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Abstract—More advanced simulation tools are required to 
predict the loads experienced by a turbine in situ due to the 
surrounding environment including the effects of inflow 
turbulence, the impact of turbines operating upstream, the effect 
of the free surface, and the impact of surface waves, to name a 
few.  These advanced models require detailed data sets for 
validation.  At this time, few studies have focused on the near 
wake in an effort to provide such detailed data.  It is critical to 
understand this region because it is where much of the high-
energy phenomena occur that is most likely to impact turbine 
performance and reliability.  To this end, a towing-tank particle 
image velocimetry (PIV) system was designed, built, and used to 
provide measurements of the flow in the near wake of a scale-
independent marine current turbine.  Included are preliminary 
results including a representative case and turbulent statistics for 
an ensemble of realizations.     
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I. INTRODUCTION 
The marine current turbine, like its more technologically 

mature contemporary, the wind turbine, produces power from 
an abundant source that is clean and sustainable making it 
attractive to those in search of alternative energy sources.  
Marine current turbines are superior to wind turbines with 
regard to specific power output (i.e. the swept area of the 
turbine per unit power produced, a consequence of the 
difference between the density of water and the density of air), 
and the predictability of marine currents.  Despite these 
advantages there are, however, significant barriers to 
implementation.  The marine operating environment is 
uncertain and unforgiving which translates into considerable 
expense to build, install, and maintain a marine current turbine.  
The development of high-fidelity models will help to reduce 
the uncertainty and help lower the barriers to wide-scale 
implementation. 

In an effort to spur development of marine current turbine 
technology the U.S. National Renewable Energy Laboratory 
promulgated Reference Model 1 (RM1), shown in Fig. 1, and 
called for the development of computational models, studies 
describing the environmental impact, and the establishment of 
methods of life cycle cost estimation [1].  This paper focuses 
on the first of these goals, to provide experimental data, near-
wake velocity profile data specifically, for model validation.   

 

Fig. 1: Reference Model 1 (RM1) promulgated by the U.S. National 
Renewable Energy Laboratory [1]. 

Detailed wake measurements might also lead to a better 
understanding of the complex interactions between the inflow, 
the turbine, and the wake.     

To date, a number of studies have been focused on 
mapping the wake of a horizontal axis marine current turbine 
using scale models of two- and three-bladed turbines including 
Neary, Gunawan, Hill, and Chamorro [2], Chamorro et al. [3], 
and Tedds, Owen, and Poole [4].  In their study, Neary, 
Gunawan, Hill, and Chamorro [2] used acoustic Doppler 
velocimetry (ADV) to characterize the streamwise velocity of a 
1/10th scale, three-bladed axial flow turbine measuring 
D=0.5m, where D is the turbine diameter, in a water channel. 
The velocity measurements were taken at 1D upstream and 1, 
3, 5, 9, and 15D downstream, and it was shown that the 
streamwise velocity recovered to approximately 80% of 
upstream levels by 10D indicating possible optimal array 
spacing of 10-15D.   Chamorro et al. [3], using a similar 
experimental setup presented a number of new insights on the 
coupling between the turbine frequency and those observed in 
the wake.  They also showed wake meandering, a phenomenon 
characteristic of wind turbines, noted for the first time in 
marine current turbine literature.  Tedds, Owen, and Poole [4] This study was sponsored by the Office of Naval Research
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II. EXPERIMENTAL METHOD
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B. Model Turbine 
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Fig. 3: Experimental apparatus including the shaft spee
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Fig. 6: The instantaneous velocity distribution in the streamwise direction (a, c, and e) and the vertical direction (b, d, and f) for each of the three 
vertically oriented positions.  The mean flow is from left to right.  The turbine would be located above and to the left of these positions and 
rotates clockwise when viewed from a position upstream of the turbine.   

a) b) 

c) d) 

e) f) 
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III. PRELIMINARY RESULTS 

A. Data Acquisition Scheme 
 For the purposes of this discussion, the x-axis is defined as 
oriented parallel to the long axis of the towing tank with 
positive direction oriented downstream.  The z-axis is defined 
as the vertical direction, with positive directed upward.  The 
origin for position reference is the center of the turbine hub, at 
the same x-position as the turbine blades (shown in Fig. 5). 

 The turbine wake was mapped along the x-z plane (from 
approximately 20 cm (0.25D) upstream of the turbine tip path 
to 155 cm (1.9D) downstream and extending downward from 
beneath the turbine output shaft to a distance of 80 cm (1D).  
Each individual field of view measured approximately 30 cm 
by 30 cm with 5 cm overlap between adjacent fields.   

 This discussion is limited to results obtained from 
observing three fields of view, oriented vertically as shown in 
Fig. 5, at a distance of 145 cm (1.8D) from the turbine tip path 
and extending from 15 cm to 95 cm (0.2 to 1.2D) below the 
turbine output shaft.  Each field of view is labeled by row and 
column, referenced to the upper left-hand corner of the target 
board.  The three fields of view shown in Fig. 5 are the top row 
(i.e. row 1) and the two beneath it, rows 2 and 3, all from 
column 6.  Column 6 was selected for this discussion because 
previous experimentation [8] has shown that it is likely to 
contain the most active turbulence and also show full 
development of wake expansion.  Five runs (traverses of the 
carriage) were conducted for each field of view, with each run 
yielding approximately 200 image pairs for a total of 1,000 
image pairs at each position. 

B. PIV Settings and Statistics 
 PIV images were captured and processed using TSI Insight 
4G software.  The time delay between image pairs was set to 
1,000 µs during which time the blades rotated 0.03 rad (1.7°).  
Camera exposure was set to 420 µ s and the aperture and 
autofocus were not changed once set initially to ensure a 
consistent field of investigation.   

 At each position, 50 calibration images were taken and then 
averaged prior to calibration and de-warping yielding a pixel 
size of approximately 157 µm.   

 Images were processed using a recursive Nyquist grid 
engine (50% overlap), an FFT based correlation engine, where 
the sub-pixel displacement was estimated using a Gaussian 
peak engine. Vector validation was conducted using the local 
median filter and bad vector replacement was accomplished by 
valid secondary peaks from the local correlation maps. Any 
remaining holes were filled using local interpolation and the 
resulting vector fields were then low-pass filtered using a 
narrow Gaussian filter to remove high-frequency noise (higher 
than the spatial resolution). 

 The resulting particle displacements ranged from a 
minimum of approximately 2 px to a maximum of over 18 px, 
but the average displacement was approximately 8 px.  Final 
interrogation spot size was set to 24 × 24 px providing a 
resolution of 12 px or 1.9 mm with less than 1% of vectors 
interpolated.     

C. Results 
 Fig. 6 shows an instantaneous velocity field for three 
representative cases at each of the three vertically oriented 
positions described in Fig. 5.  It should be noted that for each 
of the three positions (rows) the images were taken at 
approximately the same time during each respective run, but 
they are not simultaneous.  The left-hand column (Fig. 6 a, c, 
and e) depicts the streamwise velocity, u and the right-hand 
column (Fig. 6 b, d, and f) depicts the vertical velocity, w.  All 
position measurements are normalized by the blade diameter 
(0.8 m), and all velocity measurements are normalized by the 
free stream velocity which was 1.68 m/s േ 0.74% quoted at 
95% confidence.   

 In the position closest to the turbine shaft (Fig. 6a), the 
velocity is approximately 40% of the free stream velocity at a 
horizontal distance of 2D downstream from the turbine tip 
path.  No coherent structures are shown in this region, though 
the field of view is displaced from the output shaft by 15 cm 
(0.1875D) so there may be some phenomena not captured in 
the observation (e.g. hub vortices as shown in [6]).  Vertical 
velocity variation in this position (Fig. 6b) is negligible.   

 The position shown in Fig. 6c and d is at the same depth as 
the turbine tip and clearly shows the tip vortices, which in this 
case are observed to meander even in the short distance of 2D.  
The shear layer between the wake and the mean flow is also 
clearly visible.  The wake of a turbine has been observed by [6] 
and others to expand as a function of the horizontal distance 
from the turbine tip path to the 1/3 power.  At a distance of 
1.8D, the stream tube containing the wake should be 
approximately 0.6D from the turbine output shaft, which is 
corroborated by this observation.    

 At the furthest position from the turbine output shaft (Fig. 
6e and f) the flow is shown to be at the free stream conditions. 

 The turbulent statistics depicted in Fig. 7 were calculated 
for a single position, the second row as shown in Fig. 6 which 
contains the tip vortices.  Values were calculated using the 
ensemble of all the approximately 1,000 image pairs taken at 
that position over five runs.   

 Fig. 7a shows the turbulence intensity in the streamwise 
direction, I୳ calculated 

௨ܫ  ൌ ටழ௨ᇲమவ௎ಮ   (3) 

where ݑԢ is the fluctuating velocity in the streamwise direction.  
The transition from the turbulent wake in the vicinity of the tip 
vortices to the laminar flow outside the wake is clearly shown.   

 Fig. 7b, depicts the Reynolds Shear Stress, calculated  

 െ ൏ ᇱݓᇱݑ ൐തതതതതതതതതതതതܷஶ  (4) 

 A pair of tip vortices are clearly shown and despite the 
meandering indicated in Fig. 6 there appears to be a strong 
spatial coherence.  The shear stress is shown to alternate sign 
from negative (blue) to positive (red) with the vortex rotating 



counterclockwise oriented as shown.  Fig. 7c depicts the 
turbulence kinetic energy, calculated 

 ݇ଶି஽ ൌ ൏ ᇱଶݑ ൅ ᇱଶݓ ൐2ܷஶଶ  (5) 

 

Fig. 7: The streamwise turbulence intensity (a), Reynolds shear stress 
(b), and turbulent kinetic energy (c) for the position enclosing the tip 
vortices (as shown in Fig. 6c and d).  The mean flow is from left to 
right. 

 

The turbulence kinetic energy is shown to peak in the same 
vertical plane as the vortices at or near the turbine tip.  Again, 
the shear layer is clearly defined as the turbulence kinetic 
energy drops off rapidly outside the wake.  

IV. CONCLUSIONS AND FUTURE WORK 
 Preliminary results show many of the expected features of 
the turbine wake including a wake deficit of approximately 
60% at 2D, wake expansion roughly following the 1/3 power 
law expansion, tip vortices, and a return to free-stream 
conditions outside the turbine stream tube.   

 The data presented in this discussion represent a small 
portion of the data taken during course of the experiment.  
Future work will include analysis of the entire field of 
investigation under steady conditions from 0.25D upstream of 
the turbine to 2.0D downstream, to a depth of 1.0D.  The same 
experiment also included wake mapping in the presence of 
surface gravity waves.  The steady flow field will be compared 
to the unsteady flow field to observe the impact of waves on 
turbine wake development.       
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