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ABSTRACT 4 

In this paper the flow and bed shear stresses downstream of a tidal barrage, with open ducts 5 

and with swirl created by stators and rotors, are investigated experimentally. The wake created 6 

by open ducts is significantly three-dimensional within 20 duct diameters (20D) from the 7 

barrage. Here, within 20D of the barrage the duct blockage and swirl also affect flow patterns 8 

and bed shear stress. Swirl affects jet mixing and local downstream circulation within 5D, 9 

resulting in large-scale cross-stream circulation further downstream. After 20D the flow becomes 10 

predominantly parallel and depth-averaging would be appropriate. Bed shear stress just 11 

downstream of the barrage is magnified by up to 3, 7 and 12 times respectively for open ducts, 12 

stators alone and rotors plus stators. This has major implications for sediment motion and scour.  13 

Keywords: Tidal Power, Jets (fluid), Ducts, Open Channel Flow, Turbine Wake 14 

INTRODUCTION 15 

Previous tidal barrage studies have been conducted to determine the impacts of tidal barrages 16 

on the environment, to provide better understanding for potential future barrage installation 17 

(Burrows et al 2009, Xia et al 2010, Ahmadian et al 2010). Recently, three-dimensional flows in 18 

the near-field of a barrage without turbines (with open ducts) have been investigated by Jeffcoate 19 

(2013) and Jeffcoate et al (2013). Three-dimensional flows due to turbine wakes have been 20 
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studied extensively for tidal stream turbines in both experimental (Stallard et al 2013, Myers et al 21 

2011, Luznik et al 2013) and computational studies (Harrison et al 2010, McNaughton et al 22 

2014). The wake in these studies is found to be rotational in the near field, determining turbine 23 

performance, and extends at least two diameters downstream from the turbine. Unbounded and 24 

ducted turbines have been investigated, but similar experiments have not been conducted for 25 

turbines within a barrage. 26 

Depth-averaging these near-field flows may limit the accuracy of flow predictions due to the 27 

rotational, and highly three-dimensional (3-d), nature of the barrage wake. For open ducts, 28 

experimental and computational models of the near-field, 3-d flow were conducted in Jeffcoate 29 

et al (2013), showing good agreement between experimental velocity measurements and standard 30 

computational fluid dynamics (CFD); the results also showed that bed shear was considerably 31 

magnified above that for channel flow with corresponding average velocity in the water column. 32 

3-d analysis was required within 20D (D is duct diameter) of the barrage due to large vertical 33 

velocity variation in the flow, but depth-averaged modelling could be used further downstream 34 

(though this may be dependent on the flow and set-up conditions tested). Analysis of the flow 35 

with turbines included is also of great concern.  36 

In this paper the flow and bed shear stress resulting from seven equi-spaced jets from a 37 

barrage with turbine representation is investigated. The turbines are idealised in laboratory 38 

experiments: firstly, with bulb bodies with stators only providing swirl, and then with rotors 39 

included.  40 

EXPERIMENTAL METHODOLOGY 41 

A 1:143 scale model (based on Department of Energy Paper 1981) with seven draft tubes of 42 

constant radius, R=0.055m, was placed in a flume. The barrage dimensions were 0.539m long × 43 
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1.22m wide × 0.28m high with flow regions of 1.1m upstream and 2.8m downstream of the 44 

barrage. A three-component Vectrino ADV (Acoustic Doppler Velocimeter) was set up 45 

downstream of the barrage on a gantry to record point velocities. The downstream depth was 46 

controlled by a 0.15m high weir at 2.8m downstream from the barrage. The experimental set up 47 

is shown in Fig. 1 (further details in Jeffcoate 2013 and Jeffcoate et al 2013). 48 

Firstly, bulb bodies with inclined stators only were added to the duct centres (Fig. 2). The 49 

rectangular 0.015m × 0.022m stators were inclined at 30° from the stream-wise direction and 50 

placed in alignment with the rotor blades. The rounded end of the bulb faced upstream. The 51 

support structure was fitted between the upstream and downstream sections of the duct to hold 52 

the turbine in position. The bulb and stator geometries were based upon the turbines in the La 53 

Rance tidal barrage (De Laleu 2009).  54 

Fig. 3 shows the turbines with rotors added; these were four-bladed, axial-flow, model boat 55 

propellers, 0.1016m in diameter (Kort Nozzle Propeller type KNP/4051/4/RH/BR).  The 56 

rotational speed of the La Rance turbines is 93.75rpm (De Laleu 2009) with a maximum over-57 

speed of 260rpm. Froude scaling dictates that the target scaled speed is 1120rpm. With braking 58 

due to friction only the maximum speed obtained by the turbines was 153rpm, with an average 59 

rotational velocity of 138rpm, the model Froude scale torque cannot therefore be attained. 60 

Nevertheless, the effect of swirl due to rotor rotation on flow and, importantly, bed shear can be 61 

qualitatively assessed. 62 

The discharge was set so that the tubes were fully submerged and maximum rotation rate was 63 

achieved. The discharge and resulting water depths varied depending on the inflow velocity, the 64 

height of the downstream weir and the restriction to the flow within the ducts (due to stators and 65 

rotors). The head difference would, ideally, be unchanged but when rotors were added the 66 
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velocity, and thus head difference, was increased to maximise the rotation rate. The flow 67 

conditions for each set of experiments – (1) no turbines (Jeffcoate et al 2013), (2) bulb with 68 

stators only and (3) bulb with stators and rotors – are shown in Table 1. The different conditions 69 

isolated the effect of each part of the turbine, namely the effects of adding a body and adding a 70 

rotor. The barrage with bulb body, stators and rotors is comparable to a real barrage. Because 71 

there are different inflow conditions for each set of experiments the results were non-72 

dimensionalised using the upstream reference velocity.  73 

The water depths were measured at 1D, 2D, 5D, 10D and 20D downstream, where the duct 74 

diameter (D) is 0.11m. The velocity profiles across the tank were recorded at 0.04m (close to the 75 

bed), 0.075m (at duct mid-depth), 0.08m (close to 0.075m), 0.12m and 0.16m from the bed and 76 

close to the surface. The position close to the surface varied with downstream depth and with 77 

distance from the barrage; at 20D downstream the water depth had decreased. The resulting 78 

close-to-surface measurement levels were: experiment (1) at 0.195m and 0.185m at 20D; 79 

experiment (2) at 0.2m and 0.195m at 20D; and experiment (3) at 0.185m and 0.175m at 20D. 80 

The velocities at 0.01m from the bed were also recorded in experiment (2) and (3) only (the 81 

ADV that allows this was not available for experiment (1)). The interval spacing for experiment 82 

(1) was 0.04m and for experiments (2) and (3) this was refined to 0.01m. The water depths, 83 

velocity vectors, and streamwise velocity profiles were used to compare the influence of swirl on 84 

the flow kinematics and bed shear stresses. 85 

RESULTS 86 

Water-Level Variation 87 

The experimental water depths downstream of the barrage and at 1D, 2D, 3D, 5D, 10D, 15D 88 

and 20D from the barrage were recorded on one side (right side looking downstream) of the 89 
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flume and at the centreline in the stator/rotor experiment (Fig. 4). The depth decreased with 90 

distance downstream from the barrage due to frictional head loss. The addition of stators 91 

increased the rate of depth change, but the rotors caused a slight decrease. The depth change is, 92 

therefore, predominantly affected by the restriction within the duct and the addition of swirl. 93 

These values are also dependent on the flow rate, which varied slightly between experiments. 94 

The stator/rotor results also show a drop in the water depth immediately downstream from the 95 

barrage at the flume centreline, due to the formation of high velocity jets that occur at the duct 96 

exits, compared to the areas of slower, reversed flow at the flume edges. The water levels across 97 

the flume become more uniform with distance downstream. 98 

Velocity Vectors 99 

The measured experimental velocities from all three experiments were non-dimensionalised 100 

using the upstream reference velocity; the velocity vectors are shown close to the free surface 101 

(Fig. 5a), at the duct centre plane (Fig. 5b) and close to the bed (Fig. 5c). At the two lower levels, 102 

the vectors show that jets form directly downstream from the tube exits when there are no 103 

turbines, but when there is a bulb within a duct a wake forms downstream. The vectors in both 104 

experiments with swirl exhibit this trend, though the jet velocity appears to be greater when there 105 

is rotor swirl.  As distance from the barrage increases the jets merge and the velocity magnitude 106 

becomes more uniform across the flume in all the experiments.  107 

Close to the free surface, however, the jets are no longer evident. There is marked cross-108 

stream flow occurring close to the barrage, particularly when generated by swirl. The stator and 109 

stator/rotor experiments also show that the flow reverses close to the barrage, indicating the 110 

presence of vertical circulation due to the jets. Asymmetric eddies form on both sides of the 111 

flume, leading to reversed flow at the tank sides, throughout the depth. The asymmetry is due to 112 
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the Coandă effect causing the jets to incline towards one side of the flume (Reba 1966). The 113 

experimental results with no turbines show that the largest eddy extends up to 10D downstream, 114 

whereas the experiments with swirl have smaller eddies, extending to less than 5D downstream.  115 

When there is no swirl the central jet that forms moves slightly to the left, at all depths, due 116 

to the Coandă effect.  The movement of the jet is different when swirl is added to the model. The 117 

swirl causes the jet to move to the left when close to the bed and at duct centre and move to the 118 

right when close to the free surface, due to the clockwise swirl when looking downstream. This 119 

swirl can be seen in Fig. 6, which shows the non-dimensionalised velocity vectors in the 1D, 2D 120 

and 5D downstream vertical planes with swirl from stators and stators/rotors (Jeffcoate 2013). 121 

The swirl was classified using two parameters, the non-dimensionalised circulation, ΓN-D, and the 122 

non-dimensionalised angular momentum flux, AMFN-D, in order to compare the swirl 123 

characteristics of each barrage configuration. The swirl was measured at 1cm from the duct exit, 124 

the closest point possible to measure without interfering with the flow. The circulation was 125 

measured at the outer limit of the duct using the tangential velocity, Uθ, and radius, r. This was 126 

non-dimensionalised using the upstream reference velocity, Uin, and the duct diameter, D: 127 

 

    drU
DUin

DN

1
 (1)  

The average circulation across the ducts with swirl generated from stators was 86.4. When 128 

there were stators and rotors the swirl was 120.2, showing that adding rotor representation 129 

increases the swirl across the ducts. While the circulation defines rotation the angular momentum 130 

flux is a direct consequence of the turbine torque imparted to the fluid; this was calculated using 131 

the integral of the tangential velocity, Uθ, the radius and streamwise velocity, Ux. The results 132 

were also non-dimensionalised using the upstream reference velocity and duct diameter: 133 
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  dArUU
DU

AMF x

in

DN 32

1
. (2)  

The average AMFN-D across the ducts with stators only was 0.71. When rotors were added to 134 

the model the AMFN-D increased to 1.00. This shows that not only does the tangential velocity 135 

increase with distance across each duct radius but so does the streamwise velocity, as shown also 136 

by direct measurement in Fig. 6.  137 

Close to the barrage (at 1D) the swirl downstream from each duct is pronounced, with flow 138 

to the left side of the flume close to the bed and to the right close to the free surface. There is an 139 

upwelling present in both the experiments due to the vertical recirculation of the flow. Vertical 140 

eddies at the flume sides thus form. As distance from the barrage increases, cross-stream 141 

secondary motions occur, creating circulation throughout the entire flume cross-section. This is 142 

particularly evident at 5D downstream, with near-zero cross-stream and vertical flow at the 143 

flume centreline. Note that depth-averaging these results would cause these flow features at 5D 144 

to be cancelled out, so the flow close to the bed would be poorly predicted. This is also apparent 145 

at 10D (not shown here), though to a lesser extent, and at 20D there is no cross-stream flow. 146 

The velocity vectors show that similar velocities and flow patterns are present in the results 147 

with both stator and stator/rotor swirl, but these differ from the results with no swirl. The limited 148 

difference in the stator and stator/rotor results may be due to the lack of loading on the rotor, 149 

representation of a power take off system.  150 

The extent of the jet influence, the eddy sizes, the asymmetry and the distance downstream 151 

where the results become comparable, can be assessed by evaluating the velocity profiles across 152 

the tank width. It should be mentioned that these cross flow effects will be influenced by the 153 

flume walls and in a real barrage the turbines will be in a limited section as part of a long 154 

barrage; nevertheless, similar qualitative effects will almost certainly occur. 155 
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Vertical variation of velocity  156 

The variation of streamwise velocity throughout the depth was compared at 0.04m, 0.08m, 157 

0.12m and 0.16m from the bed and close to the free surface in each experiment, at 1D, 2D, 5D, 158 

10D and 20D downstream. These have been non-dimensionalised by the upstream velocity. 159 

At 1D downstream from the barrage (Fig. 7a), jets are clearly apparent at 0.04m to 0.12m 160 

from the bed, but the location of the jets varies with vertical level and experiment. When there is 161 

no swirl the jets occur directly downstream of each duct. When bulb bodies are added to the 162 

model they cause a different profile to form close to the duct centreline, at 0.08m from the bed. 163 

This profile is expected due to the blockage in the duct. At the centreline the maximum 164 

normalised jet velocity is comparable between all three experiments, at approximately 4.5. This 165 

shows that the duct exit velocity is the same regardless of the blockage and swirl in the duct. The 166 

jet maxima are also comparable close to the bed, due to the proximity of the bed. The jets are 167 

slightly off-centre due to the swirl component towards the left of the tank at this depth. 168 

Shallower, at 0.12m from the bed, the streamwise velocity is higher with stators/rotors because 169 

the swirl causes enhanced mixing of the jet vertically. Closer to the free surface the profiles are 170 

again similar, due to the vertical recirculation. The reverse flow at the free surface is more 171 

pronounced in the experiments with swirl, because there is greater vertical mixing. It should also 172 

be noted that experiments (2) and (3) are quite similar, indicating that the adding a rotor to the 173 

duct has a less significant effect on the flow than the drag and swirl imposed by the addition of a 174 

bulb body with stators.  175 

The jet velocity is slightly larger for experiment (3), with stators and rotors. The ratio of 176 

upstream reference velocity to duct inflow velocity in experiments (1) and (2) is 4.27, whereas in 177 

experiment (3) it is 5.26, so the normalised velocity profile is higher in experiment (3). 178 
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As distance downstream increases, to 2D, the flow features are sustained, though this is not 179 

shown. Further downstream, at 5D (Fig. 7b), the profiles have changed significantly. The profile 180 

is more uniform across the width in all cases and there are three main differences between the 181 

experiments. Firstly, experiment (1) shows large eddies which do not occur in (2) and (3), for the 182 

reason previously discussed. Secondly, there is a large Coandă effect that forms close to the 183 

surface in experiment (1) only; this is not seen in the other experiment due to the full flume 184 

recirculation seen in the velocity vectors of experiments (2) and (3). Lastly, there appears to be 185 

constant velocity across the flume for the swirl experiments. This is also due to the full flume 186 

cross-flow; analysis of the streamwise velocities only, or depth-averaging, would result in an 187 

inaccurate assumption that there is no variation in the flow with vertical level and width.  188 

This is also the case at 10D downstream (not shown). At 20D downstream, Fig. 7c shows 189 

there is no variation in the streamwise velocity with depth and cross-stream location, and 190 

magnitudes in the other directions are negligible, as seen in the velocity vectors. There is little 191 

difference between the three experiments. This indicates that at 20D downstream blockage and 192 

swirl have no effect on the velocity. 193 

Bed shear stress 194 

Bed shear determines sediment transport rates and thus scour downstream of the barrage. 195 

This is difficult to measure directly, particularly in turbulent flow. It is, however, possible to 196 

estimate the bed shear stress from measured, near-bed, velocity profiles assuming the log law. 197 

The friction velocity uτ (and, hence, bed stress       
 ) is estimated from the velocity at the 198 

lowest measurement point by inverting the logarithmic mean-velocity profile for a fully-rough 199 

boundary layer: 200 
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with wall roughness ks=0.001m (painted wood) and von Karman constant κ=0.41. For distance 201 

from the bed z=0.01m the corresponding value of z
+
, which denotes distance from the wall 202 

normalised using the viscous length-scale          , was found to be typically in the range 203 

30-200, consistent with the log-law region (Pope 2000). Fig. 8 shows the estimated bed stresses 204 

with no turbines, with stators only and with stators/rotors. Stresses are non-dimensionalised by a 205 

reference stress:  206 

 
favgb cU

2

2

1
  . (4)  

where Uavg is the depth-averaged velocity at 20D and cf = 1.49 is the skin friction coefficient 207 

Jeffcoate et al (2013) deduced from integrating the log-law profile. 208 

The magnification close to the barrage is clear and the contours show that the bed stresses 209 

close to the barrage can be up to 3 (no turbines), 9 (stators) and 12 (rotors) times the reference 210 

stress. The location of maximum bed shear stress occurs closer to the barrage in experiments (2) 211 

and (3) compared to experiment (1), which shows that the inclusion of swirl causes increased 212 

flow towards the bed closer to the barrage. The three-dimensional effects are clearly substantial 213 

and the rotors can have a significant effect on bed stresses. The magnification in shear due to 214 

rotors was obtained with a rotation speed about eight times less than that required for Froude 215 

scaling due to friction effects in the rotor bearings and the magnification in bed shear over that 216 

due to stators alone can only be indicative.  217 

The magnification of bed shear stress or friction coefficient has been previously found for 218 

recirculating wakes behind islands by an order of magnitude (Stansby 2003), indicating that this 219 

is a general effect to be expected for wake or jet-like flows.  220 
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CONCLUSIONS 221 

 Flows downstream from barrages are three-dimensional and highly rotational. The extent 222 

of rotation is dependent on the turbine representation, with swirl increasing with the 223 

addition of stators and then further with rotors.  224 

 Maxima in the velocity occur at the duct centres with open ducts, but at the duct edges 225 

with the inclusion of duct blockage. This causes different jet profiles and thus enhanced 226 

jet mixing and wake recovery. The duct blockage also has a greater effect on the depth 227 

downstream than the type of swirl generation.  228 

 Circulation changes from duct-localised, at 2D, to across the flume, at 5D downstream. 229 

Depth-averaging methods would not account for this circulation, thus leading to 230 

misleading flow predictions.  231 

 Bed shear stresses are magnified with the addition of swirl, which could significantly 232 

change the prediction of sediment motion close to the barrage. 233 

 . Only at 20D downstream does the flow become unaffected by duct blockage and swirl. 234 
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Experiment 

Upstream 

depth,  

h1 (m) 

Downstream 

depth,  

h2  (m) 

Head 

difference, 

H (m) 

Discharge, 

Q (m
3
/s) 

Inlet 

velocity, 

Uin (m/s) 

Froude 

Number 

(1) No turbine 0.233 0.216 0.017 0.0291 0.1025 0.0678 

(2) Stators 0.233 0.215 0.018 0.0222 0.0783 0.0518 

(3) Stators and 

Rotors 
0.287 0.233 0.054 0.0383 0.1095 0.0652 

Table 1 – Experimental flow conditions 275 
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 277 

Figure 1 – Barrage schematic 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

Figure 2 – Turbine representation with bulbs and stators and Vectrino ADV 286 
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 289 

Figure 3 – Turbine representation with bulbs and stators/rotors 290 

 291 
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 293 
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 296 

 297 

Figure 4 - Water depth variation 298 
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 300 
 301 

Figure 5 - Non-dimensionalised velocity vectors in X-Y plane, 302 

a) Close to bed, b) Duct midheight, c) Close to surface 303 
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 306 

Figure 6 - Non-dimensionalised velocity vectors in Y-Z plane 307 

 308 
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 310 

Figure 7 (a) - Non-dimensionalised streamwise velocities at one diameter (1D) downstream 311 

 312 

Figure 7 (b) - Non-dimensionalised streamwise velocities at two diameters (2D) downstream 313 

 314 

Figure 7 (c) - Non-dimensionalised streamwise velocities at five diameters (5D) downstream 315 

 316 

 317 

318 
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 319 

320 

 321 

Figure 10 - Normalised experimental bed shear stresses, 322 

a) No turbine representation b) Stators only c) Stators/rotors (NOTE different scales) 323 

c 

b 

a 


