 

correct displacement after 3 iterations on correlation process.  This choice intended to maximize the 

spatial resolution of the velocity field. An overlap of the 50% was considered for validations.  The time 

between the pulses,    was imposed in the range of 350-500 μs, satisfying the general displacements 

around 25% of the dimension of the final IA. The quantity of seeding was chosen based on final IA size 

after imposing the time between pulses to have enough seeding particles. 
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4 DEFINITIONS AND METHODS 

 

4.1 Double average methodology 

 

4.1.1 Introduction 

The Double-Averaging Methodology (DAM) is the process by which the fundamental flow equations are 

averaged in both temporal and spatial domains. Nikora et al. (2007b) mentioned that to resolve the 

problem to study rough–bed flow, supplementing the time-averaging which is highly three-dimensional 

and heterogeneous with spatial-averaging of parameters is the solution. The double-averaged (in both 

time and space) equation is supplementation to time-average equations which relates to equations for 

instantaneous hydrodynamic variables. In fact, this double-average is applied to the fluid velocity and 

pressure terms that are contained in the equations (Campbell, 2005).  

The origin of DAM dated back in late 1960’s when Whitaker (1967) and Gray and Lee (1977) developed 

general conservation equations for ground-water flow hydrodynamics in multi phase system.  In free 

surface hydraulics while analyzing flow over dunes, Smith and Mclean (1977) first applied DAM followed 

by Wilson and Shaw (1977) to improve the mean momentum and stress equations. According to Nikora 

et al. (2013), the development of  this methodology for rough bed flows was initiated by atmospheric 

scientists for describing turbulent flows within and above terrestrial canopies such as forests or bushes 

(e.g., Wilson & Shaw, 1977; Raupach & Shaw, 1982; Finnigan, (1985; 2000); Poggi et al., 2004). Later it 

was adopted in studies of water flows (e.g., Curto & Lera, 1996; Lopez & Garcia, 2001; Nikora et al., 

(2001, 2007a, 2007b); Pokrajac et al., 2008; Nepf, 2012). Until now, many researchers (Campbell, 2005; 

Franca et al., 2008; Ferreira et al., (2008, 2010); Ricardo, 2013; Pokrajac et al., 2014; Han et al., 2017; 

Vowinckel et al., 2017, among others) adopted this method to study the open channel flow. 
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4.1.2 Double-averaged equations 

The Navier-Stokes (NS) equation for Newtonian fluid flow is the basis for Double-Averaged Navier-Stroke 

(DANS) equation and can be written as shown in equation (14) (Schlichting 1968): 

   
  

    
   
   

     
 

    

  

   
     

    
      

 
     

where    is the i
th 

 component of velocity vector,      is the fluid density,    is the i
th 

 component of 

acceleration due to gravity,   is the local fluid pressure and      is the fluid kinematic viscosity. 

In general, there are two ways for computing double-averaged values. They are consecutive time-space 

averaging and consecutive space-time averaging. In order to be able to take a time average, 

instantaneous velocity  is decomposed into mean velocity and fluctuating velocity. Throughout this paper, 

the meteorological convention of right-handed Cartesian coordinates with x aligned in the stream-wise, y 

in the span-wise and z in the vertical direction is adopted. Corresponding velocity components are u, v, 

and w. The time-averaged and space-averaged are computed through equation (15) and (16) 

respectively. 

             

                    

where   is an instantaneous velocity,     is time-averaged velocity,     is fluctuating velocity,      is mean 

spatially-averaged velocity,    is spatial disturbances of the velocity and        is spatial disturbances in time 

average velocity.  

The Reynolds-Averaged Navier-Stokes (RANS) equation shown in equation (17) is obtained by 

substituting temporal mean and fluctuating part of velocity and pressure in NS equation. 

    

  
    

    

   
     

 

    

   

   
 
   

   
       

   
     

    
      

 
     

 

Comparing NS equation with RANS equation, there is an additional term in RANS equation, which is 

product of fluctuations term (  
   

   . It is associated with the quadratic non linearity of the NS equations. It 

is generally the dominant part of the total shear stress beside viscous part. Since the term only appears 

due to the Reynolds average, it is called Reynolds stress or apparent turbulent shear stress. To lead to 



33 
 

the closure of the equation system, an approximation for the Reynolds stresses has to be done, which 

sets in relation the apparent shear stresses with the velocity field of the average flow (Chawarep, 2015). 

For consecutive time-space averaging procedure, the spatial averaging is done through volume 

averaging after time-averaging, defined as: 

            
 

  
         

 

  

 
     

and                         
 

  
         

 

  
      

where     is time-averaged flow variable (scalar, vector, or tensor component) defined in the fluid but not in 

the space occupied by the roughness elements; angle brackets denote spatial (volume) averaging; and    

is the volume occupied by fluid within a fixed region centred at         with the total volume   ;     and 

     are known as intrinsic spatial average and superficial spatial average respectively. The former one is 

total averaging only the fluid domain while the later computed for the whole volume. For spatially discrete 

measurements of double-averaged quantities used in this text is 

        
            
       
   

      
       
   

      

where               or              ,      is the area occupied by the fluid of a convex sub-domain    , 

defined as the area of influence of                       and such that       
    
      corresponds to 

the total number of subdomains and       to the number of subdomains, at elevation    for which the flow 

variable is not defined in        (cf. Franca et al. 2008; Ferreira et al. 200; Ricardo et al. 2013). It should 

be noticed that       
       
          for          

The intrinsic spatial average and superficial spatial averages are related as 

                  

where the parameter  

   
  

  
 

     

This parameter may be interpreted as roughness geometry function or porosity when located deep within 

a sediment bed (Nikora et al., 2001). According to Nikora et al. (2007a), Volume averaging has several 

advantages over area averaging. In open channels and overland flows, there are strong gradients in flow 

properties in the vertical direction, especially near the bed and therefore, the volume averaging domain 

should be designed as a thin slab parallel to the average bed (then it becomes similar to the area 



34 
 

averaging). The dimension of thin slab should be larger than the dominant turbulence scales (i.e. size of 

gravel particles) but much smaller than the large-scale features like riffles or pools in case of gravel-bed 

rivers.  

The application of spatial averaging equation (19) on RANS equation (17) is commutable for flow region 

above the roughness crests since the averaging region is fully occupied with fluid        and it is 

connected. However for the region below roughness crests, the spatial averaging equation (19) operator 

doesn’t commute with time and spatial differentiation, therefore it is not trivial.   

For fixed bed, the intrinsic spatial averaging (time-space averaging) for the flow region below the 

roughness crest can be done through Transport Theorem (proposed by Whitaker 1992) which does 

spatial averaging on time derivatives or spatial-averaging Theorem which is derived using Gauss 

theorem, Leibniz’s rule and the relationship for roughness geometry function, that is equation (23) and 

(24) respectively. 

 
  

  
  

 

  

      

  
 
 

  
        

 

               
 

 
     

 
  

   
  

 

  

      

   
 

 

  
        

 

               
 

 
     

where   is bed surface velocity,    is the i
th
 component of inwardly directed unit vector normal to the bed 

surface into the fluid and       is the extent of water-bed interface bounded by the averaging domain. In 

the above equation, both the right hand side underlined 1 and 2 will be zero since bed surface velocity 

    in this region below roughness crest. 

For mobile bed surface, according to (Nikora et al., 2007a), intrinsic time and spatial averaging for the 

flow region below roughness crest is given by the following expression (based on suggestion of Gray and 

Lee 1907) respectively: 

   
  

  

    
  

         

  
 

 

  
        

 

    

                    
 

     

   
  

   

    
  

 

  

         

   
 

 

  
       

 

    

                  
 

     

Where    is the time analog of the roughness geometry function.  
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 As discussed above, spatial averaging on time derivative is different for the flow below        and 

above (      the roughness crests.  The Reynolds decompositions for instantaneous and time-average 

variables are shown in equation (27) and (28). 

              

and                                

The wavy overbar denotes the spatial fluctuation in time-average variable and   is time-average flow 

variable (i.e. velocity and pressure).  The flow above the roughness crests          in which     , 

DANS equation for momentum conservation is given by substituting equation (27 & 28) into RANS 

equation (17) as 

      

  
      

      

   
     

 

    
     

   
 
    

   
        

   
 
          

   
     

       

      
 

     

There is an additional term compared to conventional RANS equation. It is form-induced 

stress            which is due to spatial variations in time-averaged fields.  

For the flow below the roughness crests       , where    , DANS equation for momentum 

conservation is given by: 

      

  
      

      

   
     

 

    
     

   
 
    

   
        

   
 
 

 

          

   
     

       

      
 

 

    
 
   

   
       

     

      
  

     

Similarly in this equation too, there is two additional term compared to equation (29). They are form drag 

 

     
   

   
  and viscous drag      

     

      
  which appeared due to pressure variations around individual 

roughness elements. 

The Ferreira et al. (2008 b) propose single DANS equation for both above and below roughness element, 

provided bed elevation becomes time invariant and sediment concentration is low so void function is 

interpreted as mean value.   

     
      

   
     

 

     

      

   
 
 

 

     
   

        

   
 
 

 

           

   
 
 

 

 

   
      

      

   
  

 

      
       

 

    

 
 

  
     

      

   

 

    

           

     

 

The extra term      , stands for the force (per unit fluid mass) arising from the interaction between fluid and 

particles moving as bed-load to account for momentum sink. In a steady flow under quasi-equilibrium 
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sediment transport (zero or low time rates of aggradation or erosion) inertial effects are negligible to 

characterize statistically particle movement. Under this hypothesis, the fundamental term to characterize 

the force that express fluid particle interactions should be drag on the moving sediment. Should the drag 

coefficient (  ) be constant, the drag force in the longitudinal direction may be approximated by 

     
 

 
                       

  

 

 
     

 
where    , is the thickness of the transport layer,    is the flux-averaged concentration of moving particles 

and    is the path-averaged particle velocity (Ferreira et al. 2006).  

 

 

4.2 The logarithmic-law for the flow in the overlapping region of a 

turbulent boundary layer 

4.2.1 Introduction 

The classic laws of the mean velocity profile of a wall-bounded turbulent flow are done by Lugwig Prandtl 

in early twentieth century. They are widely known as law of wall, the defect law and log-law. Near a solid 

boundary, the flow has a distinct structure called a boundary layer. The most important aspect of a 

boundary layer is that the velocity of the fluid goes to zero at the boundary. This is called the no-slip 

condition, that is the fluid velocity matches (has no slip relative to) the boundary velocity. At some 

distance above the boundary the velocity reaches a constant value      called the free stream velocity. 

Between the bed and the free stream, the velocity varies over the vertical coordinate. The spatial variation 

of velocity is called shear. The region of velocity shear near a boundary is called the momentum 

boundary layer. 

Prandtl made two assumptions: Firstly the shear stress in the turbulent boundary layer is constant and 

equals boundary shear stress     secondly the mixing length   , that is the distance between two layers in 

the transverse direction such that particles from one get into other is directly proportional to distance 

   from boundary.  Millikan (1938) derived the logarithmic law through dimensional analysis considering 

flow parameters              without going into physical detail of the process. Considering only outer 

layer flow parameters           , he derived the following dimensional relation which overlaps smoothly 

with logarithmic velocity profile. 
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where    is shear velocity and    is distance from boundary where velocity   becomes zero.   is 

acceleration due to gravity and   is thickness of laminar sublayer. The other parameters used are bed 

shear stress    , density   , specific weight   and kinematic viscosity   .The above relation got defect of 

not considering roughness scale    which was rectified by Ipsen’s method (1960) in dimensional analysis. 

Gosh (2016) concluded that the Ipsen’s method derivation shows that the logarithmic velocity distribution 

is not an outcome of some choice or assumption but reflects the very nature of flow associated with 

boundary layer. Townsend’s wall similarity also state boundary stress is approximately equal to turbulent 

shear stresses in a narrow region sufficiently above the crest due to the vanishing of roughness element 

and viscosity and It also reveals that it does not specify   as a universal constant.  In the following 

section, the detailed dimensional analysis for rough mobile bed type is presented based on Ferreira 

(2015). 

 

4.2.2 Dimensional analysis of log-law 

The dimensional analysis of flow parameters without specific physical description is done to assess the 

log-law, mainly validating the similarity of shear rate at certain distances from the bottom boundary, 

accounting for the bed mobility and near-bed sediment movement. The log-law of wall is  

    

  
 
 

 
   

   

  
      

 

     

The equation (34) was already elaborated in chapter 2. In rough mobile bed, the bed load rate is 

associated to extra momentum sinks or sources. This determined the texture when it interacts with the 

local bed and hence providing larger roughness scale than grain itself. The shear rate is considered as 

variable of two-phase phenomenon for this reason and therefore expressed as a function of fluid 

properties in general. A general dimensional relation of shear rate is: 

                       
     

    
     

        
       

              
                 

where      represents a set of   centred moments sufficient to determine the statistical distribution of the 

bed surface micro-topography,   represents a two-point statistic of the bed surface micro-topography for 

instance an autocorrelation function or a structure function,    
     

 is the median diameter of the granular 
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material at the bed surface,    
       represents a set of centred moments sufficient to determine the 

statistical distribution of the grain-size distribution of the bed surface material,    is the time averaged 

bed-load discharge in submerged mass per unit time and unit channel width,    
   

  is the median diameter 

of grain-size distribution of the bed-load,   
   

 represents a set of higher-order centred moments sufficient 

to determine the statistical distribution of the grain-size distribution of the bed-load,    is the bed shear 

stress,    is the terminal fall velocity of the granular material, μ is the fluid viscosity,       is the density of 

the particles that compose the granular material and   is acceleration due to gravity. 

The equation (35) is now particularized for water-worked mobile rough beds under equilibrium sediment 

transport. In such scenario, there is no degree of freedom among sediment mixture, bed texture and 

composition of bed-load if it is water-worked under the same hydrodynamic and geometric conditions. 

The flow variables, fluid and sediment properties parameters and grain-size distribution of substrate 

determine the composition and concentration of bed-load and bed texture. Now the equation (35) 

becomes 

          
       

        
               

                 

where    
     represents the median diameter of the grain-size distribution of the bed substrate and     

      

represents a set of centred moments sufficient to determine the grain-size distribution of the bed 

substrate. The shear rate as well as bed texture are affected by sediment transport in water-worked beds 

under equilibrium bed-load.  The    can be substituted by relative weight             since   act along 

with submerged density. Similarly geometric roughness scale    substitute    
     since they are of same 

order of magnitude. To simplify the symbolic manipulations of equation (36),              substitute   . 

Hence equation (36) becomes 

          
          

               
                 

Applying Vaschy-Buckingham’s theorem on equation (37), considering              
    as basic variables, 

we obtain 

  

  
         

 

  
 
  
  
  
  

   
  
  

  
 
    
 

   
   

      
 
  

     

where   
    

     is the specific gravity of sediment grains. Since inertia forces associated to individual 

particle motions is not considered so influence of    is indirect and restricted to parameter  . The shape of 

particles is also not discussed, so equation becomes 
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The equation (39) reveals one outer and three inner potential length scales. The outer scale is   and the 

inner scales are    and   , 
  

 
   
      

 

 
  related to roughness, viscosity and intensity of bed-load in addition to 

associated morphological features respectively. The equation (39) shows asymptotic behaviour, i.e. 

evolution of    as some or non-dimensional parameters tend to zero or infinity.  The complete similarity 

in non-dimensional parameter     if the function    converges sufficiently fast to a non-zero limit as    

tends to zero or infinity. The incomplete similarity in parameter     if the function    can be renormalized 

and its arguments with suitable powers of parameter   . In both cases the parameter    can be removed 

from arguments of the function   . 

In rough mobile bed, where  
 

  
          

      
 

 
                  correspond to weak equilibrium bed-

load, the longitudinal velocity profile can be fitted to a logarithmic law with       (Ferreira et al., 2006). 

Assuming the complete similarity regarding  
  

  
, equation converge to 

  

  
           

  

   
  

   

      
 
  

     

A similarity solution requires that    converges to a finite limit as     
  

   
    and as     . The 

specific nature of water-worked mobile beds lies on the behaviour of    as    becomes large. It is 

underlined that the morphological length scale 
      

 

 
 is about 10 times smaller than   .Hence, when    is 

sufficiently small,    is sufficiently large to assess the asymptotic behavior of   , for which there are at 

least three possibilities. 

i) If e.g.          the function     has not yet converged to finite limit. It is concluded that there is 

not a complete similarity solution. Physically, this would mean that a mobile boundary would 

induce changes in the vertical momentum exchange incompatible with a logarithmic profile. 

ii) If on the contrary,        as     , equation (40) is retrieved with     
 

 
 independent of bed 

composition, Reynolds numbers and Shieldss numbers. Due to this independency, equation (40) 

becomes independent of the intensity of the bed-load discharge.  

iii) Another possibility is incomplete similarity in the parameters that describe bed composition and 

mobility. In this case, the constant shear rate in the overlapping layer would be dependent of bed 

mobility. Von Kármán’s   would then be a function of bed composition and Shieldss number, 

 
      

 

   
.  Assuming the complete similarity in viscous parameter and         provided that 
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incomplete similarity is postulated in  
      

 

   
 in order to account for the effect of sediment 

transport, the equation for the non-dimensional shear rate becomes  

  

  
          

      
 

   
 

  

   
     

The previous discussion shows that the nature of   can be given a proper similarity framework. 

Dimensional analysis and similarity considerations allow for a clear identification of the different 

influences on phenomena in the overlapping layer that may render a Re-independent von Kármán 

constant (possibly even equal to 0:4), a wall-dependent but Re-independent   or a Re-dependent   (in 

flows over mobile beds). Unfortunately, similarity considerations, by themselves, cannot be used to rule 

out any of these possibilities or bring to light the true nature of  . A theoretical argument to relate   with 

turbulence properties in the overlapping layer has to back this dimensional analysis (Ferreira, 2015).  For 

theoretical argument- refer to Ferreira, (2015). 

 

4.2.3 Methods of calculation 

The method of log–law parameters calculation is based on Ferreira et al.  (2012) method on mono-sized 

glass beads bed configuration. Ferreira et al. (2012) computed the log-law parameters for water-worked 

beds of poorly sorted mixtures of sand and gravel. 

When von Kármán constant   is considered flow independent i.e.       both displacement height   and 

roughness scale     has to be shifted much upward towards free surface of flow leading to much higher 

value of   i.e.       without any physical justifications. An example is shown in Figure 14 and it is   is 

0.001 m (Test 4). 
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Figure 14: Parameters of log-law when von Kármán is flow independent 

 

The flow independent von Kármán constant is giving irrelevant results so we compute parameters of log-

law based on the following two scenarios: 

Scenario (sA): The boundary zero is set at the elevation of the crests (        . The friction 

velocity is called from measured bed shear stress.  The von Kármán constant is considered non 

universal but the fitting parameter and the roughness scale      and the normalized flow velocity, 

  are subjected to fitting procedures. 

Scenario (sB): This scenario is similar to scenario sA except that   is considered constant and 

the roughness scale      is computed from roughness functions. 

The friction velocity,     is computed from bed shear stress,     , termed as    
   
  and    

   
 respectively in 

chapter 5.  

In scenario (sA), The displacement height    is derived from the logarithmic law in the form  

     
     

  
 

  

        
     

The data of the left hand side of equation (42) is plotted against   , in Y and X axis respectively. The linear 

reach fitting data with maximum correlation coefficient to a given tolerance is chosen bounded by 

upper         and lower limit         . The diameter of bed particles (mono-sized sphere beads) is 

considered as the lower limit      and this gives the value of    which can deviate little while adjusting with 

other log-law parameters.  The slope of linear regression  
     

     
  gives the value of   and displacement 
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height   is computed as    
        

 
. The value of    is independent of initial        slope. Once the 

values of   and   are set, the remaining parameters of log-law are computed using equation (43). 

    

  
 
 

 
   

   

  
      

     

where              . The value   
     

  
 is adjusted by lower bound    through    in equation (43). The 

   computed above is scale of roughness scale relatively to boundary zero and not zero of log-law so it is 

actually    . Subtraction of displacement height from above    value will give real   . Once     and   is 

confirmed, the roughness height    is computed from equation (44). 

          
          

In scenario sB, the displacement height    and von Kármán constant    are retrieved with same procedure 

illustrated in scenario sA. The   is considered constant i.e.       . The roughness scale is computed 

through roughness law 

        
           

The log-law is now written in the form shown in equation (46) to apply the roughness law. 

    

  
 
 

 
   

   

  
       

 

 
   

   

  
   

 

 
   

   
  

  
    

 

 
   

   

  
 
  
  
   

    

  
 
 

 
   

   

  
    

     

The    positions the velocity profile vertically. Plotting both 
    

  
 and 

 

 
   

   

  
    with respect to   adjusting    

to fit 
    

  
 and 

 

 
   

   

  
    together.  Once the best    is found, equation (45) compute back the   . 
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4.3 Empirical methods to determine macroscopic properties 

The macroscopic properties of glass beads can be calculated theoretically using equations 47, 48 and 49 

assuming tetrahedral configuration. There is apparent discrepancy when porosities are lesser than 0.48 

(Ahmadi et al., 2011). 

.    
  

              
 
   
 

 

 
      

  
             

 
   

               
 
        

  

      
  
              

     

    
   

 
 

     

 

The hydraulic conductivity can be determined experimentally. Once, the value of conductivity is obtained, 

the   and    can be calculated equation 50 and 51.  

  
  

  
 

     

.    
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5  CHARACTERIZATION OF EXPERIMENTS AND DATA TREATMENT 

 

5.1 Characterization of experimental tests 

5.1.1 Overview  

Five new experimental tests were performed in the recirculating tilting flume (CRIV) in the Laboratory of 

Hydraulics and Environment of Instituto superior Técnico (IST). The purpose of these tests was to build 

an experimental database of instantaneous velocities from which mean flow and turbulence quantities 

could be derived and compared with the existing database of Ferreira et al. (2012). The two databases 

were obtained in similar flumes. It was intended that both databases would be obtained: 

 over granular beds of cohesionless sediment with similar densities; 

 with granular material with similar d84, ensuring that both bed surfaces would be hydraulically 

rough; 

 under uniform flow conditions; 

 with and without sediment transport; 

 in the mobile bed cases, under equilibrium transport conditions; 

 under the same range of values of Shields parameters; 

 with beds of similar porosity; 

The different features should highlight the role of hydraulic conductivity. In particular, it was intended that 

the new databases would be obtained for a granular bed with higher hydraulic conductivity or, in what 

concerns the classification of the granular bed, higher permeability. 

It is known that permeability depends on the specific surface of the granular medium, on tortuosity and on 

porosity. One of the particular equations that expresses these relations is equation (3), by which one 

observes that permeability increases with grain diameter and porosity and decreases with porosity and 

specific surface (through its proxy – the KC parameter). The granular material of Ferreira et al. (2012) is a 

bimodal mixture of sand and gravel, thus with a high tortuosity. The new experimental tests were thus 

designed to have a low tortuosity which, if the permeability is similar, should ensure a higher hydraulic 

conductivity. The characteristics of both granular beds are described in the next paragraph 
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5.1.2 Macroscopic properties of the granular beds 

A general impression of the granular beds of Ferreira et al. (2012) and of the new database is given in 

Figure 15a) and b), respectively.   

 

 

 

Figure 15: Bed composition a) gravel-sand mixture of the Ferreira et al. (2012) database and b) mono-sized spheres 
(glass beads) corresponding to the new database. 

 

Figure 15a) shows the water worked bed surface of the bi-modal sand-gravel mixture of Ferreira et al. 

(2012). The grainsize distributions for this database can be seen in Figure 16. The bed was mostly matrix 

supported but there were framework supported patches. As a result porosity was somewhat higher than 

that expectable for a framework supported bed with voids filled in by finer sediment (see Table 2).  

 

Figure 16: Grain-size distribution of the mixture used in Ferreira et al. (2012).Initial gravel mixtures of tests T is 
represented by circle and initial gravel-sand mixture of tests E is represented by close diamond  

 

(a) (b) 

5 mm 5 mm 
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Figure 15b) shows the essentially hexagonal arrangement of the mono-sized glass beads of the new 

experiments. A perfect hexagonal close-packed (HCP) crystalline arrangement was not possible but 

patches of HCP were observed. The porosity was thus higher than the maximum close packing 

theoretical value, even if vibration while laying out the bed to decrease porosity.  

The porosity for both databases was determined in the laboratory. The porosity of glass beads are 

determined through the following processes: The mass of glass beads are measured on balance 

weighing machine of 0.01 g precision (Figure 17a). The diameter is measured with Vernier Caliper of 

0.01mm precision (Figure 17b). Through mass and size of glass beads, the density of glass beads is 

obtained. The graduated container is weighted in empty. It is weighted filled with beads (Figure 17c). 

Once again, it is weighted with beads plus water filled at the level of beads filling the pores within.  This 

weighting gives the mass of bead      . From the mss and density, the volume of solid      is obtained. 

The water is poured from graduated container and the volume of water       required to fill the pores 

within the beads is noted. The porosity is computed using equation (52) after the above parameters is 

determined. The results are shown in Table 2. 

  
  

     
 

 

     

 

   

Figure 17: Porosity determination a) balance weighing machine b) Vernier Caliper c) graduated container filled with 
bead 

 

The density of the natural sediment of Ferreira et al. (2012) and of the glass beads was also determined 

experimentally. The procedure for the first case is explained in Ferreira (2005). In the case of the glass 

(a) (b) (c) 

glass 

bead 
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beads, the diameter of several beads and its weight was determined with a 0.01 mm ruler and a 0.001 g 

precision scale. The results can be seen in Table 2.     

The hydraulic conductivity is measured in the hydraulic lab at IST using apparatus shown in Figure 18. 

The hydraulic conductivity is measured through constant-head method which is typically used on granular 

soil. The specimen (glass beads for new database and sand-gravel mixture for existing database) are 

filled inside the uniform diameter (1.04 cm) pipe shown in Figure 18. The water is allowed to move 

through the specimen under a steady state head condition. The head loss (H1-H2) between the effective 

length, Leff is measured. The quantity (volume) of water filled in the graduated container over the time t is 

measured. Once these variables are measured, the hydraulic conductivity is calculated as follows: 

  
 

 
      

  
 

 
      

where   is the flow velocity and   is cross-sectional area of the specimen. Once velocity is obtained, the 

Reynolds number is checked to verify whether it is laminar flow or not. For Laminar flow Reynolds number 

should be less than 2000.  The total head loss within the effective length marked on Figure 17 given by 

              

The head loss before the effective length is negligible so it is ignored. The hydraulic gradient i calculated 

as follows: 

  
  

    
      

Using Darcy’s law, hydraulic conductivity is given by 

  
 

 
      

The hydraulic conductivity for glass beads can also be calculated theoretically using equation 47, 48 and 

49. The magnitude for hydraulic conductivity computed theoretically gives lower value than experimental 

ones since the formula used to compute theoretically is ideally for higher porosity             The 

hydraulic conductivity obtained from experiments is only used for analysis. The results of hydraulic 

conductivity computed theoretically and experimentally for glass beads and experimentally for sand-

gravel mixture are shown in Table 2.  
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Figure 18: Apparatus to measure hydraulic conductivity  

 

The tortuosity for both sand-gravel mixture and glass bead are computed from the equation (51) once 

hydraulic conductivity is obtained.    was also obtained theoretically for the glass beads but only for 

completeness. Only the result derived from the conductivity is used. 

Table 2: Macroscopic properties of experimental tests and existing database 

 

 

 

5.1.3 Description of novel experimental tests 

All experiments were done in the same flume bed reaches made up of fixed-bed and mobile-bed shown 

schematically in Figure 19. Upstream there is a       reach of large boulders (      average diameter) 

high conductivity bed high conductivity bed low conductivity bed

New database New database Existing database

(theoritical) (experimental) (experimental)

d84  (mm) 4.97 4.97 5.40

r  (kg/m
3
) 2607 2607 2590

n (-) 0.325 0.325 0.301

T  (-) 1.34 0.88 9.96

k  (m
2
) 5.E-09 3.E-08 3.E-10

K  (m/s) 6.E-02 3.E-01 4.E-03

Tests

H1 
H2 

graduated scale  

discharge 

measuring 

cylinder  

specimen  

effective 

length  
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to ensure the destruction of any flow structures originated in the inlet. It is followed by       of smooth 

bottom (PVC), where the recirculated sediment is returned to the channel (Sediment inlet in Figure 19). 

The following reach is       long and features a single layer of mono-sized spherical glass beads 

(        diameter) glued to a smooth PVC plate (Figure 20). This reach ensures the development of a 

rough-wall boundary layer.  

 

Figure 19: Scheme of flume bed (adapted from Antico, 2018) 

The following reach is the mobile bed test region. It is       long and        deep and it is filled with the 

        diameter glass beads (Figure 20). The beads were placed in layers with moderate vibration to 

ensure close packing.  Five tests were carried out in nearly-uniform subcritical flow. The channel is 

sufficiently wide enough to neglect side-wall friction. The turbulent boundary layer is fully developed over 

an irregular, porous, mobile bed composed of cohesionless particles and suspended load is absent. After 

certain elapse of time, the bed texture becomes time-invariant and uniform in longitudinal direction. Tests 

were performed increasing the bed-load rate. Test 1 is performed under sub-threshold conditions (no 

beads moving), while test 2, 3, 4 and 5 has bed-load rate of 0.33, 6.23, 21.12 and 28.72 beads/sec 

respectively. All the flow variables are shown in Table 3. 

 

Figure 20: View of channel bed from downstream to upstream 
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Table 3: Mean flow variables characterizing the experimental tests 

 

The flow variables in Table 3 are the flow rate    the slope    the uniform flow height   , the longitudinal 

velocity   and the hydraulic radius   . The bed shear stress is computed from equation of conservation of 

momentum in longitudinal direction as: 

  
   

           

The hydraulic radius     is used instead of    to include the effect of side-wall friction expressed in 

kinematic terms.   and   are specific weight and slope of channel respectively. And subsequently friction 

velocity is computed from bed shear stress as follow: 

  
   

  
  
   

 
 

     

where,   is the density of fluid, water. Although this method is simple and generally used, it is not 

adequate for characterizing turbulent flow since it gives overall value rather than local one with channel 

bed and water surface dependent accuracy. Therefore Nezu and Nakagawa (1993) recommended 

evaluating   
   
 from measured Reynolds shear stress distribution since Reynolds stress itself is a 

turbulent quantity.   
   

 is measured bed shear stress which is sum of Reynolds shear stress and form 

induced stress. The values obtain through this method for the experimental tests are represented in Table 

4.  

Table 4: Friction velocity and bed shear stress from direct measurements 

 

Q I hu U Rh τ0 
(1) u*

(1) n 

 (m3/s) (-)  (m) (m/s)  (m) (N/m2) (N/m) (beads/sec)

1 0.01498 0.00317 0.0714 0.5181 0.0528 1.6390 0.0405 0.00

2 0.01590 0.00404 0.0703 0.5585 0.0522 2.0666 0.0455 0.33

3 0.01667 0.00456 0.0684 0.6016 0.0511 2.2872 0.0478 6.23

4 0.02083 0.00623 0.0744 0.6914 0.0544 3.3253 0.0577 21.12

5 0.02135 0.00714 0.0696 0.7574 0.0518 3.6280 0.0602 28.72

Test 

τ0
(2) u*

(2) 

(N/m2) (N/m)

1 1.6033 0.0400

2 2.1800 0.0467

3 2.1867 0.0468

4 3.0800 0.0555

5 3.2233 0.0568

Test 
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Table 5 represent the non-dimensional variables which characterize the flow. The non-dimensional 

variables are Froude number     Reynolds number   , bed Reynolds number    , Shields parameter    

and the non dimensional bed load discharge  . The formula to calculate these non-dimensional variables 

are: 

   
 

    
 

     

   
   
    

 
     

    
  
   
 

    
 

     

  
  
   

        
 

     

  
  

         
      

Where,   is the acceleration due to gravity,       is kinematic viscosity of water,   is diameter of bed 

material,   
    

    is the specific gravity of the sediment particles and       is the density of bed material. 

The bed load discharge rate per unit channel width is evaluated as    
  

 
, where the volume of each 

glass bead   is             m ,   is number of beads counts per second and   is width of flume. 

Table 5: Non-dimensional parameters characterizating experimental tests 

 

 

5.1.4 Existing database 

The data collected from experimental tests is compared with existing database of Ferreira et al. (2012), 

where 17 subcritical and nearly uniform flow experiment test were conducted.  All the variables are 

computed using same formula as above experiment. The     of bed substrate (below the lowest bed 

troughs) is used as length scale in the definition of the Shields parameter. All the flow variables 

characterizing the experimental tests are shown in Table 6. 

Test Fr Re Re* θ Φ

1 0.6191 41405.58 224.07 0.0203 0.0E+00

2 0.6725 43938.73 261.28 0.0277 3.8E-05

3 0.7345 46057.37 261.68 0.0277 7.2E-04

4 0.8093 57571.72 310.56 0.0391 2.4E-03

5 0.9166 58999.50 317.71 0.0409 3.3E-03
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The existing database tests differ from experimental tests in terms of macroscopic properties such as 

hydraulic conductivity, permeability and tortuosity. The initial bed composition varies among database 

tests itself.  The tests type E are gravel-sand mixture, type T are gravel mixture and type D are type E bed 

subjecting to water-work till armouring level. The bed composition of both experimental tests and existing 

database are shown in Figure 16. 

Table 6: Flow variables characterizing the existing database’s experimental tests 

 

 

 

5.2 Data Treatment 

5.2.1 Choosing the uniform section 

The flow is said to be uniform, if the velocity of the fluid does not change either in magnitude or direction 

from one section to another in the part of the channel under consideration. Uniform open-channel flow 

takes place whenever there is a constant volumetric flow rate, bottom slope, constant hydraulic radius 

(that is constant channel size and shape), and constant channel surface roughness (constant Manning 

roughness coefficient).  Uniform flow serves as a good reference case from which to think about the effect 

of gravity on the free surface in an open-channel flow. Only if an open-channel flow can somehow be 

adjusted to be strictly uniform, in the sense that the water surface is planar and the flow depth is the same 

at all cross sections along the flow, the effect of gravity in shaping the flow is ignored. There will be 

balance between head loss due to turbulent flow and reduction in potential energy (balance between 

gravity and boundary shear forces). 

In order to restrict the flow perfectly uniform, only the section of flow which is perfectly uniform is 

considered for analysis. The mean longitudinal instantaneous velocities are plotted against the flow 

depth. The uniform section is chosen visualizing the spatial distribution of the time-averaged velocity field. 

Test E0 E1 E2 E3 D1 D2 D3 T0 T1 T4 T2 T7 T3 T5 T8 T9 T6

Q (l/s) 13.8 13.5 13.5 13.8 13.5 13.5 13.8 10.3 14.3 13.2 13.2 13.3 18.3 13.2 18.5 17.3 19.2

I (-) 0.0010 0.0025 0.0033 0.0050 0.0025 0.0031 0.0035 0.0014 0.0014 0.0023 0.0031 0.0046 0.0031 0.0055 0.0046 0.0046 0.0055

h (m) 0.0742 0.0693 0.0650 0.0576 0.0715 0.0687 0.0706 0.0746 0.0896 0.0745 0.0675 0.0597 0.0828 0.0559 0.0722 0.0699 0.0724

u (m/s) 0.3488 0.4871 0.5194 0.5988 0.4721 0.4914 0.4889 0.3451 0.3990 0.4428 0.4889 0.5568 0.5523 0.5904 0.6405 0.6187 0.6632

u* (m/s) 0.030 0.041 0.043 0.048 0.042 0.044 0.048 0.033 0.036 0.040 0.046 0.050 0.050 0.052 0.056 0.058 0.062

t0  (N/m2) 0.872 1.659 1.813 2.316 1.800 1.906 2.349 1.075 1.322 1.586 2.139 2.539 2.511 2.686 3.083 3.334 3.830

d50 (mm) 2.07 1.97 1.91 2.03 2.02 1.94 1.94 3.27 3.31 3.26 3.15 3.21 3.36 3.29 3.19 3.33 3.26

d84 (mm) 5.42 5.15 5.00 5.31 5.28 5.07 5.08 5.55 5.63 5.55 5.36 5.46 5.71 5.60 5.42 5.65 5.54

d90 (mm) 5.68 5.48 5.44 5.54 5.61 5.49 5.50 6.05 6.06 5.95 6.05 6.05 6.00 6.10 6.01 6.18 6.07

Fr (-) 0.409 0.591 0.651 0.797 0.564 0.599 0.588 0.403 0.426 0.518 0.601 0.728 0.613 0.798 0.761 0.747 0.787

Re (-) 28959 37773 37773 38612 37773 37773 38612 28819 40011 36933 36933 37213 51203 36933 51763 48405 53721

Re* (-) 722 958 992 1213 952 951 949 1127 1321 1445 1541 1787 1856 1946 2044 2057 2163

Φ 0.0E+00 1.2E-02 2.8E-02 6.5E-02 0.0E+00 0.0E+00 0.0E+00 0.0E+00 3.3E-07 5.7E-07 1.9E-05 1.3E-04 1.1E-04 8.1E-04 3.3E-03 2.2E-03 6.7E-03

θ84 (-) 0.010 0.021 0.023 0.028 0.022 0.024 0.030 0.012 0.015 0.018 0.026 0.030 0.028 0.031 0.036 0.038 0.044
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For example, in experimental test-4, left-transverse position shown in Figure 21, it is clearly seen that the 

flow is not perfectly uniform in whole cross section. The flow is decelerating along the stream wise 

direction. Only the right hand side inside black marked rectangle is considered as uniform section. All the 

first order and second moments are computed considering only uniform section of instantaneous velocity 

fields. The chosen uniform section of the entire test in each transverse sections of flow is presented in 

appendix E (The left, centre and right transverse direction velocity profile is shown in top, middle and 

bottom respectively in each figure of test).  

 

Figure 21: 2D map of mean longitudinal velocity with scale colourbar (test 4-Left) 

 

 

5.2.2 Detection criteria and spurious velocity treatment 

Fluctuating turbulence is usually represented by its intensity, i.e., by a root-mean-square value. In broader 

sense, turbulence can be described as coherent since its components are always correlated with each 

other in both space and time. In the strict sense, coherent structures of turbulence are identified with 

motions of fluid parcels that have a life cycle, i.e., organized motion or ordered motion. The conventional 

long-term averaged correlation cannot reveal the short-term coherent parts of velocity fluctuations like 

bursting phenomena due to somewhat randomness of their velocity convection (Nezu & Nakagawa, 

1993). This phenomenon is responsible for generation of turbulent energy and instantaneous Reynolds 

stresses (Nezu & Nakagawa, 1993; Ferreira, 2011). The complete bursting cycle with threshold is shown 

in Figure 22.  

Ferreira, (2011) proposed the simple conditional sampling technique to identify the complete bursting 

cycle composed by ejection event           and       and a sweep event           and      , 

mediated by outward          and       or inward interactions           and       .          
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stands for quadrant starting from northeast in anticlockwise direction shown in Figure 22.   and   are 

longitudinal and normal instantaneous velocity, while    and    are longitudinal and normal velocity 

fluctuation. 

Ferreira, (2011) found limitation in standard detection criterion of bursting cycle of Nezu and Nakagawa 

(1977), Franca and Lemmin (2006) and Hurther et al. (2007), while considering ejection event 

                  
       and a sweep event                   

     . Where   
      and   

     stand for 

detection thresholds in second and fourth quadrant respectively. This is due to nature of turbulence event 

occurring as a train of separated smaller events; standard criterion may not detect bursting cycle. A 

simple method to enhance the results of the quadrant threshold method is based on the observation that 

the persistence of    is well correlated with the persistence of the event. The value of   
     

            
               is tried in beginning and trial and error method is used based on visualization 

to get appropriate value. The simple two quadrant of instantaneous velocity for longitudinal and normal 

direction with detection threshold marked with different colour for test 2 (centre) is shown in Figure 23. 

The MATLAB code used for detection and treatment of spurious velocity is attached in Appendix C. 

 

 

Figure 22-Schematic division of bursting events including threshold level (adapted from Nezu and Nakagawa, 1993) 
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Figure 23: Instantaneous velocity  a) raw u & w    b) u with detection thresholds marked with different colour    c) w 
with detection thresholds marked with different colour   d) treated u & w 

 

 

5.2.3 Quality assessment 

In mobile water-work bed, there is ambiguous boundary zero. The boundary zero is main intriguing factor 

for all log-law parameters since its quantification depend on zero of log-law which is relative to boundary 

zero. Consider the idealized physical system shown in Figure 2. Throughout this section, the following 

convention holds. All the elevations are relative to arbitrary datum:     is the elevation of the free-surface, 

(a) (b) 

(c) (d) 
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    and      are the space-averaged elevations of the planes of the crests and of the lowest bed troughs, 

respectively,    is the boundary zero and is the plane below which there is no relevant vertical momentum 

transfer and     is the zero for the log-law.  

 

5.2.3.1 Initial and water-work bed level 

Before water-work, initial flow depth    is measured and the initial bed level   
   

 is set as shown in Figure 

24.  The     coordinate represent longitudinal and vertical flow direction respectively. The flow depth 

is          . The bed amplitude   is the distance between lowest bed troughs      and crest   , normal 

to the plane. If the bed amplitude is sufficiently small (of the order of magnitude of the diameter of the 

largest particles in the bed surface),    coincides with    . During water-work, both   and   
   

 will change. 

Now   
   

  will be changed to   
     initial calibration bed level shown in Figure 25. These changes can be 

compared with initial one due to calibration plate attached. Since all point in each grid on calibration plate 

is reference to images and has absolute value.  

 

Figure 24: PIV RoI, showing initializing of bed level 
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Figure 25: PIV RoI showing bed level from PIV initial calibration 

 

 

5.2.3.2 Bed level during data acquisition 

The bed has to be water-worked for several hours (8-24 hours) to ensure the dynamic bed form over a 

time. After the immobile part of the bed is dynamically stabilized ready for data acquisition, the bed level 

is referred to   
     

      
     

 can also be known in absolute coordinate due to the calibration plate. The bed 

level during data acquisition   
     

  can be taken from raw PIV data from DynamicStudio software. 

Applying adaptive correlation to raw data, one can obtain the interrogation area, or pixel value throughout 

the window. Pixel gives more precise level. The value of   
     

 is taken from the interrogation area at the 

crest of illuminated immobile bed at different instant of time. Similarly the flow depth        can be taken 

from interrogation area of free surface level shown in Figure 26. 
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Figure 26: PIV RoI, showing flow depth and bed level during data acquisition a) beginning b) middle c) end of time 
interval. 

 

5.2.3.3 Bed level for Shear velocity and log-law 

The shear velocity       is the fundamental kinematic scale that that determines the parameters of the log-

law. The most appropriate method to determine      for turbulence research is from bed shear stresses. 

(a) (b) 

(c) 

illuminated 

crest of 

immobile bed 

illuminated 

crest of 

immobile bed 

illuminated 

crest of 

immobile bed 

Free surface level 

Free surface level 

Free surface level 



59 
 

Bed shear stress in turn depends solely on zero of bed level. At the same position and height of the 

camera, we can see different lateral bed level i.e. thinner bed near camera side and thicker bed in other 

side, so it will have different relative coordinate but same absolute coordinate relative to bottom. For 

quality assessment and quality control, there should not be a major deviation between   
   
 and the 

absolute value of    
     

. If it does than there will be large scour which will give inconsistent result. The 

vertical coordinate   of matrix obtained from PIV is made relative to    
     

    Herein the zero of the bed-

normal coordinate, z, will coincide with   
     

 so that         
     

 and   is the value of   at the free 

surface. There would be data in negative   which means there is data below the crest. In general flow 

with large roughness element, it is normal and can be seen visually flow between crest and troughs. In 

different later position data, there will be different vector size of     Nearer the camera position and more 

and better dynamic range. To make comparison in lateral position, the data should be interpolated with 

different interval    to make same size. The zero for the log-law is   above or below the boundary zero, 

i.e.        
     

   ;   is thus called the displacement height. It will be more clearly explained and 

demonstrated in Chapter 6. 

 

 

5.2.4 Masking  

After the computation of the instantaneous velocity maps, a masking process is employed to select the 

region that corresponds to the actual flow. This process is required because the field of view of the PIV 

images includes the bed, the moving beads and a region above the free surface where there is no flow. 

This masking is performed through the automatic process of each image couple based in images 

processing functions. Figure 27 illustrates an image and the corresponding mask.  

 

  
Figure 27: Example of a PIV images and the result of its masking process 



60 
 

6 RESULTS AND DISCUSSION 

 

6.1 Introduction 

In this chapter, the results obtained are discussed.  The double-averaged (DA) quantities such as mean 

velocities and Reynolds and Form-induced stresses for new database are discussed. The main Results 

are focused on the comparisons of the parameters of the log-law between the new and existing database. 

 

6.2 The double-averaged (DA) quantities 

6.2.1 Mean velocities 

The double-averaged longitudinal     and vertical     instantaneous velocity profile obtained using 

equation (20), normalized by friction velocity is shown in Figure 28. U is comparatively larger than   as it 

should be.   is higher in the outer layer compared to inner layer of the flow for all test and    is higher in 

the outer layer compared to inner layer of the flow except in test 2.  For test 2, there is negative   in 

outer layer indicating that there is a skirting spanwise motion around the bed protuberance. The 

maximum values of   and   with respect to flow height are presented in Table 7. 

  

Figure 28: Non-dimensional Double-Averaged instantaneous velocity profiles a) longitudinal b) vertical 

(a) (b) 
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The longitudinal velocity profile may be fitted to the logarithmic law above the roughness-influenced layer 

in open-channel flow over hydraulically rough beds with large enough relative submergence (Dittrich et 

al., 1997; Nikora et al., 2001; Koll, 2006). It is evident from figure 29, that the logarithmic layer starts from 

crest of spherical beads,       . The velocity profiles won’t be self-similar due to effects of bed mobility.  

For rough mobile beds, Ferreira et al. (2008) noted that the parameters of the log-law changes with the 

increase of bed mobility resulting in non self-similar profiles for higher transport rates.  

 

Figure 29: Double-averaged instantaneous longitudinal velocity profiles 

 

Table 7: Maximum double-average U and W across z 

 

 

 

While studying “mean streamwise velocity in gravel-bed river flows”, Franca (2005b) identified three kinds 

of velocity profiles: logarithmic (mono-log), s-type and double logarithmic layer (2xlog) based on direct 

z U z W

(m)  (m/s) (m)  (m/s)

1 0.0619 0.6556 0.0714 0.0085

2 0.0602 0.7727 0.0080 0.0016

3 0.0592 0.7985 0.0676 0.0072

4 0.0670 0.8606 0.0781 0.0124

5 0.0637 0.9337 0.0728 0.0061

Test 
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consequence of the bed geometry occurrence. Precisely it is     of gravel diameter responsible forming 

different profiles. Only logarithmic velocity profile occurs in mono-sized sphere bed and also there is no 

velocity profile in the interfacial and in the pythmenic layers. For constant flow, with addition of bed load, 

the velocity may decrease due to loss of energy while transporting bed load. From Table 7, we can see 

reverse case. There is increment of longitudinal velocity with the increases in the bed load which is due to 

the increasing flow and not of bed load increment. There is no particular trend in the case of vertical 

instantaneous velocity with respect to bed load. In the next section, we will apply a procedure to define 

the scenario and parameterize the log-laws that best-fit the empirical double-averaged velocity 

distributions. The individual velocity profile for all the experimental tests are presented in Annexes. 

 

 

6.2.2 2nd order moments  

6.2.2.1 Reynolds shear stresses 

In this section, we analyze the distribution of Reynolds shear stress and Reynolds shear stress’s normal 

components corresponding to the velocity variances                                            respectively. The Reynolds 

shear stresses obtained using basis of equation (20), normalized by shear velocity is shown in Figure 30.   

  

 
 

Figure 30: a) Reynolds shear stress b) Normal-vertical-component of Reynolds stress  

A maximum in Reynolds shear stresses shown in Table 12 are found in around 0.1   for higher bed-load 

transport rates (Test 4 and 5). For lower bed-load transport rates (Test 1, 2 and 3), its maxima are found 

slightly below 0.01  with exception to Test 2 which could be due to experimental error.  According to 

Sarkar (2016), the maximum turbulent mixing takes place at the roughness crest. Owen (1964) postulated 

(a) 
(b) 
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that    increases with saltation height as it includes the momentum sink due to particle movement.  In 

higher bed-load transport rate,    increases leading to roughness height increment and the peak value of 

Reynolds shear stress is attained at the roughness crest leading to higher up maxima of Reynolds shear 

stress in higher bed-load compared to lower one. Additionally, the saltating beads over the bed are 

responsible for creating an additional turbulent mixing. All the tests have Reynolds shear stress of same 

magnitude as shown in Table 12. On the contrary, below the plane crest level, the damping in Reynolds 

shear stress occurs which further decreases sharply below the crest level of the gravel-bed due to a 

decrease in temporal velocity fluctuations                 

Similarly, the normal component of the Reynolds shear stress is also higher for higher bed-load transport 

(Test 4 and 5) compared lesser bed-load transport (Test 1, 2 and 3) and its maxima are found in around 

0.02   and 0.01   respectively.  

The shift in maxima may also be due to longitudinal secondary current cells that may cause a deviation 

from the 2D profile and also affect the shear velocity under certain flow conditions (Nezu & Nakagawa, 

1993; Albayrak et al., 2011). Importantly, the maximum value of normal component of Reynolds shear 

stress is larger than Reynolds shear stress irrespective of the tests and locations of the measurement.  

The result is contradictory to the finding of Ferreira et al., (2010a; 2010b; 2010c) where Reynolds shear 

stresses are unaffected by sediment transport. Therefore one can conclude that the increase in Reynolds 

shear stress is due to increase in velocity rather than the increase in bed-load transport. 

Table 8: Reynolds shear stress (RSS), Form-induced shear stress (FISS), viscous stresses 

 

 

6.2.2.2 Form induced shear stresses 

In this section, the analyses of form induced stresses                   are done. The first term has 

significance for 2D- double-averaged momentum equation while the second term describes the vertical 

distribution of spatial heterogeneity of vertical flow velocities.                   are shown in Figure 31. 

z RSS z FISS z viscous stress

(m)  (pa) (m)  (pa) (m)  (pa)

1 0.0071 0.0012 0.0012 5.2893E-05 0.0000 5.2279E-05

2 0.0193 0.0013 0.0000 1.6461E-05 0.0006 3.7630E-05

3 0.0073 0.0016 0.0203 4.3823E-05 0.0023 4.5280E-05

4 0.0098 0.0022 0.0013 4.0380E-05 0.0020 5.9414E-05

5 0.0109 0.0023 0.0000 9.2533E-06 0.0006 5.1942E-05

Test 
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Aberle et al. (2016) concluded that the shape of the vertical distribution of form induced stresses is 

governed by roughness characteristics of the bed only. They also concluded that unlike Reynolds 

stresses which depend on water depth, form induced stresses dependency could not be identified. This is 

exactly seen in Figure 31. It can be seen that the bed-load increment doesn’t have impact on form 

induced stresses which remain almost constant and its two order magnitude less than Reynolds shear 

stresses seen in Table 12. Importantly they showed it is possible to define the level of the roughness 

crest for rough, irregular beds from hydraulic data based on the        distribution.  A negative value 

defines a situation in which form induced stress enhances the fluid momentum in the longitudinal direction 

(Cooper et al., 2013). 

 

 

 

Figure 31: a) Form-induced stress b) Vertical component of form induced stress normal stress 

 

 

6.2.2.3 Bed shear stress 

Bed shear stress provide an index of fluid force per unit area on the stream bed, which has been related 

to sediment mobilization and transport in many theoretical and empirical treatments of sediment    

transport. Bed shear stress is the sum of Reynolds shear stresses                     form-induced shear stresses 

        and the viscous shear stress   
      

  
   . It has to balance gravity and has to have a linear profile. From 

figure 30, 31 and 32a, it shows                   is dominant part of bed shear stress. Bed shear stress has also 

small contribution from        (two order less magnitude) at roughness element where mean flow is highly 

non-homogeneous. The peak of viscous shear stress is at much lower   seen in Table 12 and Figure 32a, 

so it doesn’t have impact on slope of bed shear stresses and therefore not taken into considerations for 

calculating bed shear stress. Below the roughness elements the form-induced and Reynolds stresses are 

of comparable magnitude. Nikora et al., (2001) showed that in hydraulically rough bed and large relative 

submergence, the viscous effects are negligible. Therefore bed shear stress is approximated by a linear 

(a) (b) 
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fit on Reynolds and form induced stress that is extrapolated to level      . Its termed   
   

 in Table 4 and 

shown in equation (65). 

   
                

   
                                       

If the flow is steady and uniform, there will be no local and convective acceleration and the pressure force 

are equal due to the same flow depth, through momentum equation it is computed as  

                                 
   

              

where the hydraulic radii             and    is bed slope. The result from these two formulas is 

presented in Table 3 and 4. In both case, the bed shear stress is interpreted from momentum flux that is 

absorbed by the bed. From the Figure 32b and Table 4, the bed shear stress is seen increasing with 

increase of bed load rate. The raise in value of bed shear stress is essentially due to increase of 

discharge proportionally increasing velocity promoting higher drag on the roughness element and 

consequently rising shear velocity,   . As seen in section 5.2.2, on increasing the bed-load rate, there is 

raise in bed micro-topography. The thickening of bed micro-topography due to additional beads increases 

the drag force raising the bed shear stress. 

 

 

 

Figure 32: a) viscous stresses b) bed shear stresses 

 

 

6.3 Discussion of log-law parameters 

6.3.1 New database 

The parameters of log-law are computed based on following two scenarios for new database: 

(a) (b) 
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Scenario (sA): The boundary zero is set at the elevation of crests (        . The friction 

velocity is called from measured bed shear stress.  The von Kármán constant is considered non 

universal but the fitting parameter and the roughness scale      and the normalized flow velocity, 

  are subjected to fitting procedures. 

 

Scenario (sB): This scenario is similar to scenario sA except   is considered constant and the 

roughness scale      is computed from roughness functions. 

The parameters of log-law are computed based on method explained in chapter 4. The overview plots of 

Scenario sA is shown in figure 33 and 34, while for Scenario sB is shown in figure 35. 

 

 

Figure 33: Double-Averaged longitudinal velocity profiles and regression lines for scenario sA. Black dashed line 
represents slope with k=0.405, while red dash line represents bound within which it represent linear regression with 
maximum correlation coefficient. 
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Figure 34: Double-Averaged longitudinal velocity profiles and regression lines for scenario sA. The lower bound of 
regression lines is marked with Red-dash line for all tests. The upper bound are marked with black-solid line (Test 1), 

black-dashed line (Test 2), black-dotted line (Test 3), black-dash-dot line (Test 4) and blue-solid line (Test 5) 

 

Figure 35: Double-Averaged longitudinal velocity profiles and theoretical velocity for scenario sB.  
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The parameters of the log-law computed through each scenario are presented in Table 9 and 10. The 

parameter     is introduced to make it uniform with existing database of Ferreira et al (2012). In existing 

database the     was the plane of the troughs while in new database the     was the plane of the crests. 

To avoid changing the meaning of       the parameter     was created in this thesis to mean the distance 

between the plane of the troughs and the upper plane where roughness effects are predominant.  It is 

roughness scale relatively to bed troughs. The results of each parameter will be discussed in section 

6.3.3. 

  

Table 9: Parameters describing log-law for scenario sA 

 

 

 

Table 10: Parameters describing log-law for scenario sB 

 

 

 

6.3.2 Existing database of Ferreira et al. (2012) 

Ferreira et al. (2012) proposed three scenarios to interpret the log-law parameters assuming the wall 

similarity in the sense of Townsend (1976) is valid. In Scenario s1, the boundary zero is set at the 

elevation of lowest troughs,    expresses the momentum transmitted to the bed troughs, von Kármán 

constant is assumed flow independent i.e.        roughness scale    and normalized flow velocity   is 

Test Δ ksA k Z0 B

(m) (m) (-) (m) (-)

1 -0.00014 0.00620 0.349 0.00019 8.65

2 -0.00156 0.00590 0.324 0.00036 8.08

3 0.00139 0.00650 0.361 0.00011 8.81

4 0.00083 0.00770 0.366 0.00016 8.96

5 0.00255 0.00870 0.371 0.00014 8.81

Test Δ ksA k Z0 B

(m) (m) (-) (m) (-)

1 -0.00014 0.00615 0.349 0.00020 8.50

2 -0.00156 0.00652 0.324 0.00036 8.50

3 0.00139 0.00632 0.361 0.00011 8.50

4 0.00083 0.00741 0.366 0.00018 8.50

5 0.00255 0.00838 0.371 0.00014 8.50
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subjected best fit procedure. In Scenario s2, the boundary zero is set at the elevation of crest,    

expresses the momentum flux at the elevation of crests, both    and   are assumed constant as value 0.4 

and 8.5 respectively and    is computed from roughness function. In Scenario s3 is similar to s1 except 

the universality of    value which is not fitting parameter. The roughness scale     is defined as the lowest 

height above the zero of the log-law for which the velocity profile is logarithmic.  

None of the scenarios are exactly the same with the scenario proposed for the new database. 

Nevertheless, the bed is not very thick, so the differences in the definition    can be ignored. Since in 

scenario s2 and sB, the roughness scale      is computed from roughness function, therefore, scenario s2 

is compared with scenario sB. Likewise scenario s3 is compared with scenario sA since both these 

scenario obtain the roughness scale      from actual region on plot of log-law. 

In the following sections, the individual parameters of log-law will be discussed based on the difference 

for the new database (high conductivity) and existing database (low conductivity). The high conductivity 

bed are represented with purple star while low conductivity bed type E, D and T are represented by black 

filled diamond, black open diamond and open circles respectively. All the parameters are represented as 

function of relative Shields number unlike Ferreira et al. (2012) case of Shields number. Since Shields 

number means different in water-worked gravel bed and granular bed in the sense it is easier to dislodge 

granular bed than the mixture of gravel bed of same size diameter. With the same force, it is even more 

difficult to dislodge the gravel bed particles in centre than in side wall. The relative Shields numbers are 

Shields number of tests after subtraction of reference Shields number. The value of reference Shields 

number is the one in which there was incipient motion. Here on, the new database will be called high 

conductivity bed while existing database of Ferreira et al. (2012) will be called low conductivity bed. 

  

6.3.3 Comparison between database and discussion 

6.3.3.1 Displacement height   

The displacement height normalized with     of substrate as a function of relative Shields number for high 

conductivity bed (represented with star) and low conductivity beds (representation other than star) are 

shown in figure 36. This figure discusses how much above or below the plane of the troughs, the plane of 

log-law is. 
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Figure 36: Variation of the displacement height normalized with median diameter of substrate as a function of relative 
Shields number 

 

From figure 36, for both scenarios, it is evidently shown that in tests on high conductivity bed with low 

relative Shields number, the displacement heights are below zero of log-law     and in low conductivity 

beds, the displacement height is rarely negative. When there is no much bed load transport, it appears 

that the     
      nearly uniform at the plane of crest (figure 36, left of vertical line) but highly scattered 

when bed load transport increases. Nevertheless the tests with higher bed morphology diversity or higher 

bed load transport will have log-law higher above the plane of the crests. In both case of conductivity, 

apparently there is no definite trend in      
      with respect to relative Shields number. The zero plane of 

the log-law is not dependent of hydraulic conductivity. 

In figure 37, the displacement height is normalized with diameter of spherical beads as a function of 

relative Shields number for all tests to get absolute value. Although normalizing the displacement height 
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with     of its own substrate makes data collapse in a more physical way, this is absolute value. For both 

the scenarios (scenario sB-s2 is not shown in figure), the absolute values are not so different from the 

relatives values and it also doesn’t show clear definite trend. 

  

Figure 37: Variation of the displacement height normalized with diameter of spherical beads (for all tests) as a 
function of relative Shields number 

 

6.3.3.2 von Kármán constant   

The von Kármán constant    as a function of relative Shields number for high conductivity bed 

(represented with star) and low conductivity beds (representation other than star) are shown in figure 38. 

Contrarily to Ferreira et al. (2012) there was no possibility to adjust a theoretical curve with von Kármán 

constant    approximately 0.4. 

Figure 38 clearly shows that the high conductivity bed has   values consistently below the low 

conductivity beds. This indicates that higher conductivity leads to lowering of von Kármán constant  . This 

indicates that higher conductivity may lead to a change in turbulence structure in the inner region 

(Ferreira 2015). The velocity profile of new database is indeed different. It has larger shear-rate in the 

inner region, for the same friction velocity. This database also indicates that   may be higher at higher 

transport rate.  

In low conductivity bed, the value of   seems to decrease at the onset of sediment transport (figure 38 

bottom). It is well below 0.4. Apparently, the low conductivity bed shows   shows independent of bed-load 

movement. The changes in   values with relative Shields number can only be attributing to strong mass 

flux and momentum flux inside the bed within this database. 

-1.0

-0.8

-0.5

-0.3

0.0

0.3

0.5

0.8

1.0

1.3

1.5

-2.0E-02 -1.0E-02 0.0E+00 1.0E-02 2.0E-02 3.0E-02

∆
/d

(-
)

θ - θcritical  (-)

(sA-s3) 



72 
 

  

  

Figure 38: Variation of the von Kármán constant as a function of relative Shields number 

 

6.3.3.3 Geometric roughness scale     

The parameter     is the geometric roughness scale relatives to bed troughs in both cases (termed 

different notation to highlight that it refers to the same in both existing database and new database). 

In other words, it is the total thickness from troughs to the plane of influence of    and it 

encompasses the bed. The parameter    refers to geometric roughness scale relative to the zero of 

the log-law. The roughness scale normalized with     of substrate as a function of relative Shields 

number for high conductivity bed (represented with star) and low conductivity beds (representation 

other than star) are shown in figure 39. This figure discusses the thickness of the layer where 

roughness effects are predominant. 
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The     should not be considered either as property of bed or bed statistic because the shear rate 

is determined by fluid properties and flow parameters (Ferreira et al., 2012). In Scenario sB and s2, 

constant        value may not correspond to an actual normalized velocity observed in flow, so 

therefore the value     obtained through this consideration should not be interpreted as roughness 

thickness of flow layer. It should be considered as indirect measure of the influence of the bed 

roughness.  In Scenario sA and s3,   has the physical meaning of the normalized velocity in the 

lower most edge of the logarithmic layer. 

In high conductivity bed, the total thickness of roughness is lower than low conductivity bed as 

clearly seen in both scenarios in figure 39. The         ratio is seen increasing with increase in 

relative Shields number so it appears that the sediment transport rate increases the total thickness 

of roughness.  

In low conductivity bed, the         ratio is well above the high conductivity bed. Although in both 

cases, there is increase of sediment transport but in low conductivity bed, there is bed morphology 

diversity along with increment of bed load transport. This could mean the effect of the bed 

morphology diversity owing to the poorly-sorted grain size distribution of the beds (water-worked) 

leads to increment of         ratio well above the high conductivity bed. The left side of the vertical 

line in both figure 39 and 40 for no sediment transport, it appears that the         ratio is nearly 

equal due to bed morphology diversity itself.  

From figure 39 (top) its coherent with Ferreira et al. (2012) conclusion that layer exclusively 

influence by inner variables is mainly determined by the largest fraction in the bed if no relevant 

bed-forms are present other than gravel microclusters and bed mobility with smaller grain size 

reduces the    . This conclusion does not hold true by looking at figure 39 (bottom). The smaller 

grain size doesn’t necessary lead to lower value of    . In both cases (high and low conductivity), 

the thickness of roughness increases with Shields parameter but in high conductivity it increases 

always below the curve of the low conductivity bed. 

The comparison between figure 39 (top) and figure 40, it appear that the differences between high 

conductivity and low conductivity are smaller if       normalized with    . This shows the influence 

of conductivity but also of bed micro-topography.   

In high conductivity bed, the total thickness of roughness is lower than in low conductivity bed. 

However, note that the thickness of the bed is lower for the higher conductivity beds. So, the effects 

of the roughness above the plane of the crests extend for the same distance approximately. In 

other words, even if the bed is thinner, the scale of the roughness above the crests is of the same 

magnitude.  
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Figure 39: Variation of the roughness scale normalized with median diameter of substrate as a function of relative 
Shields number 

   

Figure 40: Variation of the roughness scale normalized with diameter of spherical beads (for all tests) as a function of 
relative Shields number 
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6.3.3.4 Roughness height    and Normalized flow velocity   

The roughness height   , normalized with     of substrate as a function of relative Shields number for 

high conductivity bed (represented with star) and low conductivity beds (representation other than star) 

are shown in figure 41. This figure discusses the concept of roughness height.  The figure 41 is related to 

the shearing of the log-law near the crests. 

Ferreira et al. (2012) stated    is clearly a variable of a two-phase phenomenon being the derived 

quantity. Hence, it is potentially sensitive to (i) the dimension of the grains that compose the bed 

(equivalent uniform grain roughness), to (ii) the grain-scale structures (gravel microclusters, low amplitude 

bed load sheets) that the water-worked beds form for different equilibrium sediment transport rates (bed 

texture) and to (iii) the effect of particles undergoing near-bed movement. 

There is no clear trend of increment of    with respect to Shields parameter in both high conductivity and 

low conductivity bed from figure 41 as well as figure 42. Hence it doesn’t support the Owen’s (1964) 

hypothesis regarding the occurrence of momentum sink due to addition of momentum sink represented 

by the drag of immobile bed elements when particles are accelerated from their resting positions in the 

bed. In other word, when there is more bed load transport, the roughness should increase due to greater 

energy expenditure through drag and lift forces. Ferreira et al. (2012) justified why there is not increase of 

       with increase of     
    

 in line with Strom et al. (2004) and Whiting and Dietrich (1990). Ferreira et 

al. (2012) stated that the stability decreases in microclusters on increasing the bed shear stress hence 

introducing less form drag associated with fixed elements. This effect would counterbalance the extra 

momentum sink represented by the moving particles or in natural beds the particles subjected to drag are 

same either in resting or in movement. 

From figure 41 and 42, it is seen that roughness of sand-gravel bed (represented with black filled 

diamond) lower than gravel bed (represented with open circle). This undoubtedly convinced that addition 

of sand smoothen the bed in line with Ferreira et al. (2012).  

Figure 41 and 42 indicate conductivity does not appear to change the roughness height and as the 

results, the high conductivity bed has roughness height similar to the gravel bed of low conductivity. 
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Figure 41: Variation of the roughness height normalized with median diameter of substrate as a function of relative 
Shields number 

  

Figure 42: Variation of the roughness height normalized with diameter of spherical beads (for all tests) 
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In Scenario s2 in Figure 43 (top), the        ratio represents the classical value 0.033 of (Nikuradse, 

1933) since it is retrieved with       and      . Scenario sB is seen decreasing with increase of 

relative Shields number due to increasing value of   from the equation (67).   

  
  
    

            

In scenario SA-S3, the high conductivity bed has the same ratio as the gravel low conductivity bed. This 

shows that   is larger in the high conductivity bed, compensating a smaller  . Together they express a 

larger mass flux for the same friction velocity and explain the lower critical movement conditions in high 

conductivity beds. The presence of moving sand appears to render the bed smoother even if conductivity 

is low. 

  

 

Figure 43: Variation of the roughness height normalized with roughness scale relative to zero of log-law as a function 
of relative Shields number 
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7 CONCLUSION AND FUTURE WORK 

 

7.1 Conclusion 

This dissertation is aimed at the assessment of the effect of the high conductivity on near bed turbulent 

flows. In order to fulfil this objective, the experimental tests performed in high conductivity conditions 

keeping the high Reynolds number are compared with existing database of low conductivity bed of 

Ferreira et al. (2012). The experimental work was carried out in the Laboratory of Hydraulics and 

Environment of the Department of Civil Engineering and Architecture. The key component of the 

laboratory measurements was the PIV (Particle Image Velocimetry) system, used for acquiring 

instantaneous velocity fields. Instantaneous velocity data was analyzed and treated to render mean flow 

variables. The flow variables empirically investigated were essentially the stress terms and the 

longitudinal and vertical components of the flow velocity. Bed shear stress distribution was calculated 

from vertical turbulent stresses profile.  

The main conclusions are as follows: 

The double-average (DA) quantities  

The first order and second order moment of the high conductivity bed flows were analyzed. The form-

induced stresses decrease with sediment transport since the drag on moving particles acts as a sink of 

momentum. The double-averaged Reynolds shear stresses are seen increasing with increase in bed load 

transport. The bed shear stresses are also increasing with increase of bed load transport due to 

increment of Reynolds shear stresses. The raise in value of Reynolds shear stresses is essentially due to 

the increase of velocity. The increased velocity promotes higher drag on the roughness element and 

consequently raises shear velocity,    and bed micro-topography. The thickening of bed micro-topography 

due to additional beads increases the drag force raising the bed shear stresses. 

 

The parameters of log law  

The displacement heights in some high conductivity bed are below zero of log-law    , while in low 

conductivity beds, the displacement height rarely fall below    . In both cases of conductivity, apparently 

there is no definite trend in the displacement height normalized by grain size of substrate with respect to 
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relative Shields number. The zero plane of the log-law is not dependent of hydraulic conductivity. 

Nevertheless the tests with higher bed morphology diversity or higher bed load transport will have log-law 

higher above the plane of the crests.  

The von Kármán constant   in high conductivity bed is consistently below the values for the low 

conductivity beds. This indicates that higher conductivity leads to lowering of von Kármán constant  . This 

indicates that higher conductivity may lead to a change in turbulence structure in the inner region 

(Ferreira 2015). The velocity profile of new database is indeed different. It has larger shear-rate in the 

inner region, for the same friction velocity. This database also indicates that   may be higher at higher 

transport rate.  

The total thickness of roughness in high conductivity bed is lower than low conductivity bed. The total 

thickness of roughness layer normalized by grain size increases with increase in bed load transport in 

both high and low conductivity bed flows. However in low conductivity bed, the         ratio is well above 

the high conductivity bed since there is bed morphology diversity in addition to bed load transport in low 

conductivity bed. The differences between high conductivity and low conductivity are smaller if       

normalized with    . This shows the influence of conductivity but also of bed micro-topography. In high 

conductivity bed, the total thickness of roughness is lower than in low conductivity bed. However, note 

that the thickness of the bed is lower for the higher conductivity beds. So, the effects of the roughness 

above the plane of the crests extend for the same distance approximately. In other words, even if the bed 

is thinner, the scale of the roughness above the crests is of the same magnitude.  

There is no clear trend of increment of    with respect to Shields parameter in both high conductivity and 

low conductivity bed.  The addition of sand smoothen the bed in line with Ferreira et al. (2012). It also 

indicates that the conductivity does not appear to change the roughness height and as the results, the 

high conductivity bed has roughness height similar to the gravel bed of low conductivity. 

The high conductivity bed has the same value of       ratio of conductivity bed. This shows that   is 

larger in the high conductivity bed, compensating a smaller  . Together they express a larger mass flux 

for the same friction velocity and explain the lower critical movement conditions in high conductivity beds. 

The presence of moving sand appears to render the bed smoother even if conductivity is low. 
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7.2 Future work 

To further advance the research the following future works are recommended: 

 Perform same tests with artificial barriers in the bed so that porosity remains unchanged but 

tortuosity is greatly increased. The effect on the location of the log-law should be monitored. 

 Perform tests in situ and compare to the ones achieved in laboratory facilities. 
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APPENDIX A- REYNOLDS-AVERAGED NAVIER-STOKES (NS) 

EQUATION 

Reynolds-Average Navier-Stokes (RANS) equation 

Reynolds-Average Navier-Stokes (RANS) equation is the simplified application equation based on time 

averaging of Navier-Stroke equations over the largest characteristic period of flow motion. In order to be 

able to take a time average, instantaneous velocity  is decomposed into mean velocity and fluctuating 

velocity shown in figure 44.  the following notation has been used:      and      for mean time-averaged 

velocity and pressure respectively;     and     for the velocity and pressure instantaneous fluctuation 

respectively;      and      for mean spatially-averaged velocity and pressure respectively;    and    for 

spatial disturbances of the velocity and pressure respectively. Further, the meteorological convention of 

right-handed Cartesian coordinates with x aligned in the streamwise, y in the spanwise and z in the 

vertical direction is adopted. Corresponding velocity components are u, v, and w. With help of definition of 

velocity, the decomposition can mathematically be written as:  

                                ,              w       

Analogously for the pressure:                  p       

 

Figure 44: Decomposition of a velocity signal: temporal mean and fluctuating parts 

RANS equation is obtained by ensemble-averaging of NS equation in strict term (Nikora et al., 2007a).  
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APPENDIX C- DETECTION AND TREATMENT OF SPURIOUS 

VELOCITY 

% To clean Spurious velocity 

Umed = mean (matU_center, 3);    % longitudinal 

Wmed = mean (matV_center, 3);    % vertical 

u_fluct = matU_center-repmat(Umed,[1 1 size(matU_center,3)]);  % long. Fluctuating vel  

w_fluct = matV_center-repmat(Wmed,[1 1 size(matV_center,3)]);   % vert. Fluctuating vel.  

  

matUC=matU_center(:,70:149,:); 

u_prof = squeeze (matUC(:,1,:)); 

matWC=matV_center(:,70:149,:); 

w_prof = squeeze (matWC(:,1,:)); 

 

z_plot = squeeze (yplot_center(:,1));  

% there are obvious outliers 

% let's see how many standard deviations are needed to cut them off 

U = nanmean(u_prof,2); 

W = nanmean(w_prof,2); 

stdu = nanstd(u_prof,1,2); 

stdw = nanstd(w_prof,1,2); 

 

mup = 1.8./(z_plot.^.1); %-adjust these  

mun = 6.2./(z_plot.^-.2); %-adjust these  

mwp = .27./stdw.^.8; %./(z_plot.^-.1); %-adjust these  

mwn = .25./stdw.^.8; %-adjust these  

Uuplim = repmat(U+mup.*stdu,[1,size(matUC,2),size(matUC,3)]); 

Ulowlim= repmat(U-mun.*stdu,[1,size(matUC,2),size(matUC,3)]); 

matU_clean = matUC; matU_clean(matU_clean > Uuplim ) = NaN; 

matU_clean(matU_clean < Ulowlim ) = NaN; 

 

Wuplim = repmat(W+mwp.*stdw,[1,size(matWC,2),size(matWC,3)]); 

Wlowlim = repmat(W-mwn.*stdw,[1,size(matWC,2),size(matWC,3)]); 

matW_clean = matWC; matW_clean(matW_clean > Wuplim ) = NaN; 

matW_clean(matW_clean < Wlowlim ) = NaN; 
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          APPENDIX D- CODES TO COMPUTE LOG-LAW PARAMETERS 

% initial data 5 

u_starb_1=0.04004;  

 % displacement height 

disp_vert_1=-0.00014; % (m)  

k=0.349;    % Both from scenario 3.  

z_rel_1 = tgrid; 

z0=0.000166; %% initial estimate   

 

% Shear rate %FA 

mean_U = DA_U_for_loc_acc; 

U_DA=mean_U; 

z_plot=tgrid; 

shear_rate(1:length(mean_U)) = NaN; 

shear_rate(2:end) = (mean_U(2:end)-mean_U(1:end-1))./( z_plot(2:end) - z_plot(1:end-1) ); 

shear_rate(1) = 0.5* (shear_rate(2) + shear_rate(3) ); 

shear_DA=shear_rate; 

 

logarg = max(tgrid-disp_vert_1,0)/z0; 

logarg(isinf(logarg)) = NaN; 

logarg(logarg<0) = NaN; 

 

u_theo =  (u_starb_1/k)*log( logarg ); 

ks=z0*exp( k*8.5); 

 

   figure 

   plot(tgrid,DA_U_for_loc_acc,'ok'), hold on 

   plot(tgrid,u_theo,'-r') 

   textstr_1 = ['\it k_{sT} \rm = ',num2str(ks,'%5.5f'),' \rm m ']; 

   textstr_2 = [' \kappa \rm =',num2str(k,'%5.3f')]; 

   textstr_3 = ['\it B \rm = ',num2str(8.5,'%5.2f'),' \rm '];   

   text('String',textstr_1,'Color','k','Position',[0.04 0.5],'FontName','Times',... 

  'Fontsize',14,'FontWeight','Normal') %,'BackgroundColor',[1 1 1]);  

   text('String',textstr_2,'Color','k','Position',[0.04 0.35],'FontName','Times',... 

  'Fontsize',14,'FontWeight','Normal') %,'BackgroundColor',[1 1 1]); 
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     text('String',textstr_3,'Color','k','Position',[0.04 0.20],'FontName','Times',... 

    'Fontsize',14,'FontWeight','Normal') %,'BackgroundColor',[1 1 1]); 

    xlabel('\it z \rm(m) ','Fontsize',20,'Fontname','Times'),  

    ylabel('\it <u>/u_* \rm (-)','Fontsize',20,'Fontname','Times'), 

    axis([0 0.08 0 1.0]) 

hh_1 = 1; 

inp_1 = 0; 

while inp_1==0, 

    inp_1=input('Happy with the value of the z0? (1 = yes, 0 = no) >> ');  

    if inp_1 == 0 

    z0 = input(['Enter new value for the z0 (was ',num2str(z0,'%5.4f'),' m) >> ']); 

            end  

  

   logarg = max(tgrid-disp_vert_1,0)/z0; 

   logarg(isinf(logarg)) = NaN; 

   logarg(logarg<0) = NaN; 

   u_theo =  (u_starb_1/k)*log( logarg ); 

   ks=z0*exp( k*8.5); 

 

    figure 

    plot(tgrid,DA_U_for_loc_acc,'ok'), hold on 

    plot(tgrid,u_theo,'-r') 

    textstr_1 = ['\it k_{sT} \rm = ',num2str(ks,'%5.5f'),' \rm m ']; 

   textstr_2 = [' \kappa \rm =',num2str(k,'%5.3f')]; 

   textstr_3 = ['\it B \rm = ',num2str(8.5,'%5.2f'),' \rm '];   

   text('String',textstr_1,'Color','k','Position',[0.04 0.5],'FontName','Times',... 

   'Fontsize',14,'FontWeight','Normal') %,'BackgroundColor',[1 1 1]);  

   text('String',textstr_2,'Color','k','Position',[0.04 0.35],'FontName','Times',... 

   'Fontsize',14,'FontWeight','Normal') %,'BackgroundColor',[1 1 1]); 

   text('String',textstr_3,'Color','k','Position',[0.04 0.20],'FontName','Times',... 

  'Fontsize',14,'FontWeight','Normal') %,'BackgroundColor',[1 1 1]); 

   xlabel('\it z \rm(m) ','Fontsize',20,'Fontname','Times'),  

   ylabel('\it <u>/u_* \rm (-)','Fontsize',20,'Fontname','Times'), 

   axis([0 0.08 0 1.0]) 

 

    hh_1 = hh_1 + 1; 

end 

disp('END!!!') 
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APPENDIX E – UNIFORM SECTION CHOSEN 

 

 

 

Figure 45 Appendix: Uniform section chosen for TEST-1 (left-top, centre-middle, right-bottom) 
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Figure 46Appendix: Uniform section chosen for TEST-2 (left-top, centre-middle, right-bottom) 
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Figure 47 Appendix: Uniform section chosen for TEST-3 (left-top, centre-middle, right-bottom) 
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Figure 48 Appendix: Uniform section chosen for TEST-4 (left-top, centre-middle, right-bottom) 
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Figure 49 Appendix: Uniform section chosen for TEST 5 (left-top, centre-middle, right-bottom) 
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ANNEX A- TEST 1 PLOTS 

 

  

  

  

Figure 50Annex: 1st and 2nd order moments of TEST-1 
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Figure 51Annex: 2nd order moments and log-law parameters of TEST-1 
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ANNEX B- TEST 2 PLOTS 

  

  

  

Figure 52Annex: 1st and 2nd order moments of TEST-2 
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Figure 53Annex: 2nd order moments and log-law parameters of TEST-2 
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ANNEX C- TEST 3 PLOTS 

  

  

  

Figure 54Annex: 1st and 2nd order moments of TEST-3 
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Figure 55Annex: 2nd order moments and log-law parameters of TEST-3 
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ANNEX D- TEST 4 PLOTS 

  

  

  

Figure 56Annex: 1st and 2nd order moments of TEST-4 
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Figure 57Annex: 2nd order moments and log-law parameters of TEST-4 
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ANNEX E- TEST 5 PLOTS 

 

  

  

  

Figure 58Annex: 1st and 2nd order moments of TEST-5 
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Figure 59Annex: 2nd order moments and log-law parameters of TEST-5 

 

 

 


