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Abstract:  
Tidal current turbine has attracted more attentions, but the impact of Darrieus-type tidal 
current turbine on the seabed scour process still remains unclear. This work aims to 
propose an empirical model, which can be used to predict the seabed scour depth against 
different tip clearance and rotor radius. The study also presents the scour profiles along 
centreline of turbine by using the proposed empirical equations. A series of 3D-printed 
turbine models was placed in a circulating water flume to investigate the scour profiles. 
The results suggest that the scour depth increases with the decrease of tip clearance. 
When the turbine is installed so close to seabed, the scour process is live bed scour with 
the collapse of the slant bed and scour depth does not further increase with the 
continuous decrease of tip clearance. The current experimental results proposed that the 
maximum scour depth is about 80% deeper than single pile induced seabed scour. Scour 
depth increases firstly and then decrease with the increase of rotor radius. Based on 
experimental results, an empirical model of Darrieus-type tidal current turbine induced 
seabed scour is proposed to predict the maximum scour depth and scour profiles.  
 
Keywords: Darrieus-type tidal current turbine, seabed scour, renewable energy, 
empirical model 
 
 
 
 



1. Introduction  
The development of marine renewable energy has huge potential to reduce 
environmental pollution and ease energy shortages [1]. As a clean and pollution-free 
renewable energy, tidal current energy has advantages of rich resource reveres, wide 
distribution and high predictability compared to other energy sources [2]. Interest in the 
use of tidal current energy has been growing over the past years.  
 
Tidal current turbines can be categorized as either vertical-axis, or horizontal-axis 
turbines with different relative orientation between flow and rotation axis [3]. The 
development of Darrieus-type tidal current turbine has gained more and more interest 
due to its ability to capture the energy from various directions without adjusting the 
turbine position. The original concept of the Darrieus-type turbine was patented by 
French engineer George Darrieus in 1931 [4]. Since that time many applications and 
improvements have been devised to extract tidal current energy. 
 
The impact of tidal current turbine to seabed is an essential issue when carries on the 
engineering design and installation of tidal current turbine. For Darrieus-type tidal 
current turbine with monopile foundation, the formation of horse vortex can happen in 
front of the monopile structure, whereas the formation of wake vortices can happen 
behind the monopile structure [5]. The turbine rotor changes the boundary layer profile, 
and consequently alters the formation of horseshoe vortex. The action of flow 
contraction accelerates the flow between turbine and seabed. Hence the scour depth 
increases compared to scour at piles.  
 
Seabed scour around a pier or pile has been widely studied in the past years. The 
characters of fluid, bed material, flow, and geometry of offshore foundation may 
influent the scour phenomenon. In 1973, Neill [6] proposed a simple equation 
supposing that scour depth divided by diameter of the structure is a constant ( ), where 

  is the correction factor of pier shape. Breusers et al. [7] improved an empirical 
equation to predict the scour depth with consideration of bed conditions, size of bed 
sediment, current velocity, and water depth based on series of experiments in 1977. 
Richardson and Davis [8] adopted Froude number in their expression. Sumer et al. [9] 
carried out the experimental investigation on scour around piles exposed to waves. 
Recently, Simons et al. [10] indicated that seabed scour is reduced in two-direction flow 
compared to unidirectional flow. Whitehouse [11] proposed a scour time evolution 
predictor (STEP) to predict the development of scour evolution of offshore structures. 
These researches can be foundation to study the Darrieus-type tidal current turbine 
induced seabed scour. 
 
The existence of turbine rotor makes the seabed scour phenomenon more complex. The 
investigation of flow field around tidal current turbine is an initial input to study 
Darrieus-type tidal current turbine induced seabed scour. For horizontal-axis tidal 
current turbine, Sun et al. [12] used the actuator disk model to estimate the near wake 



of horizontal-axis tidal current turbine. Harrison et al. [13] conducted CFD 
(computational fluid dynamics) simulation to research the wake behaviour of tidal 
current turbine, and compared to the experimental results. Lam and Chen [14] proposed 
two equations to predict the wake characteristics based on the fundamental works of 
ship propeller jet. Tahani et al. [15] used the multi objective optimization of the 
horizontal-axis tidal current turbine to achieve its optimum performance. Lam and Chen 
[16] also used CFD simulation to investigate the slipstream between marine current 
turbine and seabed. Their results indicated the flow acceleration phenomenon occurred 
below the tidal current turbine. For Darrieus-type turbine, Ghasemian et al. [17] review 
the computational fluid dynamic simulation techniques for Darrieus-type wind turbines. 
Wang et al. [18] proposed a potential flow 2D vortex panel model to calculate unsteady 
hydrodynamics of Darrieus-type tidal current turbine for tidal streams energy 
conversion. Dai and Lam [19] used CFD simulation to predict the rotor performance 
and hydrodynamic loads of Darrieus-type tidal current turbine for structural design 
calculations. In addition, the double multiple streamtube (DMS) model, which was 
originally developed by Strickland [20] based on the momentum models, can also be 
used to investigate the hydrodynamic performance of turbine. However, there is few 
researches focus on the flow field around Darrieus-type tidal current turbine.   
 
To date, the researches of scour characteristics around tidal current turbine are still 
limited. Chen and Lam [21] reviewed the numerical equations to predict the seabed 
scour around piles. C Hill et al. [22] performed laboratory experiments to study the 
effect of an axial-flow hydrokinetic turbine model on an erodible channel. The results 
indicated that the presence of turbine rotor increased the local shear stress and 
accelerated the scour development. Jisheng Zhang [23] developed a mathematical 
model to numerically investigate the fluid-structure interaction and its induced 
sediment scour around a horizontal-axis tidal current turbine. Giles et al. [24] presented 
a preliminary experimental study investigating the potential benefits of foundation-
based flow acceleration structures for tidal current turbine and its function of scour 
protection. However, all above researches were focused on horizontal-axis tidal current 
turbine, the scour profiles of Darrieus-type tidal current turbine induced seabed scour 
is still unavailable.  
 
In the current research, experimental work has been performed in Marine Renewable 
Energy Laboratory at Tianjin University. Vertical and horizontal extents of scour hole 
are studied at various tip clearance and radius of turbines. After series of experimental 
tests, an empirical model for Darrieus-type tidal current turbine induced seabed scour 
was proposed. The outcomes of the study provide a fundamental understanding on the 
scour nature of Darrieus-type tidal current turbine.  

 

 

 



2. Comparison of three types of seabed scour 

Seabed scour around tidal current turbine has been well recognized as an engineering 
issue for its possibility to cause structural instability. A lot of researches have been done 
on the scour prediction of two forms: scour induced by propeller wash and scour near 
piers or piles. These researches can be references for Darrieus-type tidal current turbine 
induced scour. The comparison of these three types of seabed scour is listed in table 1.  
 

Table 1. Comparison of three types of scour process 

Scour types Scour mechanisms Schematic presentation  

Ship 

propeller jet 

induced scour 

The dominant feature of scour process 

is ship propeller jets. When the 

clearance between the seabed and 

propeller tip is low, the high shear 

force from ship propeller jet can loose 

up the sediment and then brings about 

the scour and deposition. 

Scour around 

piles or piers 

The dominant feature of scour process 

around piles or piers is the horseshoe-

vortex system. The sediment particles 

are dislodged by the action of 

downflow and are pulled up by the 

action of upward particles of the 

horseshoe vortex. 

Darrieus-type 

tidal current 

turbine 

induced scour 

The dominant feature is the horseshoe-

vortex system like scour around piles, 

but the obstruction induced by the 

spinning rotor results in acceleration 

of the flow between the bottom rotor 

tip and bed surface. This acceleration 

disturbs the flow near seabed and 

increase the downflow below turbine. 

Hence the scour mechanism is 

amplified compared to scour around 

piles. 

 

The process of Darrieus-type tidal current turbine induced seabed scour is like scour 
around a pile, but the evidence of rotor makes the scour hole deeper. The dominant 
feature of scour process around the foundation of turbine is the horse-vortex system. 



The sediment profile is dislodged by the action of downflow and subsequently pulled 
up by the upward velocity of the horseshoe velocity. The equilibrium of scour depth 
can achieve when the magnitude of vertically downwards flow can no longer move 
surface sediment of scour hole [7]. The turbine rotor blocks the flow and accelerates 
current velocity between turbine and seabed. Hence the equilibrium of sour process can 
be disturbed, and magnitude of scour depth is relatively increased.  
 
To date, there are many researches focus on the scour issues around piles or piers, and 
numerous equations have been proposed to estimate the scour depth [6-11]. In addition, 
the researches of ship propeller jet induced scour can also be the references for turbine 
induced scour since that many similarities in hydrodynamics characteristics can be 
found between ship propeller and tidal current turbine. Seabed scour due to ship 
propeller jet has also been highlighted by many researchers [25-27]. However, little 
knowledge can be found on the tidal current turbine induced seabed scour. The scour 
depth around Darrieus-type tidal current turbine will be under-predicted applying 
numerical model of scour around piles. In the current study, an empirical model for 
Darrieus-type tidal current turbine induced seabed scour is proposed to predict the scour 
depth and spatial scour profile, which will be presented in section 5. 
 

3. Experiment Setup 
Scour experiments were carried out in Marine Renewable Energy Laboratory at Tianjin 
University. The tests were performed in a circulating water flume where the flow was 
driven by a propeller. The overall flume was 1.8m long, 0.8m wide and 0.6m deep, and 
each circulating channel was 0.35m wide. The water depth was kept in 0.3m during the 
experiments. The flume was built with Plexiglas to make it visible from outside. An 
aluminium frame was set up to install measuring equipment. The velocity of the 
incoming flow was monitored by a pitot tube, and scour depth was measured by the 
laser rangefinder.  
 
The Darrieus-type tidal current turbine models were installed in the centre of channel. 
The turbine support tower and rotor were manufactured by Three-dimensional printer 
using plastic materials. The 3D printing technology has advantage of rapid modelling 
and high precision, which is applicable to manufacture complex models. The turbine 
models used in the experiments were three blade Darrieus-type tidal current turbine 
with different rotor radius from 37.4mm to 56.3mm. The turbine was outfitted with a 
miniature DC motor to achieve the rotational speed of 110 rpm. The rotational speed 
was measured by non-contact detecting device of rotation rate. The diameter of the 
turbine tower was 0.01m. The sediment was packed with a plastic box which was nearly 
0.6m length and 0.1m tall. The experiments section consisted of nearly uniform 
sediment material ( =1.1mm), which was first levelled using a sand leveller. Turbine 
tower was adhered to the bottom of the box below the sediment surface. The box had 
two inclined planes at both the beginning and the end of the test section to ensure a 
smooth flow and prevent the box from disturbing the scour process. Fig. 1 shows a 



photo of the test section, turbine, and instrumentation used during experiments. A series 
of tests were investigated: 3 cases of different radius and 4 cases of different tip 
clearance. 
 
During the experiments, the flume was slowly filled with water and flow was driven 
gradually by propeller in order to prevent the disturbance of the sand bed. The test 
section was 0.3m upstream and 0.3m downstream from the turbine tower, preventing 
the effects of inlet and outlet boundary conditions on scour process. The incoming 
velocity 0.23m/s were maintained constantly during the experiment. The incoming flow 
velocity was below the threshold velocity of movement of the bed material. A flow-
equalizing equipment was installed in front of the test section to make the flow field 
more homogeneous. The detailed parameters of each test were shown in table 2. It was 
noteworthy that the circulating water flume was not large, hence the flow velocity near 
outer wall was a little quicker than the flow velocity near inner wall. The approaching 
velocity was expressed as the standard velocity of different width positions at same 
axial location. During the experiment, the laser distance meter measured the bed 
elevation for each 0.5cm in length and 0.5cm in width. The temporal and spatial results 
of scour process is presented and discussed in section 4.  
 

          
Figure 1: Experimental setup of model and instrumentation 

 
 
 
 
 
 
 
 
 
 



Table 2: Turbine, flow flume and sediment parameter used during the experiment 

Variable  Clear water Variable Clear water 

Turbine parameters Flow, channel, sediment parameters 

R(mm) 56.3, 45.9, 37.4 h(m) 0.3 

H(mm) 87.5 m /s  0.024 

c(mm) 20.4, b(m) 0.35 

Hydrofoil NACA0025  0.13 

C/H 0.25, 0.5, 0.75, 1 mm  1.1 

D(mm) 10 m/s  0.23 

rpm  110 m/s  0.25 

 

4. Experimental Results and Discussion  
Experimental results will be presented in this section. The spatial scour profiles after 
reaching the equilibrium will be displayed first, followed by the result of scour profiles 
along the centreline of supporting pile at streamwise direction. Then the maximum 
scour depth at various tip clearance and rotor radius will be presented.  
 

4.1. Spatial scour profile 

The 3D surface maps after reaching scour equilibrium at various tip clearance between 
the seabed and turbine (C/H=1, 0.75, 0.5, 0.25, respectively) are shown in Fig. 2(a-d). 
In each case, the tip clearance has been normalized by the rotor height. The final bed 
topography has subtracted initial flat surface and normalized by the diameter of 
supporting pile. In Fig.2 (a-d), the original point is centre of supporting pile. The x-axis 
shows the streamwise direction, ranging from 4.5D upstream and 8.5D downstream. 
During the current experiments, sediment eroded from the scour region was deposited 
behind the turbine.  
 
 
 
 
 
 



a. tip clearance =1H b. tip clearance =0.75H 

c. tip clearance =0.5H d. tip clearance =0.25H 

Figure 2: 3D surface map of seabed scour at various tip clearance 

 
The scour hole around Darrieus-type tidal current turbine shows the similar pattern on 
different conditions. The maximum scour depth reaches 2.2D (at C/H=0.5 or C/H=0.25). 
In general, the scour depth increases with the decrease of tip clearance, but it shows 
some interesting trend in detail. In the case of C/H=1, the final scour depth after 
reaching the scour equilibrium is about 1.6D. When the tip clearance decreases to 0.75H, 
the maximum scour depth is 1.7D, which is approximately like the case of C/H=1. 
However, when tip clearance decreases from 0.75H to 0.5H, the maximum scour depth 
shows much increase. At C/H=0.5, the scour depth is 2.2D after reaching dynamic 
scoring equilibrium, which is 29.4% bigger than the case of C/H=0.75. In the case of 
C/H=0.25, the equilibrium scour depth is 2.2D, which is same as the case of C/H=0.5.  
 
The size of scour hole shows great increase when the tip clearance decreases from 
0.75H to 0.5H, which can be seen in Fig. 3. The final scour topographies in (a) the case 
of C/H=0.75, and (b) the case of C/H=0.5 are presented in Fig. 3. The pile is the 
foundation of Darrieus-type tidal current turbine, the operational rotor is installed upon 
it as shown in Fig.1. The scour hole edge is indicated by white line, and the ridge of 
dune downstream is marked by black line in Fig.5 (c-d). Two channels like holes are 
formed on both sides of the dune with longitudinal slopes, which are flatter than the 
upstream slope. The horizontal extent of scour hole at C/H=0.5 is much larger than the 
case of C/H=0.75. Two branches of dune can be seen in the further downstream. 
 



  

a. tip clearance =0.75H (original topography) 

 

b. tip clearance =0.5H (original topography) 

c. tip clearance=0.75H (processed topography) 
 

d. tip clearance =0.5H (processed topography) 

Figure 3: Final scour topography in the case of (a, c) C/H=0.75 and (b, d) C/H=0.5; (a) and (b) are 

original topography, (c) and (d) are processed topography. Flow is left to right 

 
The effect of different rotor radius on the scour phenomena was also investigated in the 
current study. Two other cases of different rotor radius were set up in the current 
experiment (R=37.4mm and R=45.9mm respectively). The tip clearance was 0.5H, 
rotational speed and chord length remained unchanged. The final bed topography is 
shown in Fig. 4 (a-b). The maximum scour depth reaches 2.6D (R=37.4mm), and the 
minimum scour depth is 2D (R=45.9mm). Compared to the case of R=56.3mm as 
shown in Fig. 2(c), the scour depth in case R=37.4mm is 18% deeper, but the scour 
depth in case R=45.9mm is 9% shallower. It is inferred that the different rotor radius 
could be playing a role: The flow field around Darrieus-type tidal current turbine is 
affected by the rotor radius. Then the degree of flow acceleration and contraction 
between turbine and seabed is changed. The relation between scour depth and rotor 
radius will be discussed in detail in section 4.4.  
 



 
a. R=45.9mm 

 

b. R=37.4mm 

Figure 4: 3D surface map of seabed scour at various rotor radius 

 

4.2. Horizontal extent of scour hole 

A closer look at horizontal extent of scour hole in different cases is plotted in Fig. 5. 
The semi-circle in Fig. 5 represents the supporting pile of turbine. Fig.5 (a) shows the 
range of scour hole at various tip clearance, and Fig. 5(b) shows the influence of 
different rotor radius on horizontal extent of scour hole. As shown in Fig. 5(a), the width 
of scour hole edge is about 3.5D at x=0 in the cases of C/H=1 and C/H=0.75, the size 
of scour hole shows little change between these two cases. With the decrease of tip 
clearance from 0.75H to 0.5H, the scour hole shows great increase. The hole width is 
about 4D in the case of C/H=0.5, which is 14% larger than the case of C/H=0.75. 
However, when the tip clearance decreases from 0.5D to 0.25D, scour hole width shows 
a little increase, from 4D to 4.1D. As shown in Fig. 5(b), with different rotor radius, the 
minimum width of scour hole is 4D (R=45.9mm) and the maximum width is 4.8D 
(R=37.4mm). 

 
a. Different tip clearance b. Different rotor radius 

Figure 5: Half plan view of edge of scour hole around turbine with (a) different tip clearance and 

(b) different rotor radius 

The width of scour hole edge at location x=0 in each case is listed in table 3. In general, 
the horizontal extent of scour hole increases with the decrease of tip clearance. Rotor 
radius can also affect the development of scour hole.  

C/H=1.00
C/H=0.75
C/H=0.50
C/H=0.25



 
Table 3: Width of scour hole edge at location x=0 

Case Rotor radius (mm) C/H Width/D 

1 56.30 1.00 3.5 

2 56.30 0.75 3.5 

3 56.30 0.50 4.0 

4 56.30 0.25 4.1 

5 45.90 0.50 3.9 

6 37.40 0.50 4.8 

 

4.3. Scour profiles along the centreline of turbine 

The measured final scour profileS along the centreline of turbine at various tip clearance 
(C/H=1, 0.75, 0.5, 0.25, respectively) are presented in Fig.6. In Fig.6 (a), the scour 
profiles have been normalized by the diameter of supporting pile. The data in the figures 
reveals that an adverse longitudinal slope is formed downstream, which is flatter than 
the upstream slope. In the case of C/H=1 and C/H=0.75, the horizontal extent of scour 
hole at streamwise direction is about 5D downstream. A dune formed behind the turbine 
can be found. However, the scour profile shows greater scatter in the case of C/H=0.5 
or C/H=0.25, the size of scour hole is much bigger. The dune cannot be found within 
the limits of 8D downstream. The length of scour hole in the streamwise direction is 
about 8.5D downstream at C/H=0.5, and 10D downstream in the case of C/H=0.25.  
 
In Fig. 6(b), x-axis was normalized by the length of scour hole in the streamwise 
direction,	 . And y-axis was normalized by the maximum scour depth after reaching 
equilibrium in each case, . The dimensionless coordinates ( , ) of the scour hole, 
where / , x = horizontal distance from the centre of supporting pile of turbine, 
and = length of scour hole from the supporting pile to the end of the scour hole.	
/ , S = vertical distance from the undisturbed bed level, and  maximum scour 

depth in each case.  
 
Based on scour profiles at various tip clearance, the scour profiles upstream can be 
categorized as two conditions: live bed scour(C/H  0.5) and clear water 
scour(C/H>0.5). When C/H>0.5, the turbine rotor shows little impact on the scour 
process, the sediment is removed from the scour hole but not supplied by the 
approaching stream. When C/H 0.5, the scour phenomenon is live bed scour, the scour 
hole is continuously fed with the sediment by the approaching stream. Hence the size 
of scour hole is much bigger. 
 



(a)            

(b)            

Figure 6: Scour profiles at various tip clearance along centreline of Darrieus-type tidal current 

turbine: (a) each axis has been normalized by diameter of supporting pile; (b) horizontal distance 

was normalized by length of scour hole,	 , and vertical distance was normalized by maximum 

depth of scour hole, .  

In upstream, the data collapse into two curves due to different tip clearance. And all 
data collapse into one curve downstream. The parameters  and  used for proposed 
model are listed in table 4. The numerical model to describe the scour profiles will be 
proposed in section 5.  

 

Table 4: Parameters in empirical model of scour profiles along centreline of turbine 

Case Rotor radius (mm) C/H /  /  /  

1 56.30 1.00 1.6 4.6 2.88 

2 56.30 0.75 1.7 4.8 2.82 

3 56.30 0.50 2.2 8.5 3.86 

4 56.30 0.25 2.2 10.0 4.55 



4.4. Maximum scour depth 

The evolution of scour in time at various tip clearance is plotted in Fig. 7. In each case, 
the maximum scour depth will not increase after about 150mins, which means the scour 
process has reached equilibrium. With the decrease of tip clearance, the depth of scour 
increases more quickly, but the equilibrium time is longer. The least scour depth occurs 
at C/H=1, which is 1.6D. The maximum scour occurs in the case of C/H=0.5 or 
C/H=0.25, which is 2.2D. The scour depth at C/H=0.75 increases about 6.3% compared 
to the case of C/H=1. The final scour depth of cases C/H=0.5 or C/H=0.25 is much 
deeper, which is 29.4% bigger than the case of C/H=0.75. This is due to the flow 
acceleration below turbine and collapse of the slant bed. When the turbine is installed 
low enough, the scour process is live bed scour, the scour depth will not increase 
significantly with the continuous decrease of tip clearance.  

 

Figure 7: Evolution of maximum scour depth in time at various tip clearance 
 
To find the relation between rotor radius and scour depth, an evolution of scour in time 
comparison with different radius is plotted in Fig.8. The final scour depth decreases 
first and then increase against rotor radius. In each case, the scour development has 
reached equilibrium after 180mins. In the case of R=45.9mm, the scour depth reaches 
the final equilibrium at about 100mins, which is fastest among all the three cases. The 
least scour occurred in the case of R=45.9mm, which is 2D. The maximum scour is 
2.6D occurred in the case of R=37.4mm, which is 30% bigger than the least scour depth. 
These results reveal that the hydrodynamic performance of Darrieus-type tidal current 
turbine has great impact on scour depth. 



 

Figure 8: Evolution of maximum scour depth in time with different rotor radius 

 

As mentioned above, the hydrodynamic performance of Darrieus-type tidal current 
turbine can influence the scour progress. The dimensionless coefficients for power ( ), 
as shown in Eq. (1), was calculated by double multiple streamtube model.  

 20.5 2P
r

P
C

U RHR
  (1)

Fig. 9 shows the trend of  against different rotor radius. The final scour depth and 
 against different rotor radius show a contrary trend: with the increase of rotor radius, 

the scour depth decreases first and then increase, but   increase first and then 
decrease. A part of tidal current energy in flow field is captured by the turbine, and  
can be used to investigate the energy extraction efficiency. With the change of , the 
rest of energy for seabed scour is different. Meanwhile, the flow passing through turbine 
can also be disturbed with different  . Then the degree of flow contraction and 
acceleration below turbine is changed considering law of conservation of mass. Hence 
the scour hole is deeper at lower . 

R=56.3mm
R=45.9mm
R=37.4mm



  
Figure 9: the comparison between Energy extraction efficiency  and dimensionless scour depth 

/  against different rotor radius 

 

4.5. Scour process 

Based on the results above, the scour process of Darrieus-type tidal current turbine 
induced scour will be presented in this section. The seabed scour is mainly developed 
by the action of horseshoe vortex system, which is much like scour at piles. But the 
operational rotor makes the phenomenon a little different. The scour process can be 
categorized as two types: clear water scour (C/H>0.5) and live bed scour (C/H 0.5). 
In the process of clear water scour, the sediment is removed from the scour hole but not 
supplied by the approaching stream. Live bed scour occurs when the scour hole is 
continuously fed with the sediment by the approaching stream [5].  
 
When the Darrieus-type tidal current turbine is installed high enough (C/H>0.5), the 
scour process is clear water scour. The sediment particles are dislodged by downflow 
and pulled up along the slope of scour hole by the upward velocity of horseshoe vortex. 
The dislodged sediment particles are washed out downstream by the arms of the 
horseshoe vortex. The final equilibrium will be reached when the downflow can no 
longer remove the particles from the bed. 
 
The evidence of turbine rotor has impact on the scour process. Flow is blocked by the 
turbine rotor, then the flow acceleration between turbine and seabed occurs due to the 
flow contraction. Downflow below turbine will be strengthen by the mixing flow. 
Generally, the hole size has a slight increase with the decrease of tip clearance  
 
However, with the continuous decrease of tip clearance (C/H 0.5), the scour will be 
live bed scour. The sediment particles are dislodged by the action of downflow and are 



pulled up by the action of upward velocity of the horseshoe vortex. In addition, the 
scour hole is also fed with sediment due to the collapse of seabed. The horizontal and 
vertical extent of scour hole develops due to the action of downflow along with the sand 
bed erosion until the equilibrium of scour depth. During this scour process, the 
horizontal extent of scour hole at lateral direction is about 10-20% bigger than clear 
water scour, and scour depth is about 30% bigger. The dune is formed in the further 
downstream, and slowly migrates downstream with the development of the scour hole. 
An adverse longitudinal slope is formed downstream, which is flatter than the upstream 
slope. With the continuous decrease of tip clearance, the equilibrium scour depth is 
independent on tip clearance. And the scour depth will no longer increase with the 
decrease of tip clearance. 
 
Moreover, the scour equilibrium is also affected by the hydrodynamic performance of 
tidal current turbine. For Darrieus-type tidal current turbine, the flow field around 
turbine is disturbed due to the operational rotor and become very complicated. A low 
flow speed area with high pressure occurs behind the turbine along the lateral axis 
downstream. During the current experiment, the energy extraction efficiencies  is 
found to increase firstly and then decrease with the increase of rotor radius, as shown 
in Fig.11. But the maximum scour depth decreases first and then increase against 
different rotor radius.  can be used to investigate the energy extraction efficiency 
from flow field by Darrieus-type tidal current turbine. The seabed scour develops with 
the input of energy in flow field, where a part of tidal current energy has been harnessed 
by the turbine. At lower  , less energy is extracted by the turbine, and more rest 
energy is used for scour process  considering law of conservation of mass. This 
phenomenon may cause the deeper scour depth. 
 

5. Empirical model  
An empirical model for Darrieus-type tidal current turbine induced seabed scour will 
be concluded in this section. This empirical model contains the prediction of scour 
depth, and the scour profiles along the centreline of Darrieus-type tidal current turbine.  
 

5.1. Analyses of scour parameters 

There are many parameters which may influence the scouring process. The analysis has 
been made mainly for the following variables: 
 
For the fluid:  density, and  acceleration due to gravity; 
For the bed material:  diameter of sediment and  its density; 
For the flow: h the depth and  the mean velocity of inflow; 
For the turbine: D diameter of monopile, C clearance between rotor and seabed and R 
rotor radius. 
 
Therefore, the scouring depth  depends on nine parameters: 



  1 50, , , , , , , ,t c sS f U D C d R g h   (2)

These parameters may be replaced by the following ones: 

 
 

50
2 0.5, , , , ,c c s

t
cr

U d UC R
S f

U H D D gh

 


 
  

 
 

(3)

Where H is the height of rotor. It has been assumed therefore that the relative density 
and relative clearance is of importance. The term  is constant by considering only 
natural sediments. 
 
The theorem of Vaschy-Buckingham allows us to write: 
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Where  is the densimetric Froude number which is given by 
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The justification for the choice of the dimensionless parameters is the following: 
 
1 The experimental research shows that the scour depth is relate to the diameter of the 
pier. Since the dimension of horseshoe vortex system is a function of the diameter of 
the pier; 
2 3 4 There are classical parameter in the study of local scour at piers. 
5 6 These ratios show the impact of Darrieus-type tidal current turbine on the scour 
depth. 
 
This research aims to investigate the scour depth of Darrieus-type tidal current turbine 
induced scour and propose empirical equations to predict the scour depth. Parameters 
2-4 have been studied by many researchers for scour around piers. Parameters 5 and 6 
should be two important variables to represent the effect of turbine. After applying the 
Buckingham π theorem，the correction factor for Darrieus-type tidal current turbine 
can be obtained as follows: 
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5.2. Empirical model of scour depth 

5.2.1. Influence of tip clearance 

To investigate the impact of tip clearance on the scour depth of Darrieus-type tidal 
current turbine induced scour, the final scour depth of scour around single pile without 
rotor was tested. The maximum scour depth is 1.45D, which is 9% less than Darrieus-
type tidal current turbine induced scour in the case of C/H=1. The comparison of scour 
depths with different tip clearance is shown in Fig. 10. The dashed line shows the scour 
depth of single pile without rotor in the current experimental conditions.  
 

  
Figure 10: The scour depth of Darrieus-type tidal current turbine induced scour against different tip 

clearance, the dashed line shows scour depth around single pile 

 
The final depth of Darrieus-type tidal current turbine induced scour increases with the 
decrease of tip clearance, which can be seen in Fig. 11. The scour depth around turbine 
is deeper than scour around pile. This may due to the flow acceleration and contraction 
below the turbine. The increments of scour depth between scour around pile and 
Darrieus-type tidal current turbine are listed in table 5. 

 
Table 5: Comparison of scour depth between scour around turbine and single pile 

Case Rotor radius (mm) C/H S/D Increment (%) 

1 56.30 1.00 1.6 9.9 

2 56.30 0.75 1.7 16.8 

3 56.30 0.50 2.2 51.3 

4 56.30 0.25 2.2 51.3 

5 45.90 0.50 2.0 37.5 

6 37.40 0.50 2.6 78.9 

Scour depth around turbine
Scour depth around single pile



There is a significant increase in scour depth around Darrieu-type tidal current turbine 
when compared to scour around single pile. In the current experiments, the maximum 
increase of scour depth is about 78.9%, and the minimum increase is about 9.9%. The 
empirical model for scour depth can be proposed based on the researches of scour 
around single pile. Numerous equations have been proposed to estimate the scour depth 
around piles in the previous researches, as shown in table 6.  

Table 6: summary of equations for predicting scour around piles. 

Empirical equations Notation S D  
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0.91,	 0.75,	 1.	  

	

1.64	

In the current experiment, the scour depth around single pile is about 1.45D as shown 
in Fig.10, The empirical equations listed in table 7 are under- or over- predicted for 
most of the current experimental cases.  

It was therefore decided to express the maximum scour depth of Darrieus-type tidal 
current turbine induced scour, , as a ratio of the maximum depth predicted for the 
pier without turbine,  . This ratio can also be expressed as a correction factor for 
Darrieus-type tidal current turbine, , to correct the existing empirical equations. As 
mentioned in section 5.1, the correction factor   can be proposed based on the 
dimensional analysis as following: 

  4 c,t rK f K K  (7)

 is the correction factor for tip clearance, and  is the correction factor for rotor 



radius. The correction factor for Darrieus-type tidal current turbine  can be formed 
as Eq. (8).  

 t c rK K K  (8)

Based on the experimental results, the influence of tip clearance on scour depth can be 
investigated. In the actual engineering of tidal current turbine, the tip clearance is about 
0.5H.  is assumed to be 1 at C/H=0.5. Then the correction factor for normalized tip 
clearance can be described as follow: 
 
a. C/H>1, the impact of turbine is not significant. The correction factor for turbine 
remained to be constant.  is same as the case of C/H=1.  

 =0.727cK  (9)

b. 0.5<C/H 1, the impact of turbine increases with the decrease of tip clearance. The 
scour process is still clear water scour. With the decrease of tip clearance, the strength 
of downflow increase due to flow contraction and acceleration below turbine. In these 
conditions, the impact of tip clearance on scour depth can be described by quadratic 
function.  

 ( )2
= 1 0.727cK C H - +  (10)

c. C/H 0.5, the correction factor for turbine remained constant. In this case, the scour 
process is live bed scour, and the equilibrium depth of scour hole will not increase with 
the continuous decrease of tip clearance.  

 =1cK  (11)

The fitting curve of   and experimental data is presented in Fig. 11.   is scour 
depth in the case of C/H=0.5.  

 
Figure 11: The correction factor for tip clearance   



5.2.2. Influence of rotor radius 

As shown in Fig.12, the scour depth decreases first and then increase with the increase 
of rotor radius. In the current experiment, the maximum scour depth is 2.6D at 
R=37.4mm, and minimum scour depth is 2D at R=45.9mm. The tip clearance remained 
0.5H in each case, which is close to actual projects of Darrieus-type tidal current turbine. 
The seabed scour reaches minimum depth when the rotor radius is close to R=45.9mm 
and increases with the deviation from that radius. However, the scour has maximum 
depth instead of keeping increasing. Based on these analysis, the Gaussian probability 
distribution is modified to fit experimental data of scour depth against different rotor 
radius. The influence of rotor radius on the scour depth resulted in a relation of the form:  

       2 22

max max min
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S S S e
K
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Where u is the radius at which the minimum scour depth is obtained. As shown in 
section 4.4,   is changed with different rotor radius, and the scour depth shows 
contract trend with  against rotor radius. At about R=4.96mm, the maximum  is 
reached. Hence u=4.96. And   is scale parameter of Eq. (12). Compared to 
experimental data,   can be substituted as 0.6,   maximum scour depth 
against different rotor radius, and  minimum scour depth against different rotor 
radius.   and   are estimated based on experimental data.   can be 
obtained as following: 

  24.96 0.72
1.213 0.35

R D

rK e
  
    (13)

The fitting curve of  and experimental data is presented in Fig.12.  is assumed 
to be 1 at R=56.3mm.  

 
Figure 12: The correction factor for rotor radius   

 



To sum, the empirical equations for predicting scour depth around turbine are listed in 
table 7, which are obtained by adding a correction factor  to the equations for scour 
around piles. In addition, each equation of pile induced scour should be adjusted by 
multiplying a constant m to ensure the predicted scour depth is equal to the turbine 
induced scour in the case of C/H=0.5.  
 

Table 7: Empirical equations for predicting scour around turbine 

Empirical equations for predicting 

scour around pile 
m 

Empirical equations for predicting 

scour around turbine 
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In Eqs.(14-17),  is the correction factor for Darrieus-type induced tidal current 
turbine, in which 

 t c rK K K  (18)

Where  
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The overall comparison between the computed and observed maximum scour depth is 
presented in Fig. 13. The results provided a great correlation, with an  of 0.9894. 



 
Figure 13: Comparison between measured and predicted maximum scour depth 

 

5.3. Scour profiles along centreline  

The schematic diagram of scour profiles along centreline of turbine is discussed in 
section 4.3, an empirical model for scour profiles will be proposed in this section. As 
plotted in Fig. 14, the data collapse into two curves due to different scour types 
upstream, and all data collapse into one curve downstream. To describe the scour 
profiles along the centreline of turbine, the measured dimensionless scour profiles are 
compared with three independently polynomials as follows: 

 y x>0 =a0+a1x+a2x2+a3x3 (19) 

 y x≤0 =b0+b1x+b2x2 , for live bed scour (C/H≤0.5) (20) 

 y x≤0 =c0+c1x+c2x2 , for clear water scour (C/H>0.5) (21) 

Where / , and / . In which , ,  are coefficients. The scour 
profiles downstream can be fitted by cubic polynomials, and scour profiles upstream is 
more like second-order equations. In Eq.(19), two boundary conditions should be 
satisfied, which are as follows: (1) at 0, 1; (2) at 1, 0. Similarly, 
the coefficients  and  related to Eq.(20) and Eq.(21), which depict the scour 
profiles upstream, should agree with the following boundary conditions: (1) at 
0, 1; (2) at 0, d / 0. Then the empirical equations for scour profiles 
along the centerline of turbine can be obtained as follows: 



 

 y x>0 =-1+0.8x+0.5x2-0.3x3 (22) 

 y x≤0 =-1+5.2x2 , for live bed scour (C/H≤0.5)  

 y x≤0 =-1+1.8x2 , for clear water scour (C/H>0.5)  

 
Figure 14: empirical model for scour profiles along centerline of turbine 

  can be obtained by the empirical model as listed in table 7, and   is mainly 
influenced by the tip clearance in each case. In the case of 0.25 C/H 0.75,  can 
be fitted by linear function against tip clearance. And  is suggested as listed in table 
8.  

Table 8: Parameters in empirical model of scour profiles along centreline of turbine 

  Case /  

    C/H 1 4.6 

    0.75 C/H 1 4.8 

    0.25 C/H 0.75 12.6 10.4 ∙  

    0 C/H 0.25 10.0 

To ascertain the general applicability of this empirical model, the experimental data of 
Ming Zhao [29] and model of topwidth of scour hole proposed by Richardson and Davis 
[8] of scour at piles were used for comparison, as shown in Fig. 15. Richardson and 
Davis suggest that topwidth of scour hole is twice than the maximum scour depth for 
scour at bridges, which is 30% less than the case of clear water scour around Darrieus-
type tidal current turbine in the current experiment (at C/H=0.75, scour depth is 1.7D, 
/ 2.82). However, the dune formed downstream is ignored in their model. In 



Ming Zhao’ s experiment, 0.4mm , hence the maximum scour depth of their 
experiment (1.25D) is less than the current experiment (at C/H=0.75, scour depth is 
1.7D). However, the scour profiles along the centreline in streamwise direction in Ming 
Zhao’s experiment shows great agreement with the proposed model, as shown in 
Fig.15(b).  

 (a)           

(b)            

Figure 15: Comparison of Ming Zhao’s (2010) data, Richardson and Davis’s (2001) model of 

topwidth of scour hole around piles, the current experimental data for Darrieus-type tidal current 

turbine induced scour and the proposed model for clear water scour.  

 

5.4. Empirical model 

Based on the analysis in section 4, the empirical model of scour profile for Darrieus-
type tidal current turbine induced seabed scour is presented in Fig.16.   can be 
predicted by each numerical equation in Eqs.(14-17) listed in table 7, and correction 
factor for Darrieus-type tidal current turbine  is calculated by Eq.(18) as shown in 



section 5.2. The numerical model for the shape of scour hole along centreline of turbine 
can be obtained through Eq.(22) as shown in section 5.3.  

 
Figure 16: Empirical model for Darrieus-type tidal current turbine induced seabed scour 

 

6. Conclusion  
The presence of rotor amplifies the horizontal and vertical extent of Darrieus-type tidal 
current turbine induced seabed scour. The scour depth increases due to the flow 
acceleration and contraction between turbine and seabed. The tip clearance plays the 
most important role in affecting the scour depth. Normally, the scour depth increases 
with the decrease of tip clearance. However, when the tip clearance is low enough, the 
scour process become live bed scour, and scour depth will not increase significantly 
with the continuous decrease of tip clearance. In addition, the scour depth increases 
firstly and then decrease with the increase of rotor radius. It means the hydrodynamic 
performance of Darrieus-type tidal current turbine can also affect the scour process. 
Based on the experimental data, the effort in proposing an empirical model to predict 
the Darrieus-type tidal current turbine induced seabed scour was a success. The 
contributions made through this study are: 
 
1. The value and location of maximum scour depth of Darrieus-type tidal current turbine 
at various tip clearance and rotor radius are obtained. The impact of turbine rotor on the 
scour process has been discussed. In the current experiment, the maximum scour depth 
reached 2.6D in the case of C/H=0.5 and R=37.4mm, while the minimum scour depth 
is 1.6D in the case of C/H=1. The maximum scour depth is about 80% bigger than scour 
around single pile. The maximum scour depth happened at site of supporting pile, at 
location about x/D=-0.5, y/D=-0.5. A dune is formed behind turbine and slowly 
migrated downstream with the development of the scour hole, and the maximum height 
of the dune is about 1D. 



 
2. The empirical model for Darrieus-type tidal current turbine induced seabed scour 
was proposed. Firstly, a correction factor for Darrieus-type tidal current turbine 
considering the effect of tip clearance and rotor radius was proposed. 
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The numerical equations to predict scour depth were proposed by adding the correction 
factor  based on empirical equations for scour around piles. 
 
Secondly, the empirical model for scour profiles along the centreline of turbine was 
proposed as follows: 

 y x>0 =-1+0.8x+0.5x2-0.3x3  

 y x≤0 =-1+5.2x2 ,  for live bed scour (C/H≤0.5)  

 y x≤0 =-1+1.8x2 ,  for clear water scour (C/H>0.5)  

In future research works, it is suggested to investigate the influence of turbine geometry, 
turbine hydrodynamic performance with more details on Darrieus-type tidal current 
turbine induced seabed scour. 
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List of symbols 
R    rotor radius 
H      height of turbine rotor 
c     chord length of turbine rotor 
C   turbine tip clearance 
D   diameter of supporting pile 

   rotational speed of turbine 
h   flow depth 

   flow discharge 
b   channel width 

   mean sediment grain diameter 
   Froude number of incoming flow 
   depth-averaged current speed 
   threshold depth-averaged current speed 

x   longitudinal (streamwise) direction 
y   lateral direction 
z   vertical direction 
S   scour depth at different locations 

   maximum scour depth 
   length of scour hole from foundation to the end of scour hole 

P   output power of turbine 
t   time 

   density of fluid 
   dimensionless coefficients for power 

g   acceleration due to gravity 
  density of sediment 
   correction factor for Darrieus-type tidal current turbine 
   correction factor for rotor radius 
   correction factor for tip clearance 
   correction factor for pier shape 
   correction factor for bed condition 
   correction factor for size of bed material 
   correction factor for flow angle of attack 
   correction factor for pier width or pile diameter 

   depth size 
   flow intensity 
  sediment size 
   channel geometry 
   scour depth at C/H=0.5, R/D=5.63 

   maximum scour depth against different rotor radius at C/H=0.5 
   minimum scour depth against different rotor radius at C/H=0.5 

u   coefficient 
   coefficient 



   coefficients 
   coefficients 
   coefficients 

   dimensionless horizontal distance from centre of foundation 
   dimensionless vertical distance from initial flat surface 
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