
Multi-year assessment of Reynolds stress and 

turbulent kinetic energy at the European Marine 

Energy Centre in the absence of waves 
Gareth Wakelam#1, Brian G. Sellar#2, Vengatesan Venugopal#3 

#Institute for Energy Systems, The School of Engineering, The University of Edinburgh 

Mayfield Road, EH9 3BF, Edinburgh, United Kingdom 
1g.wakelam@ed.ac.uk, 2brian.sellar@ed.ac.uk 

3v.venugopal @ed.ac.uk 

 
Abstract— To enable accurate prediction of performance, 

loading and lifetime fatigue, the operating environment of tidal 

stream turbines must be comprehensively characterised over a 

range of seasons and tidal cycles. The met-ocean dataset acquired 

at the European Marine Energy Centre (EMEC), UK as part of 

the Reliable Data Acquisition Platform for Tidal (ReDAPT) 

project covers a multi-year period with multiple sensor 

deployments and provides an opportunity to characterise both 

mean turbulent flow parameters and their statistical properties.  

Results from the analysis of Reynolds stresses and turbulent 

kinetic energy density are presented along with corresponding 

statistical distributions at turbine hub-height. Two distinct 

methods of calculating turbulent kinetic energy density are 

compared and the need for accurate determination of turbulence 

anisotropy is discussed based on the resulting values. Evidence of 

consistent trends over inflow velocities and vertical position in the 

water column is presented, and ongoing work to quantify these 

trends described. 
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I. INTRODUCTION 

In addition to being essential for estimating available 

resource and predicting the energy production of a Tidal Stream 

turbine (TST), site measurements using acoustic sensors allow 

the operating environment to be characterised in terms of flow 

structure and turbulence parameters. Current investigation into 

the sensitivity of tidal stream device loading to inflow 

turbulence has focussed primarily on varying turbulence 

intensity (TI) levels (eg. [1], [2]. [3]). 

 Although mean loads on tidal stream devices are only 

weakly affected by turbulence [1], peak loads and load 

fluctuations increase significantly with TI levels [2] making it 

a critical consideration in device design for fatigue damage and 

service life. Power and Thrust coefficients are also affected by 

the turbulent characteristics of inflow [3], which has significant 

implications for energy production and hence viability of a tidal 

stream project. 

Some Computational Fluid Dynamic (CFD) studies have 

used integral lengthscales and Reynolds stresses to define the 

inflow (eg. [4]), and in doing so have shown that TST loading 

can be driven by higher order turbulence metrics. Further study 

regarding the sensitivity of design loads to parameters such as 

Reynolds stresses, turbulent kinetic energy (TKE) and integral 

lengthscales is required to determine whether these should be 

quantified and considered alongside turbulence intensity during 

TST device design. 

To enable study of their effect on device loading, higher 

order turbulence metrics in tidal channel flows must first be 

properly characterised. Values have been reported from smaller 

datasets ([5], [6], [7], [8]) but quantification of long-term means 

and the statistical distribution of these metrics is lacking. 

The Reliable Data Acquisition Platform for Tidal Energy 

(ReDAPT) project [9] saw seven measurement campaigns 

conducted for periods of up to three months between 2012 and 

2014. This was conducted around an active TST located at the 

southern end of the Fall of Warness, Orkney, UK at the 

European Marine Energy Centre (EMEC). This data set enables 

a statistical characterisation of tidal-channel turbulence metrics 

over a long and a-typical time-period, and results for turbulence 

intensity have already been presented [10]. 

This paper presents results from the analysis of higher order 

turbulence metrics where periods of high surface wave activity 

have been pre-filtered and removed. These results are currently 

being used to inform inflow conditions for numerical modelling 

work, and provide a ‘baseline’ from which the effect of wave 

action on inflow turbulence can be quantified as part of the 

ongoing EPSRC FlowTurb [11] and EC H2020 RealTide 

projects. 

Data from bottom-fixed diverging beam acoustic Doppler 

profilers (DB-ADP) in the vicinity of the TST has been 

analysed, and results for Reynolds stresses and two methods of 

TKE calculation ([8], [12]) are presented. Reynolds stress depth 

profiles are shown, aggregated across multiple velocity ranges. 

Distributions for each Reynolds stress component are shown, at 

device hub height, for the ambient flow speeds of 1.3 m/s, 2.1 

m/s and 2.9 m/s, representing a range of typical operating 

speeds of the ReDAPT 1MW TST [13]. The distribution of 

turbulence parameters across the velocities of the tidal cycle 

and throughout the water column is investigated and discussed. 

  



II. METHODOLOGY  

The variance method [14] uses the autocovariance of along-

beam velocities to calculate higher order turbulence metrics, 

and is commonly applied to DB-ADP measurements ([8], [12], 

[15]). Data is arranged into ‘periods of stationarity’ in which 

the mean flow properties are considered to be constant. Here, 

this was set to 5 minutes to maintain consistency with previous 

work ([10]). The variance of measured along beam velocities 

(𝑏𝑖) is taken to be the mean of the velocity fluctuations squared: 

 

 ∑ 𝑏𝑖
′2

̅̅ ̅̅ ̅̅ ̅̅
                                           ( 1 ) 

 

Where the bar denotes the mean value, and the instantaneous 

velocity fluctuation at time 𝑖 is: 

 

𝑏𝑖
′ = 𝑏𝑖 − �̅�                                      ( 2 ) 

 

DB-ADP’s sample the water column using, typically, three 

to four acoustic transducers inclined 20° - 25° from vertical as 

illustrated in Fig. 1. Bulk flow velocities are then calculated 

using an appropriate transform matrix with the measured 

velocities in the direction of each of the four acoustic beams, 

relying on Taylors Frozen Field hypothesis [16] to account for 

the spatial separation between opposing beams. Arbitrary 

installation angle of the instrument is measured using onboard 

tilt and magnetic compass sensors, and accounted for through 

an additional coordinate transform applied to each 

measurement sample [17]. 

 

 

Fig. 1 Arrangement of acoustic transducers on a DB-ADP when viewed 

from above [17]. Note the sequential numbering of opposing acoustic ‘beam 

pairs’ 

A. Reynolds Stress 

Rather than a stress in the conventional sense, Reynolds 

stresses represent the mean momentum fluxes induced by the 

turbulence [18], i.e. the advection of directional turbulent 

momentum along one of the flow axes. 

Using the variance method, four-beam acoustic profilers 

allow two components of the Reynolds stress tensor to be 

derived, 𝑅𝑢𝑤 and 𝑅𝑣𝑤. It is important to note that the results are 

with respect to the Cartesian axes of the sensor, determined by 

the collinear transducer pairs, referred to as 𝑥 and 𝑦 (see Fig. 1). 

These then require an additional transformation to resolve to 

the flow axes if the sensor is not well aligned with the primary 

flow direction. To make this clear in the following equations, 

expressions are given in terms of the sensor (𝑥, 𝑦, 𝑧) axes, which 

are equal to 𝑢, 𝑣, 𝑤  in cases where the sensor is perfectly 

aligned, i.e., with the x-axis in the direction of the mean bulk 

flow �̅�. The Reynolds stress components are then [8]: 

 

𝑅𝑥𝑧 =  −𝜌𝑥′2𝑧′2̅̅ ̅̅ ̅̅ ̅̅ =
𝑏2

′ 2̅̅ ̅̅ − 𝑏1
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2 sin 2𝜃
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𝑅𝑦𝑧 =  −𝜌𝑦′2𝑧′2̅̅ ̅̅ ̅̅ ̅̅ =
𝑏4

′ 2̅̅ ̅̅ − 𝑏3
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2 sin 2𝜃
− 𝜑1 (𝑦′2̅̅ ̅̅ − 𝑧′2̅̅ ̅̅ ) + 𝜑2𝑥′𝑦′̅̅ ̅̅ ̅̅      ( 4 ) 

 

Where 𝜑1 and 𝜑2 are pitch about 𝑥 and roll about 𝑦, 𝜃 is the 

beam angle from vertical (20° in this case) and 𝑏𝑖  is the 

measured along-beam velocity. The additional terms associated 

with pitch and roll on the right-hand side cannot be directly 

calculated from four-beam sensor data. In this case they must 

be ignored and will introduce a bias in results.  

Lohrmann et al. [14] determined that the additional terms 

can be neglected if tilt angles are below 8° and surface gravity 

and internal waves are not present. As tilt angles are under 4.5° 

for all sensor deployments (as per Table I), and surface gravity 

waves have been removed via data pre-filtering as explained in 

Section III, bias due to tilt angles is taken to be negligible.  

The transform to flow axes from the sensor axes uses the 

angle between the mean flow heading averaged over the rotor 

plane for each five minute ensemble, and the measured sensor 

heading (both taken as positive when measured counter-

clockwise from North) to give: 

 

𝑅𝑢𝑤 = 𝑅𝑥𝑧 cos 𝜑ℎ + 𝑅𝑦𝑧 sin 𝜑ℎ                    ( 5 ) 

𝑅𝑣𝑤 = 𝑅𝑦𝑧 cos 𝜑ℎ − 𝑅𝑥𝑧 sin 𝜑ℎ                  ( 6 ) 

 

Where 𝜑ℎ is the sensor heading angle referenced from the 

mean ambient inflow direction over the rotor plane. 

B. Turbulent Kinetic Energy 

Tubulent Kinetic Energy (TKE), or specifically TKE density, 

is a more direct measure of the total turbulent energy contained 

in the flow than turbulence intensity, however preference is 

often given to TI when quantifying turbulence for site 

assessment and device modelling. 

TKE density gives a measure of the energy contained in the 

turbulent structures of the flow and is presented as joules per 

unit volume or per unit mass. It is not normalised relative to the 

mean flow velocity which allows a more instinctive comparison 

of the energy content due to turbulence across varying inflow 

velocities. It’s definition, 𝑞2/2, in relation to the bulk flow 

components is: 

 
𝑞2

2
=

1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅)                       ( 7 ) 

 

However, the variance of bulk-flow measurements from 

four-beam profilers are not generally considered reliable due to 

their spatially averaged nature, thus 
𝑞2

2
=

1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅)                       

( 7 ) cannot be used. Instead, the quantity 𝑆, a measure of the 

mean horizontal component of variance, is found via the along-

beam variances [12]. 

 

𝑆 =
1
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2
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Note that similarly to the calculation of Reynolds stresses, 

the higher order terms associated with pitch (𝜑1) and roll (𝜑2) 



cannot be determined from four-beam DB-ADP data. They are 

typically not included in analysis ([8], [14]) and as measured 

angles are generally small throughout the data, error due to tilt 

is not investigated here. It is, however, an important area for 

further work to better estimate the uncertainty associated with 

TKE values.  

As per Lu & Lueck [12] the effect of sensor Doppler noise 

bias on the calculated values is: 

 

𝑆∗ = 𝑆 +
1

4𝑠𝑖𝑛2𝜃
∑ 𝜎′𝑛,𝑖

2̅̅ ̅̅ ̅̅
4

𝑖=1

                             ( 9 ) 

 

Where 𝜎′
𝑛,𝑖
2

 is the signal variance due to Doppler noise along 

beam 𝑖, found using the spectral method described by Richard 

et al. [19]. Doppler noise bias values were calculated for each 

5-minute period of stationarity and applied to the TKE 

calculation. 

Equations (8)  and (9) then give the following expression 

for TKE density, disregarding the higher order terms associated 

with sensor tilt: 
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1
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                       ( 10 ) 

 

 Two expressions can be found in the literature relating the 

quantity 𝑆 to the TKE density 𝑞2/2. The first, as implemented 

in [12] uses the anisotropy ratio 𝛼: 

 

𝑆 =
1

1 + 𝛼
(1 +

2𝛼

tan2𝜃
)

𝑞2

2
                         ( 11 ) 

 

Where 𝛼 is between 0, for highly anisotropic turbulence, and 

0.5 for isotropic turbulence. A value of 0.20 is used in this work, 

as reported by Stacey [15] for an unstratified tidal channel. The 

second method, as implemented in [8] uses the empirically 

derived coefficient 𝜉: 

 

𝑞2

2
=

𝑆2

1 + 𝜉(2 cot2 𝜃 − 1)
                     ( 12 ) 

 

Where the value of ξ = 0.17 is used [20]. The two methods 

are, here, referred to as 𝑇𝐾𝐸𝛼  and 𝑇𝐾𝐸𝜉 . As the two methods 

are distinct, and use different measures to account for 

anisotropy, they will both be implemented and resulting values 

of TKE density compared. Ideally the anisotropy ratio would 

be derived from local flow measurements, however this 

requires alternate sensor technologies to the DB-ADP 

technique. Work on capturing three-dimensional point 

measurements from regions of the water column relevant to 

tidal turbines using novel techniques has been carried out 

internationally ([21], [22], [23], [24]). 

III. DATASET 

The data used in this study is a sub-set of the publicly 

available ReDAPT met-ocean dataset [9], which saw multiple 

acoustic sensor types and configurations deployed between 

2012 and 2014. Measurements were taken at the site of an 

operational TST at the southern end of EMEC in the Fall of 

Warness, Orkney. An overview of the measurement campaign 

methodology is given in [9] and recent re-analyses detailing 

turbulence intensities for the site are provided in [10]. 

The following restrictions were placed on the full data set to 

obtain the desired sub-set of met-ocean conditions for this work:  

 

• Five-minute average significant wave height (𝐻𝑚0) 

is less than 0.8m. 

• TST power output less than 0.01MW 

• Only ambient inflow data is used (from sensors 

located upstream of the turbine rotor) 

• A “proximity to high waves” filter is applied, 

discarding any data within a 12 hour window of 

large 𝐻𝑚0, in case storm conditions are still present 

but masked by wave-current interaction. 

 

TABLE I 

MEAN TILT ANGLES ± 1 STANDARD DEVIATION AND DEPLOYMENT DURATION 

Deployment Heading 

(deg) 

Pitch 

(deg) 

Roll  

(deg) 

Dur. 

(days) 

01-NW-Dep0 10 ±0.9° 0.7 ±0.6° -0.7±0.3° 21 

01-NW-Dep1 105.5 ±0.2° 0.1 ±0.3° -1.9 ±0.3° 37 

01-NW-Dep2 322 ±0.3° -0.9 ±0.4° -0.2 ±0.3° 13 

01-NW-Dep3 223 ±2.9° -0.1 ±0.5° -0.9 ±0.6° 41 

01-NW-Dep5 6.4 ±0.2° -0.1 ±0.1 -2.1 ±0.5° 41 

02-NW-Dep5 202 ±0.5° -1.4 ±0.9° -1.1 ±0.6° 40 

02-SE-Dep1 6 ±12° -1.1 ±0.6° -0.2 ±0.5° 43 

02-SE-Dep2 196 ±2° -0.2 ±0.4° -0.6 ±0.6° 13 

02-SE-Dep3 46 ±0.7° -4.3 ±0.2° -0.7 ±1.4° 41 

02-SE-Dep4 276 ±0.4° 3.5 ±0.1° 0.3 ±0.5° 58 

03-SE-Dep1 91 ±1.4° -0.8 ±0.5° -0.8 ±0.7° 43 

 

Table I summarises the orientation and mean tilt angles of 

each sensor deployment included in the study, and the duration 

in days over which data is available. The extent of the sub-set 

is then plotted in Fig. 2, to show the coverage of data after 

filtering.  

 

 

Fig. 2 All 5-minute mean velocities of data passing the data filtering 
parameters described. Flood data, shown in red, are positive and ebb data, in 

blue, are negative. Red data points shown overlapping the blue represent 

periods of slack water which do not receive further analysis. 

Mean velocity profiles for the filtered data, shown in Fig. 3, 

display a typical power-law profile for flood tides. An 

interesting feature of this site is the a-typical ‘recurve’ profile 

seen for ebb tides, which is believed to be caused by local 

geographical or bathymetric features and is a focus of ongoing 

wide-area numerical modelling. 



In total, the filtered dataset comprises 16,216 five-minute 

ensembles for flood tides (56 days equivalent), and 15,600 for 

ebb tides (54 days equivalent). 

 

 

Fig. 3 Mean inflow velocity profiles for flood (left) and ebb (right) data – 

note the a-typical ‘recurve’ profile on ebb tides.  

IV. RESULTS & DISCUSSION 

A. Reynolds Stresses 

Depth profiles of mean Reynolds stress components 𝑅𝑢𝑤 

and 𝑅𝑣𝑤 across all available flood tide data are presented in Fig. 

4. Dependency on depth and inflow velocity is evident, with 

hub height values increasing from -0.5Pa at 0.5 m/s inflow to   

-15Pa at 3.3 m/s inflow velocity.  The 𝑢𝑤 component ranges 

from -0.7 to -6.3 Pa at hub height across the same velocity range.  

Profiles for the flood tide 𝑢𝑤 component match well with 

experimental results for high Reynolds number oscillatory 

flows [25], linearly decreasing with height above seabed 

outside of the boundary layer. The boundary layer is in the 

order of 2m above the seabed, and not fully resolved due to the 

sensor frame height and sensor acoustic blanking distance. The 

magnitude of these values is in good agreement with site 

measurements presented in [7]. The 𝑣𝑤  component of the 

Reynolds stresses show comparatively smaller values than 

𝑢𝑤 components and display a parabolic profile. A strong 

dependency on the inflow velocity and vertical position in the 

water column is clearly evident. 

 

 

Fig. 4 Mean depth profiles of Reynolds stresses 𝑹𝒖𝒘 and  𝑹𝒗𝒘 for flood 

tides. The number of 5-minute ensembles is noted on the legend. Black dashed 

lines denote the extent of the rotor plane. 

Ebb tide profiles (Fig. 5) have a much more pronounced 

reduction in Reynolds stress towards the boundary layer, 

particularly at high inflow velocities, which is largely resolved 

as it extends further into the water column. A stronger drop-off 

in the 𝑅𝑣𝑤  component around mid-channel depth is exhibited 

tending to zero, or even positive values, in the upper third of 

the water column. This is likely to be influenced by the a-

typical recurved velocity profile of the ebb flow, flow twist 

over the water column, or the secondary ebb flow system 

discussed later in this section. 

 

 

Fig. 5 Mean depth profiles of Reynolds stresses 𝑹𝒖𝒘 and  𝑹𝒗𝒘 for ebb tides. 

The number of 5-minute ensembles is noted on the legend. Black dashed lines 

denote the extent of the rotor plane. 

The distributions of 𝑅𝑢𝑤  and 𝑅𝑣𝑤  components for each 

velocity and depth bin have been plotted as histograms, and the 

results for three velocities at TST hub height are shown for 

flood (Fig. 6) and ebb (Fig. 7) flows. The Freedman-Diaconis 

rule [26] is used to set the bin widths of the histograms, and the 

horizontal scale, where possible, is kept consistent between 

velocities to make comparison between plots easier.  

 

 

Fig. 6: Histograms of the 𝒖𝒘 and 𝒗𝒘 components for flood tides at 1.3m/s, 

2.1m/s and 2.9m/s inflow velocity. 

The distributions shown in Fig. 6 suggest that values 

conform to a lognormal-type distribution for both Reynolds 

stress components. Both 𝑅𝑢𝑤  and 𝑅𝑣𝑤  components become 

more widely distributed with increasing inflow velocity. The 

presence of negative values in the results means that a 



lognormal distribution cannot be fitted to the data, and 

quantitative investigation of the most suitable alternative fit is 

ongoing.  

 

 

Fig. 7 Histograms of the 𝒖𝒘 and 𝒗𝒘 components for ebb tides at 1.3m/s, 

2.1m/s and 2.9m/s inflow velocity.  

 

Ebb tides, shown in Fig. 7, display similar distributions for 

the majority of data; however, a secondary distribution is 

evident around the -20 to -40 Pa region for the 𝑣𝑤 component. 

It is believed that rather than being caused by outliers or bad 

data, this is likely to be due to a secondary flow system that 

exists on some ebb tides. This can be seen in Fig. 8, where flow 

headings of 50° are distinct from the general trend between 25-

40° for ebb tides. This may also be the cause of the extended 

‘tails’ on either side of the distributions for the 𝑢𝑤 component 

in Fig. 7. 

This ‘secondary system’ might also affect other flow metrics, 

and impact the loading and performance of the device. As such, 

it is an area that will be further analysed in ongoing work. 

 

 

Fig. 8 5-miniute mean flow heading (+ve counter clockwise from North) 

over the rotor plane plotted against 5-minute mean velocity for all ensembles 
in the dataset. Data is colour-coded to match the velocity bins implemented 

throughout this work.  

The variation of the presented distributions based on flow 

velocity and position in the water column suggest that a model 

may be developed describing the statistical properties of 

Reynolds stress values based on depth and inflow velocity. This 

will be pursued in further work with the data.  

The presence of a secondary distribution also highlights the 

need for data sampled over a wide time period to pick up these 

systems, and for care to be taken in the treatment of results to 

account appropriately for them. 

 

B. Turbulent Kinetic Energy  

Mean depth profiles for the two methods of TKE calculation 

(𝑇𝐾𝐸𝛼  and 𝑇𝐾𝐸𝜉 , as described in Section II.B) are shown in 

Fig. 9 for flood tides, and Fig. 10 for ebb tides. Both methods 

give profiles of an almost identical shape, with only the 

magnitude differing substantially. The 𝑇𝐾𝐸𝛼  method 

consistently gives greater values than the 𝑇𝐾𝐸𝜉 method (up to 

12 times greater), particularly for flood tides, for inflows across 

the operating range of a TST. 

 

 

Fig. 9 Mean depth profiles of TKE density for flood tides, using both 

described calculation methods. Number of 5-minute ensembles is noted in the 

legend. Black dashed lines denote the extent of the rotor plane.  

 

 

Fig. 10 Mean depth profiles of TKE density for ebb tides, using both 

described calculation methods. Number of 5-minute ensembles is noted in the 

legend. Black dashed lines denote the extent of the rotor plane. 

  

The distribution of TKE values, as shown in Fig. 11 and Fig. 

12, tend to show a similar trend to those of Reynolds stress 

distributions, with an increase in both the distribution range and 

mean value. Lognormal distributions have been fitted to the 

histograms to allow the variation in the mean, 𝜇, and standard 

deviation, 𝜎 , of the associated normal distribution (i.e. the 

distribution of  ln(𝑇𝐾𝐸)) to be investigated over the range of 

inflow and vertical position in the water column. 



The secondary flow regime is present in the distributions for 

ebb tides shown in Fig. 12. The lognormal fit was applied only 

to the data deemed to be within the primary regime. A suitable 

limit was determined to be 1 standard deviation of the mean 

value for all data, based on visual inspection of multiple 

velocities and vertical positions. More robust methods of 

accounting for these phenomena in statistical analysis of site 

data are being investigated.  

 

 

Fig. 11 Distributions of flood tide 𝑻𝑲𝑬𝜶  and 𝑻𝑲𝑬𝝃  at hub height for 3 

inflow velocities, including lognormal fits. 

 

 

Fig. 12 Distributions of ebb tide  𝑻𝑲𝑬𝜶  and 𝑻𝑲𝑬𝝃  at hub height for 3 

inflow velocities. Note that the secondary flow regime on ebb tides is evident. 

Lognormal distribution only fitted to data within 1 standard deviation of the 

mean value of the full dataset. 

The 𝜇  and 𝜎 parameters associated with the lognormal fit 

vary over inflow velocity (Fig. 13, Fig. 14) and, to a lesser 

extent, channel depth as shown in Fig. 15 and Fig. 16 for flood 

and ebb tides respectively.  

 

 

Fig. 13 Variation in parameters mu and sigma over flood inflow velocity for 

the lognormal fit of values, taken from hub height for a) 𝑻𝑲𝑬𝜶  and b) 𝑻𝑲𝑬𝝃.  

 

 

Fig. 14 Variation in parameters mu and sigma over ebb inflow velocity for 

the lognormal fit of values, taken from hub height for a) 𝑻𝑲𝑬𝜶  and b) 𝑻𝑲𝑬𝝃.. 

The parameter 𝜇  shows a strong positive correlation with 

inflow velocity, and 𝜎  decreases over the range of inflows. 

When assessing the depth profiles of each parameter in Fig. 15, 

𝜇 tends to decrease further from the seabed whilst 𝜎 increases 

with distance from the seabed for faster flows but starts to fall 

off closer to the free surface for the lower 1.3 m/s flow shown. 

These trends are similar for the ebb tides shown in Fig. 16 

 

 

Fig. 15 Variation in flood tide lognormal distribution parameters mu and 

sigma over vertical position in the water column for inflow velocities of 1.3 

m/s, 2.1 m/s and 2.9 m/s. 

a) b) 

a) b) 



 

Fig. 16 Variation in ebb tide lognormal distribution parameters mu and 
sigma over vertical position in the water column for inflow velocities of 1.3 

m/s, 2.1 m/s and 2.9 m/s. 

Further work to objectively determine the optimal statistical 

fit for Reynolds stress and TKE data and quantify the 

dependency of its parameters to both inflow velocity and 

position in the water column is ongoing.  

When the ratio of values derived using each method is 

plotted, as in Fig. 17, a consistent trend becomes apparent. The 

ratio of 𝑇𝐾𝐸𝛼   to 𝑇𝐾𝐸𝜉  decreases as inflow velocity increases 

and tends towards a constant value at speeds over 3 m/s. The 

ratio also varies over the channel depth. This is true of the ratios 

of 𝑇𝐾𝐸𝛼  to 𝑇𝐾𝐸𝜉  for ebb tides, which are shown in Fig. 18. 

 

 

Fig. 17 For flood tides: a) Depth profiles of the ratio of 𝑻𝑲𝑬𝜶: 𝑻𝑲𝑬𝝃 for 

each velocity bin, b) Ratio of 𝑻𝑲𝑬𝜶: 𝑻𝑲𝑬𝝃 over inflow velocity for top and 

bottom of rotor plane  

Depth profiles for the ratio 𝑇𝐾𝐸𝛼   to 𝑇𝐾𝐸𝜉 are shown in Fig. 

18. Here, however, there is a more pronounced profile across 

the channel depth with the ratio increasing from the seabed up 

to mid-depth, and then decreasing from mid-depth to the mean 

water level. A less consistent decrease over inflow velocity at 

hub height is also noted.  

As the results are significantly different for each method of 

calculating TKE, and the difference between results is not 

constant over inflow velocity and vertical position in the water 

column, it is likely that the anisotropy ratio varies with both 

inflow velocity and position in the water column. Rather than a 

single static value being used for all calculation work, it can be 

inferred that the variables accounting for turbulence anisotropy 

(𝛼  and 𝜉 ) must be calculated for each inflow velocity and 

vertical position of interest, which requires appropriate 

measurements from site data to be available.  
 

 

Fig. 18 For ebb tides: a) Depth profiles of the ratio of 𝑻𝑲𝑬𝜶: 𝑻𝑲𝑬𝝃 for each 

velocity bin, b) Ratio of 𝑻𝑲𝑬𝜶: 𝑻𝑲𝑬𝝃 over inflow velocity for top and bottom 

of rotor plane 

As each method has an independent variable that is a 

measure of anisotropy unique to each, it is not possible to 

determine the relationship between turbulence anisotropy, 

inflow velocity and channel depth from the available data. 

Further work is required in this area to improve understanding 

of these relationships. 

 

V. CONCLUSIONS 

In the analysis of site data, collected during the ReDAPT 

project at the European Marine Energy Centre’s tidal test site, 

it has been shown that the statistical distribution of Reynolds 

stress and TKE density values show consistent trends over 

inflow velocity and channel depth. The presence of surface 

gravity waves has been removed from the data analysis through 

data exclusion routines. 

The resulting distributions show mean values for 𝑅𝑢𝑤  on 

fully developed flood tides of 2.9 m/s, averaged over 6 

deployments, to be -15.8 Pa, -13.2 Pa and -9.5 Pa at 10m, 20m 

and 30m above sea bed respectively. Corresponding values for 

ebb tides are -18.5 Pa, -6.0 Pa and 0.1 Pa. Values for 𝑅𝑣𝑤 are: 

-3.9 Pa, -5.5 Pa and -5.1 Pa for flood tides and -3.2 Pa, -1.5 Pa 

and -2.0 Pa for ebb tides.  

Values calculated using the 𝑇𝐾𝐸𝛼 method were found to be 

consistently larger than those using the 𝑇𝐾𝐸𝜉  method, by a 

factor of up to 12, and is largest at low inflow velocities. Some 

dependency on vertical position in the water column was also 

found, but to a lesser extent. 

It is believed that turbulence anisotropy has a significant 

effect on values of TKE calculated using the two methods and 

the relationship between anisotropy to inflow velocity and 

vertical position in the water column merits further work to 

better understand the difference in resulting values. Turbulence 

anisotropy should be accounted for in the characterization of 

turbulent tidal channel flow and further work will be 

undertaken using available data from novel sensor 

configurations. 

Secondary flow regimes distinct from the typical inflow 

were present in the data and are found to have a significant 

effect on mean results and statistical distributions. Care should 

be taken to detect these, where they occur, and appropriate 

treatment applied in data filtering, clustering and statistical 

analysis. 



With this suitably large dataset, combined with new analyses 

from alternate instrument configurations, it is hoped that a more 

thorough statistical model of turbulence parameters can be 

achieved through ongoing work. 
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