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Tidal turbine wake characterization by
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Abstract—Wakes generated downstream turbines are one
of the key points to be considered for tidal stream energy
farm layout design. Distance between consecutive turbines
must be optimized considering available resource spatial
distribution and the current velocity reduction caused by
upstream turbines. Tidal turbine wake characteristics have
been analyzed experimentally and numerically, however,
there is still a lack of studies presenting data measured
in the wake of large-size turbines in tidal sites. In this
paper, the wake generated downstream of a SIMEC At-
lantis Energy 0.5 MW turbine in Naru Strait (Nagasaki
Prefecture, Japan) is analyzed using data measured with a
vessel-mounted ADCP (Acoustic Doppler Current Profiler).
This analysis is based on the comparison between data
measured before turbine installation (September 2020) and
during turbine operation (March 2021 and May 2021).
Results show a velocity deficit with respect to current
conditions without energy extraction even at a distance of
180 m (10 rotor diameters) from the turbine. In the vertical
direction, the largest impact was found at the height
corresponding with the center of the rotor. Quantitatively,
the percentual velocity deficit in the main wake decreased
from approximately 43% in the near wake (2D-3D) to
16% at a distance of 13D, however this results are highly
dependent on the density of measured data, thus should be
confirmed in future works using bottom-mounted ADCPs.

Index Terms—Tidal energy, Turbine, Wake, Vessel-
mounted, ADCP
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DUE to the growing concern about climate change
in the last decades, national governments are

developing decarbonization plans for the first half of
this century. This process will imply an increase in
the electric power demand, which is expected to be
covered by renewable energy sources [1]. Among these,
tidal stream energy is one of the most promising con-
version technologies. Its predictability and periodicity
are two great advantages both for large-scale grids,
where it can contribute to grid stabilization [2], and
microgrids in remote areas, where it can reduce the
total cost of the system due to its good adaptability to
low-term energy storage technologies [1].

To date, MW-scale tidal stream energy turbines
have been tested in demonstration and pre-commercial
projects. In the Pentland Firth (Orkney Islands, Scot-
land), four 1.5 MW turbines have been simultaneously
operating, reaching a maximum monthly export power
of 1.4 GWh [3]. In Naru Strait (Goto Islands, Japan)
[4], a 0.5 MW turbine was operating for 10 months
with an availability higher than 96%. With these first
projects providing successful results, the next step to
commercialization is the construction and operation of
tidal arrays with a larger number of turbines. In this
regard, the installed capacity in the Pentland Firth is
planned to increase from 6 MW to 86 MW by 2026 [3].

One of the main issues tidal stream energy technol-
ogy has to face in this last step to commercialization
is the high spatial variability of the resource. As an
example, 41.4% of total available resource in Naru
Strait (approx. dimensions 16 km2) is concentrated in
2.5 km2 [5]. Thus, to reduce the cost of tidal stream
energy, an exhaustive optimization work to maximize
the number of turbines installed in these narrow areas
while mitigating the power losses due to the wakes
generated by upstream turbines is crucial.

Several works have been published concerning the
characterization and prediction of wakes downstream
tidal turbines based on experimental data. Stallard et al
[6] characterized the wake generated by a horizontal-
axis turbine (HAT) rotor with a Tip Speed Ratio (TSR)
of 4.7 and found the maximum velocity deficit around
the rotation axis. By contrast, in tests presented by
Chen [7] and Tedds [8] with other HATs with different
TSR (3.53 and 6.15 respectively), the largest velocity
deficit was observed at the blade tips. Atcheson et
al [9] measured the velocity deficit 5D (5 diameters)
downstream a larger rotor (1.5 m). They concluded that
although the velocity deficit was independent of the
input current velocity, this had an impact on the tur-
bulence intensity measured downstream. The impact of
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Fig. 1. Location map of Goto Islands and Naru Strait.

the turbulence conditions of the upstream flow on the
wake generated downstream was evaluated by Mycek
et al [10]., concluding that larger turbulence intensities
lead to faster wake recovery.

However, the characterization of wakes generated
by MW-scale turbines in a tidal site has not been
addressed yet. In this paper, an analysis of the ve-
locity deficit in the wake generated by an 18 m rotor
diameter, 500 kW turbine installed in Naru Strait is
presented. This analysis is based on the comparison of
data measured with a vessel-mounted ADCP (Acoustic
Doppler Current Profiler) before (November 2020) and
after (March 2021 and May 2021) turbine installation.

II. METHODS

A. Area of study
The data presented in this study was measured in

the wake of a SIMEC Atlantis turbine installed in Naru
Strait, Nagasaki Prefecture, Japan (see Fig 1). Naru
Strait is one of the main four channels in the Goto
Islands. It is located between Hisaka Island (west) and
Naru Island (east) and its approximate dimensions are
7 km in length and 2 km in width, with a narrowing of
1 km in width in front of Kagaribizaki Cape. Depth in
the central channel of Naru Strait ranges between 35 m
and 50 m. The tides in this area are mixed semidiurnal
tides and, according to data measured by a tidal station
in Fukue Island (approx 15 km from the test site), the
maximum tidal range is approximately 3 m. Despite
this relatively low tidal range, due to its narrowness
and shallowness strong tidal currents are generated in
this channel. Maximum current velocities higher than
3 m/s have been observed [11], with the main current
direction being SE-NW during flood tides and vice
versa during ebb tides.

The turbine was installed at [32◦49′4.3” N,
128◦54′40.4” E], where the averaged depth is
approximately 40 m. According to data measured
by a Signature 500 ADCP at 74 m from the turbine
installation point [32◦49′6.6” N, 128◦54′37.8” E] from
October to December 2016 with a sampling frequency
of 2 Hz the 5-min vertical averaged maximum current
velocities for flood and ebb tides are 2.84 m/s and

Fig. 2. Hodograph of vertical averaged current velocity at 74 m from
the turbine installation point.

3.00 m/s respectively. The flow direction is presented
in the hodograph in Fig 2, which shows a slight
asymmetry between flood and ebb tides. During flood
tides, the main direction forms an angle of 29.55
degrees with the North, whereas with ebb tides the
angle formed with the South is 9.27 degrees.

Data from this ADCP was also used to calculate
turbulence intensity (TI) values for every 5-min period
by Eq 1.

TI =
σV

V̄
(1)

where V is the current velocity. Results for TI and
mean current velocity for every 5-min period are pre-
sented in Fig 3. To avoid the unrepresentative high TI
in slack tides due to the very low values in the de-
nominator, only flow conditions with vertical averaged
current velocities over 1 m/s (corresponding with a
typical cut-in speed for MW-sized turbines) are plotted.

Besides the increase of TI with depth due to the
effect of bottom friction, a clear correlation with current
velocity was observed, from an average of 0.1206 for
current velocity of 1 m/s to 0.062 for 3 m/s flows at
the rotor center height.

The first option considered for data measurement
for the characterization of the wake generated down-
stream of the turbine was measuring current velocity
with a bottom-fixed ADCP with a minimum sam-
pling frequency of 2 Hz in the middle wake (5 to
10 diameters from the rotor) during approximately
two months (from one month before to one month
after turbine deployment). Thus, the impact of energy
conversion on flow conditions could be characterized
by comparing data measured before and after turbine
installation. However, this could not be done due to
the depth conditions of the site, since works involving
divers were limited to areas with depths lower than
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Fig. 3. Turbulence Intensity vs current velocity at the lower blade
tip, rotor center and upper blade tip depths measured at 74 m from
the turbine installation point.

40 m. Fig 4 shows a bathymetry map of the area
surrounding the turbine installation point, as well as
four concentric circles representing distances of 5D,
10D, 15D, and 20D from the turbine (red) and the main
vertical-averaged flow direction (white arrow) during
ebb tide in the turbine installation point. As shown in
this map, in the area where the main wake is expected
a location shallow enough to ensure a safe bottom-
mounted ADCP installation could not be found. For
this reason, current velocities in the area of the wake
generated by the tidal turbine were measured with a
vessel-mounted ADCP.

The ADCP used was an RDI WorkHorse 600 kHz. It
was set to measure current velocity data in 42 vertical
layers, 1 m width each. The distance of the center of
these layers to the sea surface differed. In November
2020 and May 2021, current velocity data at a distance
of 3.48 m, 4.48,... and 44.48 m from the surface was
obtained. In March 2021, data was measured at 1 m
intervals from 3.83 m and 44.83 m. The ADCP was
coupled with a GPS system which provided the posi-
tion of the ADCP for every sampling time. A picture
of the attachment system of the ADCP to the vessel is
shown in Fig 5.

B. Vessel routes
Current velocity conditions in the downstream area

were measured with the vessel-mounted ADCP before
and after turbine installation to compare data with and
without tidal stream energy conversion. During the
demonstration project in 2021, the turbine did not have
a yaw system and only generated power during ebb
tides. Thus, the measuring work focused on the area
southeast of the tidal turbine.

Fig. 4. Bathymetry map of Naru Strait. Concentric circles represent
distances of 5D, 10D, 15D and 20D from the turbine. White arrow
represents the main current direction during ebb tides at 74 m from
the turbine installation point.

Fig. 5. ADCP-vessel attachment system.

The first work was carried out on November 15,
2020, from 9:58AM to 1:23PM, two months before
turbine installation, whereas the second fieldwork was
done on March 14, 2021, from 10:48AM to 2:31PM, two
months after the turbine installation. The area covered
in these two cases is marked in blue in Fig 6, and the
routes followed by the vessel in November 2020 and
March 2021 are shown in Fig 7 and Fig 8 respectively.
In both cases, the vessel followed straight lines per-
pendicular to the main flow direction at the turbine
position during ebb tide, with a distance between two
consecutive lines of 2D (36 m), starting from NorthWest
(near the turbine) to SouthEast. Additionally, when this
perpendicular scan ended, the vessel moved back to
the NorthWest following the line of the expected wake
to start again the same procedure.

The third fieldwork focused on the area where the
turbine impact was found more significant when com-
paring the current velocities measured in November
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Fig. 6. Areas covered in November 2020 (blue), March 2021 (blue)
and May 2021 (green). Turbine position is marked with a red dot.

Fig. 7. Vessel route in November 2020 fieldwork. Blue dots represent
positions of data measured when current velocity in the turbine
position is higher than 1 m/s and lower than 2 m/s. Red dots
represent positions of data measured when current velocity in the
turbine position is higher than 2 m/s.

2020 and March 2021. Thus, works done on May 29,
2021, from 11:52AM to 3:09PM focused on the area

Fig. 8. Vessel route in March 2021 (left) and May 2021 (right)
fieldworks. Blue dots represent positions of data measured when
current velocity in the turbine position is lower than 2 m/s. Red
dots represent positions of data measured when current velocity in
the turbine position is higher than 2 m/s.

TABLE I
FIELDWORKS SUMMARY

Fielwork Date Time Operating turbine

1 2020/11/15 09:58 - 13:23 NO
2 2021/03/14 10:48 - 14:31 YES
3 2021/05/29 11:52 - 15:09 YES

squared in green in Fig 6 and the distance between
two consecutive lines perpendicular to the main flow
direction was reduced to 1D. For the three fieldworks,
the vessel moved with a speed between 2 and 4 knots
in the lines perpendicular to the main flow direction
and at 0.5 knots when following the main wake from
SouthEast to NorthWest.

Current velocity conditions of the flow upstream
of the turbine during the measurements done after
turbine installation were obtained from data measured
by an ADCP attached to the nacelle. For the November
2020 fieldwork, current velocity at the turbine loca-
tion was estimated by harmonic analysis of the data
measured by this ADCP. Dates and times of the three
measuring works are presented in Table I.

C. Data treatment
In experimental works where current velocity can

be kept constant through space, turbine impact on
the velocity conditions downstream is characterized
by means of a dimensionless parameter calculated by
dividing the current velocity downstream turbine by
the current velocity upstream turbine. However, due
to the high spatial variability of current velocity, this
method cannot be applied to a field tidal site. An al-
ternative for treating field-measured data is comparing
data measured before turbine installation and during
turbine operation. However, with the data presented
in this study, a direct comparison between the three
datasets would require the vessel to be at the same
tide moment and at the same position before and after
installation. This is unfeasible due to the difficulties
in predicting tidal currents in such an accurate way
and the technical impossibility to follow an exact route
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Fig. 9. Averaged Rp measured at 74 m from the turbine installation
point for vertical averaged current velocities between 1 m/s and 1.5
m/s, 1.5 m/s and 2 m/s, 2 m/s and 2.5 m/s, 2 m/s and 3 m/s, and
higher than 3 m/s.

with the vessel. To solve this issue, a profile ratio
Rp was calculated for every 42-layers current velocity
dataset by dividing the current velocity measured at
every layer by the current velocity measured at the
shallowest layer (Eq 2).

Rp =
vi
v1

(2)

where i is the layer number (counting from surface
to bottom) and v1 is the shallowest measured layer.
Results for Rp are interpolated to a structured 1m x 1m
x 1m 3D mesh for easier comparison between the three
datasets. Then, assuming that the velocity profile shape
at one location does not change over time, the impact
of tidal stream energy exploitation on the current ve-
locity for every position within the measured area is
parameterized with a variation ratio (Rv) calculated
by dividing Rp before turbine installation by Rp after
turbine installation (Eq 3).

Rv =
Rpwith turbine

Rpwithout turbine

(3)

A possible source of error using this method is the
variability of the vertical profile shape with current
velocity. To confirm this issue, data measured by the
bottom-fixed ADCP in 2016 at the turbine installation
point was separated into five different groups depend-
ing on the vertical averaged velocity (between 1 m/s
and 1.5 m/s, between 1.5 m/s and 2 m/s, between
2 m/s and 2.5 m/s, between 2.5 m/s and 3 m/s,

and higher than 3 m/s). Average vertical profiles of
Rp for each of these groups presented in Fig 9 show
that, although similar shapes are observed for the
five cases, slight differences could be found between
profiles with vertical averaged current velocities lower
than 2 m/s and higher than 2 m/s. For this reason,
the data treatment described in this section was applied
separately for both groups. Also, this separation allows
an evaluation of the impact of the upstream flow
conditions on the generated wake.

A mapping of the data corresponding to each of
these groups for data measured in November 2020,
March 2021 and May 2021 are presented in Fig 7
and Fig 8. Locations of data measured when cur-
rent velocity at the turbine position is lower than 2
m/s are represented in blue and locations of data
measured under current velocities larger than 2 m/s
at the turbine position are represented in red. Also,
the turbine position is shown in yellow, and circles
representing distances of 5D, 10D, 15D, and 20D from
the turbine are marked with green broken lines. During
the November 2020 fieldwork, the area covered under
both current velocity conditions was similar. However,
for the fieldwork done after turbine installation, the
data available for the first group (vel < 2 m/s) covers
a smaller area (up to 10D from turbine in March and
5D from turbine in May).

III. RESULTS

Results of Rp obtained from the treatment of data
measured at 26 m from the surface (corresponding
with the rotor hub height) in lines perpendicular to the
main flow direction in March 2021 from 12:00 to 13:47
are shown in Fig 10. Lines represented in this graph
correspond to distances from approximately 1D to 21D,
at 2D intervals. As for the previous maps, concentric
circumferences at 5D, 10D, 15D, and 20D are plotted for
reference. A velocity deficit in the wake of the turbine
(black dot) is observed, with a significant decrease in
the Rp values from 0.8-1 in both sides of the wake to
0.2-0.5 downstream of the turbine. Data represented in
this map gives also an idea of the distance needed for
wake recovery. While Rp values between 0.2 and 0.5
are found from the turbine to a distance of 5D, this
increases to approximately 0.7 near 10D, and reaches
values between 0.8 and 1.0 from 15D.

The impact of energy conversion on the tidal cur-
rents could be confirmed also with data measured
when the vessel was following the line corresponding
with the expected wake from SouthEast to NorthWest.
This impact is clear in the vertical profiles for Rv at
1D, 2D, 3D, 4D, 5D, 6D and 9D from the turbine in
Fig 11. Lower values of Rv are observed in the vertical
area covered by the rotor, from 17 m to 35 m from the
surface, with peaks near the depth corresponding with
the rotor hub position. However, conclusions regarding
velocity deficit or wake recovery cannot be extracted
from these profiles due to the difficulties of the vessel
to drive straight following the main wake direction.
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Fig. 10. Rp at the rotor hub depth measured in lines perpendicular
to the main current direction.

Fig. 11. Rp at the rotor hub depth measured in the line parallel to
the main current direction (up) and Rp profiles at 1D, 2D, 3D, 4D,
5D, and 9D from the turbine (down)

A. Comparison of flow conditions before and after energy
conversion

In this section, current conditions before and after
turbine installation are compared based on the results
of the interpolation of the data measured in November
2020, March 2021 and May 2021 to a regular mesh.

Results of this comparison using data measured with
current velocities between 1 m/s and 2 m/s in the up-
stream flow are presented in Fig 12 for a water depth of

Fig. 12. Rv at the rotor hub depth using data measured in November
2020 and March 2021 (left) and in November 2020 and May 2021
(right) when the current velocity in the turbine position is higher
than 1 m/s and lower than 2 m/s.

26 m from the surface, corresponding with the turbine
hub height, where the velocity deficit is expected to
be higher according to the Rp profiles presented in
Fig 11. Likewise, Fig 13 and Fig 14 show Rv results
at this same depth using data measured when current
velocity at the turbine location was between 2 m/s and
3 m/s. Areas where the operating turbine causes deficit
and increase in current velocity are presented in blue
and red respectively. These maps show the weaknesses
of the method used for the parameterization of the
turbine impact on the current velocity. First, the area
mapped is limited by the available data. Second, the
results of interpolation to the structured mesh are also
affected by the spatial density of measured data. In
the map comparing November 2020 and March 2021
datasets (Fig 13), although a blue area of velocity deficit
appears downstream of the turbine in the direction
of the flow, this is broken with some white (or even
red) small regions due to the lack of data (i.e. 2D or
9D). On the other hand, in the map generated with the
comparison of data measured in November 2020 and
May 2021 (Fig 14) the interruptions in the blue wake
are less and smaller, with only a small white region in
the area adjacent to the turbine (< 1D).

This issue made impossible the comparison of wake
conditions for different upstream flows due to the
narrower covered area and the lower data spatial den-
sity when current velocities at the turbine installation
point were between 1 m/s and 2 m/s. For this reason,
further results presented in this section analyze only
the impact of energy conversion when current velocity
at the turbine location is between 2 m/s and 3 m/s.

In the horizontal direction, Fig 13 and Fig 14 clearly
show a velocity deficit in the main wake from the
turbine location to a distance of 10D.

Furthermore, the variability of Rv with depth is
represented in Fig 15. These profiles are obtained from
the comparison of interpolated data from November
2020 and May 2021, since data measured during this
second fieldwork has a higher spatial density. In this
graph, two red broken lines corresponding with the
rotor’s lower and upper tip and one green broken line
in Rv = 1 are added for reference. The velocity deficit
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Fig. 13. Rv at the rotor hub depth using data measured in November
2020 and March 2021 when the current velocity in the turbine
position is higher than 2 m/s.

Fig. 14. Rv at the rotor hub depth using data measured in November
2020 and May 2021 when the current velocity in the turbine position
is higher than 2 m/s.

in the turbine wake is clear from 1D to 5D, with its peak
at the center of the rotor. Quantitatively, the minimum
values for Rv for 1D, 2D, 3D, 4D, and 5D are 0.71, 0.57,
0.56, 0.73, and 0.68 respectively.

From 6D, there is not a clear trend in the profiles.
Whereas at 8D, 9D, 13D, and 14D a reduction in cur-
rent velocity was observed (minimum Rv=0.76, 0.73,
0.84, and 0.72 respectively), other profiles are nearly
constant with depth and close to 1, thus meaning a
negligible impact of the tidal turbine on the current
velocity conditions at that point. Furthermore, at 6D
and 12D from the turbine, a notable increase in current
velocity is observed at the rotor’s hub height (maxi-
mum Rv=1.23 and 1.38 respectively).

The variability of Rv profile shapes from 6D from
the turbine might be due to the lower data density,
which increases the interpolation error. Also, for this

Fig. 15. Rv profiles from 1D to 15D from the turbine, at 1D intervals.
Red broken lines represent rotor’s lower and upper tip.

analysis, it was considered that the wake followed
a straight line with the main direction of the flow
upstream of the turbine. Thus, slight deviations in
this direction will cause the points selected for the Rv

profile representation might not to fall on the main
wake, but at one of its sides, where an increase in
current velocity is expected [12].

IV. DISCUSSION

Due to the notable temporal [11] and spatial (see
Fig 10) variability of current conditions in tidal energy
sites, a complete and exhaustive characterization of the
wake generated downstream the turbine using data
measured on-site would require measuring data in a
grid of points dense enough in the wake area for a
period of time long enough to cover tide temporal
fluctuation. This is technically and economically un-
feasible, thus available data must be treated following
processing methods that have an associated error. The
reliability of the results obtained with the data analysis
described in this paper is discussed in this section.

Qualitatively, the data measured with the vessel-
mounted ADCP showed a clear velocity deficit area in
the wake generated downstream of the turbine, with
still an impact at a distance of 10D. This is reflected
in the representation of data measured in Fig 10 and
Fig 11, as well as in the mapping of Rv obtained
by spatial interpolation. On the contrary, quantitative
conclusions cannot be extracted from this data due
to the limitations of the methods used for the data
treatment. Results from interpolation to the regular
mesh are highly dependent on the spatial density of
measured data. In this regard, although in the May
2021 fieldwork, most data was measured in the area
close to the main wake, which should reduce the
interpolation-related error, the other comparative ele-
ment (November 2021) results from the interpolation
of data with lower spatial density, which affects to the
reliability of the final results.
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Besides the error associated with the interpolation,
the assumption that the velocity profile shape does not
change in time is another possible source of error. Al-
though similar profiles were confirmed for the turbine
installation point for vertical-averaged velocities over
2 m/s, the situation might be different for other lo-
cations covered during the three fieldworks. Examples
of velocity profile shapes varying with current velocity
are available in the literature for other locations in the
Goto Islands [13].

Despite these limitations, results presented in this
paper are of great value since these can be used for
the validation of numerical models, which later can be
used to simulate different flow conditions and turbine
characteristics to evaluate their impact on the gener-
ated wake.

For future measurements of the velocity deficit in
the wake generated by tidal turbines, we suggest that
vessel-mounted ADCP data be complemented with
bottom-fixed ADCP measurements. Whereas the for-
mer provides information for a wide area so that the
length and direction of the wake can be confirmed, the
second gives quantitative information that can be used
for the validation of numerical models. Also, bottom-
fixed ADCPs can provide data for longer time periods,
so that the influence of upstream flow conditions on the
wake can be analyzed. Furthermore, treatment of this
data would give information regarding other impor-
tant wake-defining characteristics, such as turbulence-
related parameters. Other options such as the attach-
ment of ADCPs to ROVs (Remotely Operated Vehicles)
[14], which can offer advantages associated with both
vessel-mounted and bottom-fixed ADCPs, should be
also considered in the future.

V. CONCLUSION

This paper presents a new analysis method for field
data measured by a vessel-mounted ADCP in the
wake of tidal turbines. To allow comparison between
data measured before turbine installation and during
turbine operation, data is pretreated first by calculat-
ing a profile-defining parameter for every measured
point and then by interpolating it to a regular three-
dimensional mesh.

Qualitatively, the impact of the turbine on the current
velocity downstream could be confirmed with this
data. Velocity deficit caused by the turbine could be
observed from the turbine to a distance of 10D, with the
strongest impact in the depth corresponding with the
rotor’s hub. However, the reliability of the quantitative
analysis for the velocity deficit and wake recovery is
limited by the data processing methods (interpolation
to regular mesh) and assumptions (Rv profile shape
independent of current velocity).

The results presented in this paper are of great value
for the validation of numerical models simulating the

impact of tidal turbines on the current velocity of the
downstream flow in tidal energy sites.
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