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Abstract: Understanding sediment transport process requires adequate knowledge of the mechanism of grains motion which 

is primarily controlled by flow characteristics including the distribution of time-averaged streamwise velocities, Reynold shear 

stress distributions as well as the turbulence of flow. Knowledge of the velocity profile in both clear and sediment-laden flows 

provide clues to understanding this sediment transport mechanism. This paper presents the characterisation of turbulent flow 

velocity profile based on the physical expression of the mixing length theory as originally proposed by Prandtl, O’Brien and 

Bagnold, for the prediction of flow interaction with suspended sediment grains. The study utilises the most current flow 

velocity sampling technology to directly sample flow velocity fluctuations in six cases of open channel flume experiments to 

characterise the turbulent velocity profile and ascertain the turbulence model’s relevance and continuous application in solving 

sediment grain transport problems. With over 30,000 flow velocity data generated, the analysis demonstrates that, in all six 

clear water turbulent flows cases investigated, time-averaged velocity versus height is defined in the vicinity of the flow bed by 

the logarithmic law and well approximated by the turbulence model. Also, modelled and measured vertical streamwise 

velocities show a significant positive relationship with an R-squared value of almost unity. 

Keywords: Sediment Grains, Sediment Transport, Velocity Profile, Mixing-length, Flow Turbulence 

 

1. Introduction 

The dynamics of how sediment grains are entrained into 

flow, transported and deposited have over the years been an 

active field of research in process sedimentology, marine 

geology, geomorphology and hydrodynamics. Understanding 

sediment transport mechanisms provide insights to the 

processes of erosion and entrainment of sediment grains, as 

well as clues to predicting the timing and location, where 

erosion or deposition/accumulation of sediments is 

anticipated. In particular, understanding sediment transport 

processes finds useful application in predicting sand 

distribution and accumulation including their thicknesses and 

thus of primary interest to hydrocarbon explorationists. 

Knowledge of sediment transport mechanism helps to 

mitigate potential environmental and civil engineering 

problems such as pollution, erosion and flood control, local 

bed scouring, dredging as well as dam breaching flows 

among others [13, 46]. 

However, the mechanism of sediment grains entrainment 

from parent rocks, their motion and how they are held in 

suspension has remained a multifaceted active field of 

research which is yet to be fully explored [42].  

In most natural flows, the movement of sediment grains 

are usually determined by the flow velocity, grain size as 

well as grain density [2, 23, 29]. Bennett and Best [6], 

Sharma and Kumar [41] noted that time-averaged flow 

velocity and turbulence intensity in the distribution of 

vertical flow velocities proximal to the bed is directly 

linked to the suspension of sediment grains. This 

corroborates Bagnold, [4] earlier observation that sediment 

grains are held in suspension if the rms amplitude of 

vertical flow velocity fluctuations are greater than the 

grains fall-velocity. In most sediment-laden fluid-driven 
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transport, the suspended load is usually proportionately the 

largest fraction of sediments [20]. Quantifying the amount 

of sediment grains held in a flow as well as determining the 

sediment transport rate requires an understanding of the 

turbulent velocity profile [9, 19]. As sediment grain 

transport is mainly controlled by flow characteristics 

including the distribution of time-averaged velocities, 

Reynold shear stress distributions as well as turbulence 

intensities [32], the precise characterization of the turbulent 

velocity profile using a physically based model for 

predicting the turbulent flow interaction with suspended 

sediment is vital for understanding sediment grains 

transport [19, 20, 22, 43]. Under clear-water turbulent flow 

conditions, the mean velocity profile is described in the 

vicinity of the wall by the logarithmic law of the wall i.e., 

flow velocity increases logarithmically with height above 

the channel bed [45]. 

Several investigators have developed models based on the 

vertical distribution of velocity in a flow [1, 7, 27, 51], 

however, the high uncertainty and unpredictability of the 

turbulence component in a flow seemed to have limited their 

practical applicability [23]. In particular, while some models 

were appropriate for some experimental or field data, the 

same models could not appropriately fit some other types of 

measured data [28]. Thus, investigations on velocity 

distribution in open channel turbulent flow is still very much 

evolving. Sharma and Kumar, [4] emphasised that the lack of 

understanding of turbulence and structural characteristics of 

open channel flows may preclude its wide varying practical 

applications. However, despite previous numerous works on 

turbulence and sediment transport in open channel flows, the 

velocity distribution as well as the vertical velocity profiles 

of water-sediment mixtures flowing in channels is still not 

fully understood. Therefore, research in this topical area of 

sediment transport processes especially is still very 

fundamental. 

The present study aims to improve our understanding of 

the role of turbulence in sediment transport processes. It 

evaluates the vertical distribution of streamwise time-

averaged velocity in turbulent clear water flows with analysis 

based on the application of the mixing length turbulence 

theory as proposed by Prandtl [37]. 

The next section of this paper will begin with a brief 

review of the theoretical framework and some of its key 

assumptions as it relates to this study. Following this, a 

brief description of the experimental set-up, 

instrumentation, and measurements will be made, and the 

results obtained analysed. This paper will be concluded by 

comparing the measured experimental data to theoretical 

predictions and show if there is a useful correspondence 

between these. 

2. Theoretical Considerations 

The theory outlined below relates to a steady, uniform flow 

and is therefore applicable to cases where this is a reasonable 

approximation such as in a river channel (or the body of a 

long-duration turbidity current) where the width, gradient and 

direction are slowly varying. 

By definition, a uniform flow has a constant thickness 

throughout and, as a consequence, the flow top has a slope 

equal to that of the bed floor across which it travels. 

Furthermore, in a steady flow, there is no acceleration and so 

friction forces at the base of the flow are exactly balanced by 

the component of the flow’s weight along the sloping base. 

Hence, for a steady, uniform current 

�� = -∆ρh g s                                   (1) 

where �� is basal shear stress, h is the flow thickness, h is the 

density excess of the flow, g is the acceleration due to gravity 

and s is the gradient. More generally, similar force balances 

must exist within the flow itself, i.e. there are internal shear 

forces of the form 

�� = -∆ρz g s                                  (2) 

where �� is produced by shearing between water layers and z 

is distance from the flow top.  

In turbulent flows these internal forces are balanced by 

Reynold’s stresses or eddy stresses and momentum 

conservation arguments [39], then basal shear stress will be;  

��=-ρ	�’�’					                                  (3) 

where ρ is the flow density, u’ is the turbulent fluctuation of 

velocity in the direction of flow and w’ is the turbulent 

velocity fluctuation in the vertical direction.  

Throughout this paper, over-bars indicate time-averaging. 

The velocity fluctuations, in turn, are defined by 

� = �	 + �′, 
 = 
̅ + 
′ & � = �� + �′            (4) 

Where u, v and w are the flow velocities in the x, y and z 

directions. 

Combining equations (2) & (3) then gives 

�’�’					 = z g’ s                                  (5) 

where g’ (=g∆ρ/ρ) is known as the reduced gravity. 

We can now introduce a shearing velocity, �∗, defined by 

��=-ρ�∗�                                     (6) 

This simply recasts the basal friction of the flow in terms 

of a parameter with the dimensions of velocity but, as we’ll 

see, this is a useful transformation. It follows from equations 

(1), (3) and (6) that 

�∗� = ℎ�′�.                                  (7) 

and 

�∗� = �′�′						
�                                   (8) 

The mixing length theory of turbulence describes the 

distance a sediment grain will move without necessarily 

losing its original character. It expresses how fluctuations in 

flow velocity is used to predict the amount of turbulence 

needed to support the movement and suspension of sediment 
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grains in a steady uniform flow. Proposed by Prandtl [37], the 

“mixing-length” refers to the average distance that a fluid 

particle can move freely without collision and momentum 

exchange. It also describes the flow height which 

characterise interchanges of fluid particles in a turbulent flow 

as well as the distance the particle could keep its original 

characteristics before assuming that of the surrounding fluid. 

The mixing length theory as originally proposed by 

Prandtl, [15] as presented by Duncan [37] utilizes �∗  and 

predicts a logarithmic velocity profile in turbulent flows (the 

“law-of-the-wall”) given by 

� = (�∗ κ⁄ )ln(� ��⁄ )                              (9) 

where k is von Karman’s constant, Z is distance above the 

flow base and z0 is a constant related to the roughness at the 

flow-base. 

The final component of theory relates the velocities 

discussed above to grain suspension. Turbulent suspension 

occurs due to the vertical velocity fluctuations, near the flow 

base, which exceed the fall velocity [4]. Characterizing these 

fluctuations by their root mean square (RMS) value then 

gives a suspension criterion of 

��′�					0 ≳ Ufall                                    (10) 

where Ufall is the fall speed of the particles under 

consideration. 

However, in an un-instrumented flow, the RMS velocity 

fluctuations are not known, and the assumption is usually 

made that turbulence is approximately isotropic so that 

�′�					 ≈ �′�′						.                                     (11) 

and hence, from equation (8), 

Ufall ≲	�∗.                                      (12) 

3. Method: Experimental Description 

The synopsis of the experimental procedure applied in this 

study is presented below. 

The flume tank facility 

The experimental facility was located at Sorby Fluid 

Dynamics Laboratory at the University of Leeds. The facility 

includes a tilting rectangular glass-sided flume, 8.5m long, 

0.34m deep and 0.3m wide (figure 1), which provided clear 

view of the flow and allowed high-speed photography as well 

ease in taking measurement. The other parts of the flume, 

particularly the frames, were made of corrosion resistant steel 

(see figure 1). 

 

Figure 1. Schematic diagram of the experimental set up and laboratory flume used in this research. 

 

Figure 2. The Flume (The Measurement and Observation section as well as 

the instrumentation). 

A Hydrostat centrifugal pump was fitted to the flume 

tank to drive clear water into the flume which was 

recirculated through the flume via a return PVC pipe of 

0.20 m diameter, placed below the flume tank. The re-

circulating flume was necessary to maintain uniform flow 

of water circulation in the flume. The flow discharge rate 

into the flume tank was monitored using an ABB 

electromagnetic flow meter which was controlled via an 

inverter control unit which governed the discharge rate and 

flow velocity. A pack of stainless-steel pipes of 2.50 cm 

radius were placed at the upstream end of the flume tank to 

prevent an occurrence of vortex flow. Water temperature 

was an average of 20±2°C. 

The flume was instrumented with a three-dimensional (3-

C) Acoustic Doppler Velocimeter (ADV) measuring 

system, which was positioned on the centre of the flume, 

about 4.2m from the downstream end of the flume and all 
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measurements taken at the centreline of the cross section 

(see figure 2). 

Six experimental cases were designed for the flow 

experiment with unique conditions such as varying discharge 

rate, flow height/thickness, type of flume floor (roughness) as 

well as the slope of the flume. 

The experiment began with clear water being pumped 

from an overhead tank into the flume and allowed to 

recirculate until a uniform steady flow was achieved. Care 

was exercised to avoid possible hydraulic jump/vortex flow 

occurring along the flow path and especially at the upstream 

end of the flume by maintaining a suitable discharge rate. A 

hydraulic jack beneath the flume was used to tilt the flume 

and adjust the slope of the flume. 

The initial flow speed was calculated from the volumetric 

discharge with respect to the cross-sectional area. This was 

varied for the different experimental flow cases. 

An outline of the flow condition is listed in Table 1 below. 

Table 1. Summary of flume hydraulic data for all six experimental cases. 

Flow conditions Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Type of floor Concrete Concrete Gravel Gravel Gravel Gravel 

Flow height to roughness (m) 0.92 0.18 0.192 0.192 0.14 0.14 

Flow area (m2) 0.058 0.054 0.058 0.058 0.042 0.042 

Flume average slope 0.053 0.071 0.079 0.088 0.132 0.141 

Mean discharge rate (l/s) 21.6 39.6 24.6 31.3 21.6 33.19 

Mean discharge rate (m3/s) 0.022 0.04 0.025 0.031 0.022 0.033 

Mean flow velocity (m/s) 0.36 0.551 0.333 0.512 0.443 0.616 

 

The Acoustic Doppler Velocimetry 

Acoustic Doppler Velocimeter (ADV) is one of the most 

recent devices for flow velocity and turbulence 

measurements [8, 18, 24, 36, 40]. Unlike the previous 

ADVs with 3 receivers, the Vetrino-II ADV used for this 

experiment has 4 heads which consist of 4 receivers 

positioned at x, y, z1 and z2 directions, with beams 1 and 3 

recording data in the downstream (u) and vertical (z1) 

velocities, beams 2 and 4 record data of the cross stream 

(v) and vertical (z2) velocities. 

The addition of the 4th probe head allowed the 

Vectrino-II to record two vertical velocities to provide a 

greater accuracy in the measurements. This also allowed 

the device to record data at a higher frequency (100Hz) 

without compromising the quality of the data. It is 

worthy to note that the experiment made use of the latest 

version of the Vectrino profiler ADV (Vectrino II), which 

was configured to simultaneously measure flow 

velocities at 17 different distances from the transmitter at 

each of the chosen probe position as set with the trolley 

which was vertically beneath the transducer (oriented 

perpendicular to the flume bed). The 17 multiple 

positions were performed to generate multiple 

overlapping vertical profiles so that a single time-

averaged profile encompassing most of the water column 

could be formed. 

The velocity profiles were constructed by moving the 

Vectrino profiler in 10 mm increments from 50 mm above 

each bed surface until the water surface began to interfere 

with the transmitter. At each location, velocities were 

sampled at 100 Hz for 300 seconds. According to Chanson 

et al., [10], raw ADV velocity data do not represent true 

flow turbulence unless it has been post-processed to 

remove spikes, Doppler noise and any filtering effects 

arising from the ADV sampling method. In the 

experiments, the acquired flow velocity data were post-

processed in-house by the University of Leeds Sorby 

Laboratory team using an intelligent correlation threshold 

filter comprising of a phase unwrapping algorithm and the 

phase space threshold spike filter (see [44] for more 

details). 

4. Data Analysis, Results, and Discussion 

In this section, a summary of the experimental results, 

analysis and discussion are presented. 

Instantaneous streamwise velocity- time series 

Figures 4 and 5 show the instantaneous streamwise 

velocity-time series for turbulent flows over both smooth 

concrete and rough gravel floors for the flume 

experiments. The instantaneous streamwise velocity, here 

implies the sum of the time-averaged velocity and the 

fluctuating velocity components in the streamwise 

direction (see equation 4). Separate profiles correspond to 

different heights of the velocity sampling device (ADV) 

above the tank floor and different experimental flow 

conditions. 

 

Figure 3. The ADV probe with transducer, receiver, and sampling volume. 

Adapted from Nortek [34]. 
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Figure 4. Instantaneous velocity –time series for case 1 (smooth concrete floor). 

Velocity-depth profiles 

Velocity profiles for all six clear water flow cases as 

computed based on averaging of the instantaneous 

streamwise velocity measurements are presented in figures 6-

11 below. The profiles show a velocity maximum near the 

water surface and a velocity minimum near the base of flow. 

The velocity maximum usually occurs close to the bed near 

the density maximum and an upwards decreasing velocity 

until near zero at the top (figure 1). The height of the 

maximum velocity is controlled by the ratio of the drag 

forces at the upper and lower boundaries [25, 26]. 

 

Figure 5. Instantaneous velocity –time series for case 1 (rough gravelly floor). 
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Figure 6. Velocity profile for flow case 1 (from measured and modelled 

dataset). 

 

Figure 7. Velocity profile for flow case 2 (from measured and modelled 

dataset). 

Measured and modelled flow velocities 

Experimentally derived mean flow velocity data for all six 

flow cases were matched with modelled velocities to determine 

how well both data agree as presented in figures 12-17. 

Due to the large data involved, the Regression package in 

Excel was used to calculate the bed shear stress estimates. A 

regression statistical analysis including the R-squared and P-

values obtained using excel analytical tool also confirmed a 

significant positive relationship between both flow velocities. 

 

Figure 8. Velocity profile for flow case 3 (from measured and modelled 

dataset). 

 

Figure 9. Velocity profile for flow case 4 (from measured and modelled 

dataset). 

. 

Figure 10. Velocity profile for flow case 5 (from measured and modelled 

dataset). 

Using the Law-of-the-Wall approach, modelled velocities 

were estimated with flow velocities at different flow heights 

measured and plotted against flow height and then using the 

fitting procedure, estimates of shear velocities and roughness 

were derived from the slope and intercept of the computed 

regression equation. 

 

Figure 11. Velocity profile for flow case 6 (from measured and modelled 

dataset). 

For a uniform flow, where there is no sediment transport 
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(as in this clear water experiment), it has been established 

that von Karman’s constant κ varies from 0.16 to 0.41. (Table 

3). The value of κ is now often reported to be significantly 

smaller than the canonical value of 0.40 [12, 14, 17, 52]. 

 

Figure 12. Plot of average flow velocity vs log of height, In (z), for flow case 1. 

 

Figure 13. Plot of average flow velocity vs log of height, In (z), for flow case 2. 

Thus, an assumed lower, κ value of 0.29 (similar to lower 

κ-values used by other authors as in table 3) was used in the 

data analysis to minimise mismatch between the Law-of-the-

Wall and Reynolds stresses. 

 

Figure 14. Plot of average flow velocity vs log of height, In (z), for flow case 3. 

 

Figure 15. Plot of average flow velocity vs log of height, In (z), for flow case 4. 

Table 2. Summary of Regression statistics of flow velocity data for all six experimental cases. 

Regression statistics Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Observations 112 85 112 100 96 80 

Multiple R 0.99978 0.99962 0.997 0.995893 0.997855 0.99968 

R-Squared 0.99955 0.99925 0.99402 0.991802 0.995715 0.99935 

Standard Error 0.00086 0.00127 0.00443 0.005615 0.005598 0.00303 

P-Value 3.10E-18 2.10E-131 3.80E-124 4.80E-104 4.10E-113 3.70E-126 

 

 

Figure 16. Plot of average flow velocity vs log of height, In (z), for flow case 5. 

Table 3. Summary of some von Karman’s constant values available in the 

literature. 

Reference Reported value 

Von Karman (1930) 0.4 

Wang and Larsen (1994) 0.16 

Einstein and Chien (1955) 0.168-0.406 

Vanoni and Nomicos (1960) 0.209-0.384 

Andreas et al. (2006) 0.39 

Gust and Southard (1983) 0.28 

Mckeon et al. (2004) 0.3 

Present study (2021) 0.29 

Flow velocities at different depths re-plotted against log of 

flow height (In(z)) as presented in figures 12-17 below show 

straight lines (see equation 9) and give similar information as 

earlier curves (figures 6-11). All plots showed significant 

agreement between measured and modelled velocities. 
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Turbulence and Sediment Grain Suspension 

Bed Surface Roughness 

Bed surface roughness can be produced by bed forms 

(ripples and mega ripples) as well as by varying sizes of 

individual sediment grains. The roughness of a bed 

significantly contributes to turbulence in a flow [33]. In this 

study, the estimated bed surface roughness height, z0, of the 

two types of slabs used in the experiments include smooth 

concrete (D50 < 0.5mm) for flow cases 1-2 and gravel (D50 

approx. 3.0mm) for flow cases 3-6. In the turbulence model, 

z0 represents the surface roughness length or height, where 

the instantaneous velocity equals to zero. The modelled 

roughness length, z0, was derived from the fitting of the 

velocity profiles. The relationship between z0 and the size of 

the roughness element which provided a measure of the bed 

grain size as derived by Raudkivi [38] is presented in 

equation (9). The roughness estimates and their uncertainties 

are presented in table 4 below. 

Table 4. Estimates of roughness lengths for surfaces used in the experiment. 

Floor type 
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Concrete Concrete Gravel Gravel Gravel Gravel 

Flow thickness 0.192 0.18 0.192 0.192 0.14 0.14 

Roughness (m) 0.00012 0.00014 0.00257 0.00157 0.00159 0.00162 

Uncertainty 0.00003 0.00005 0.00023 0.00014 0.00008 0.0004 

 

It is expected that rougher floors should have higher values of 

z0 and consequently, produce greater turbulence. To test this, the 

roughness length, z0, was estimated from the log-profile method, 

through a best fit and κ-value adjusted to 0.29 (to minimise the 

difference between the basal stress from Law-of-the-Wall and 

the Reynolds stress (see table 4 and figure 18). Clearly, from the 

results, gravel has a higher z0 than concrete and there is a clear 

dichotomy between the gravel cases with z0 ~ 0.002 m and the 

concrete-base case with z0 ~ 0.0001m. However, these results 

also show that roughness elements, 	! , is greater than the 

roughness length, z0, which interestingly confirms similar 

observations by Raudkivi [38]. 

Drag coefficient 

The drag coefficient, CD, of the flows was estimated using 

expression provided by Waltham [49]. Table 5 below provides 

the estimates as well as the comparison of drag coefficient, CD, 

of the flows over concrete and rough floors from the Law-of-

the-Wall and the Reynolds shear stress methods. 

Table 5. Comparison of CD estimates from LoW and RSS. 

Drag coefficient, CD estimates Concrete Gravel 

LoW 2.0405 5.8433 

RSS 2.4364 5.3418 

It is clear from the results as well as figures 19 and 20 that 

both methods produce similar estimates of drag coefficient, 

CD, and are thus reliable. As expected, a key observation 

from these figures confirms that the estimates of the drag 

coefficients for the rough gravel surfaces are higher than that 

of the smooth concrete surface. Table 5 also shows that that 

the basal shear stress of the rough gravelly floor is higher 

than that of the smooth concrete floor. This confirmed earlier 

works of Poggi et al.,[35], suggesting that shear stress should 

increase with bed roughness. Chien and Chew [11], in their 

experiment also found that shear velocity in marble bed was 

higher compared to sand bed due to the relative roughness of 

the marble bed. The implication is that rough beds create 

more flow turbulence and facilitate the suspension of 

sediment grains in a moving flow. Mazumder et al., [30] 

investigation, also revealed that higher bed roughness 

significantly controls the size distribution of suspended load 

and accounts for keeping sand-size sediment grains in 

suspension in a low-concentration flow. 

 

Figure 17. Plot of average flow velocity vs log of height, In (z), for flow case 6. 

 

Figure 18. Comparison of roughness length (concrete and gravelly floors). 

 

Figure 19. Drag Coefficient estimates from Law-of-the-Wall. The gradients 

of the straight line give the estimate of "#. 
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The foregoing experimental results all concern 

relationships between different estimates of turbulent 

fluctuation magnitude. However, the focus has been on the 

capacity of a turbulent flow to maintain sediment particles in 

suspension. The physics of turbulent flows as described by 

Andreas et al., [3], also confirmed that suspension of 

sediment grains can only occur when the vertical velocity 

fluctuations near the flow base exceed the grains fall velocity. 

Characterizing these fluctuations by their root mean square 

(rms) value then gives a suspension criterion as in equations 

(10 & 11). 

 

Figure 20. Drag Coefficient estimates from Reynold stress. The gradients of 

the straight line give the estimate of "#. 

5. Conclusion 

Based on the experimental and analytical evidence 

presented in this paper, one can conclude that: 

Modern measurements of flow turbulence confirm that shear 

stresses within a steady, uniform water flow are balanced by 

eddy stresses of the kind predicted by Reynolds [39]. 

Mixing-length theory of turbulent suspension of sediment 

grains work well within a steady, uniform flow and, hence, 

the law of the wall provides a good model of the vertical 

velocity profile. However, the results of this study have also 

demonstrated that the theory is applicable to unsteady, non-

uniform flows such as rivers. 

Time-averaged velocity versus height is well approximated 

by the Von Karman turbulence model. This is well illustrated 

by Figures 6-11. 

Reports, from earlier studies, that von Karman’s constant, 

is not after all universal but varies and can be significantly 

smaller than the widely accepted value of 0.41, are strongly 

supported. Based on the clear water flow experiments, a κ 

value of 0.3±0.02 is recommend for low concentration flows. 

Low values for κ have been reported by several other 

researchers and so the derived κ value of 0.29 in this research 

is not unreasonable. 

Basal shear stress calculated from the Von-Karman 

turbulence model agree with the Reynold’s estimates 

provided a von Karman constant of 0.29 is used. 

Modelled and measured flow velocities show a significant 

positive relationship with an R-squared value of almost unity. 

Basal shear stress estimates obtained from the Law-of-the-

Wall and Reynolds stress show reasonable agreement 

confirming the reliability of the Mixing Length turbulent 

suspension theory. Drag coefficient estimates obtained from 

both methods also show a significant correlation. 

The turbulent suspension theory has been supported by the 

good fits of measured data to predictions of the Law-of-Wall, 

good fits to the predictions of RANS as well as the good fits 

of stress=Cd.v^2. 

Flow turbulence is controlled by the roughness at the flow 

base and the size of this coefficient is greater than the 

roughness element, z0, which interestingly confirms similar 

observations by Raudkivi [38]. Drag coefficient estimated 

from Waltham, [49] also confirms that drag due to friction on 

gravelly surfaces exceeds that of the smooth floor used in the 

flume experiment. 

Turbulence of a flow therefore is attenuated by increased 

bed surface roughness underlying the flow. 
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