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During the boreal summer of 2015, a full-scale hydrokinetic turbine was deployed in the Kvichak River
(Alaska), delivering electricity to the village of Igiugig. Here, quantiﬁcation and analysis of the hydrodynamic modiﬁcations in the river caused by the turbine are presented. Field observations are used to
produce a unique three-dimensional data set of ﬂuid velocities in the vicinity of the turbine before and
after turbine deployment. Three dynamic regions are distinguished in the wake. There is an induction
zone just upstream of the turbine, where velocities decrease and turbulence increases. There is a near
wake just downstream of the turbine, where the reduced velocities recover slightly and the elevated
turbulence decays rapidly. Finally, there is a far wake well beyond the turbine, where reduced velocities
are persistent and turbulence remains elevated. The results are used in a coarse energy budget for the
river, including quantifying the total energy dissipated by turbulence in the near wake. This wake
dissipation is found to be almost as large as the energy extracted for electricity generation, even when
the turbine is not operational.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Hydrokinetic energy is a predictable energy source available in
streams, rivers, and tidal channels with sufﬁciently fast water velocities. The extraction of hydrokinetic energy for electricity generation requires the installation of hydrokinetic turbines facing the
ﬂow ﬁeld. As the development of hydrokinetic turbines reaches a
commercial stage, it is essential for hydrokinetic energy extraction
projects to have detailed information about the hydrodynamics of
these natural systems, for both turbine design and for resource
assessment. In addition to ambient conditions, it is indispensable to
understand and quantify the environmental impacts caused by
these underwater turbines [1e3]. Speciﬁcally, the study of the wake
generated by the turbines is essential in the characterization of
hydrodynamic effects. Wake analysis reveals changes to the mean
ﬂow and mixing around the turbine, as well as effects farther
downstream. The wake extent and its features can have an impact
in the distribution and efﬁciency of additional turbines [4e6], and
the combined wake of turbine arrays can even affect the large-scale
hydrodynamics of the environment [7,8].
The wake of a hydrokinetic turbine is generally characterized by:
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(i) a deﬁcit in the mean ﬂow due to the drag produced by the turbine structure and due to energy extraction; (ii) a modiﬁcation in
turbulence due to eddies shed by the structure and the turbine
blades; and (iii) complex interactions between natural and turbineinduced turbulent structures [6,9e11].
The idealized wake of a hydrokinetic turbine gradually expands
into a cone-shaped region to conserve momentum [12]. Turbulent
mixing occurs in the boundary of the region between the wake and
the undisturbed ﬂow ﬁeld, bringing energy into the wake region,
which smooths the velocity deﬁcit. After several turbine characteristic length scales (typically its diameter) downstream the turbine, the wake is supposed to nearly dissipate, and the ﬂow almost
returns to original conditions [12]. Of course, the ﬂow can never
fully recover to original conditions, because kinetic energy is being
extracted from the system. In some cases, the natural system converts potential energy to kinetic energy such that a pseudorecovery can occur, but there is still a net energy loss in the
extraction and subsequent wake. The development and evolution
of a turbulent wake downstream of an object depends on the ﬂow
initial conditions and in the characteristics of the wake production
[13,14]. Speciﬁcally, the variables that are thought to impact the
turbine's wake are the rotor thrust, ambient and device induced
turbulence, proximity to boundaries (bed or free surface), and the
vertical and horizontal velocity proﬁles [12].
Much of the research on hydrokinetic turbine wakes has been
carried out numerically [15e18] and at the laboratory scale under
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simpliﬁed and controlled conditions [5,18e22]. These studies differ
mainly in the type and number of turbines, and in how detailed the
turbine and the energy extraction are represented [23]. Relatively
few ﬁeld scale measurements of turbine wakes are available in
Refs. [24e26].
At the laboratory scale, turbulent ﬂow interactions with a threebladed, 0.5 m diameter, horizontal-axis hydrokinetic turbine and its
turbulent wake were studied by Chamorro et al. [9], who observed
that the velocity deﬁcit persists beyond 15 turbine diameters at hub
height (10% velocity deﬁcit at 15 diameters downstream), and that
wake recovery is enhanced by the higher shear in the top portion of
the water column. The authors also observed that the velocity
deﬁcit at hub height is related to the turbine's tip-speed ratio,
because the extracted power is related to this parameter.1 In terms
of turbulence intensity, this turbine wake showed variability in
vertical distribution through the water column [9]. The higher
levels of turbulence intensity were observed about ﬁve turbine
diameters downstream of the turbine at the top portion of the wake
(where the higher mean ﬂow shear occurred in the wake), and it is
reported that the increased turbulence intensity produced at depth
expands and reaches the free-surface about 15 diameters downstream of the turbine [9].
The wake structure and recovery processes differ between axialﬂow turbines and cross-ﬂow turbines. Previous investigations have
shown that cross-ﬂow turbines are more efﬁcient in wake recovery
than axial-ﬂow turbines [21]. The near-wake of a vertical cross-ﬂow
turbine was assessed by Bachant and Wosnik [21]. The near-wake
of their turbine is characterized by an asymmetric velocity deﬁcit,
high-magnitude Reynolds stresses on the wake boundaries, and
asymmetric turbulent kinetic energy (enhanced in the side corresponding to blade vortex shedding, were the minimum velocity
deﬁcit was found) [21]. Bachant and Wosnik [21] also identify the
processes that contribute to faster wake recovery in cross-ﬂow
turbines by examining the terms in the stream-wise Reynoldsaveraged Navier-Stokes (RANS) equation and in the kinetic energy
balance. The authors found that wake recovery is dominated by the
advection terms rather than by turbulence transport, which makes
cross-ﬂow turbines more efﬁcient in entraining momentum into
the wake when compared to axial-ﬂow turbines [21].
The wake of a cross-ﬂow turbine was investigated numerically
in Ref. [17] by solving the Unsteady-RANS equations around a single
rotating cross-ﬂow blade in an unconﬁned channel. Strong deﬁcit
in all three velocity components was observed (60%), along with
distinct direction patterns in vertical and cross-stream velocities. In
the stream-wise direction, the wake expands both laterally and
vertically, while the mean stream-wise velocity continuously increases downstream of the turbine, reaching an 85% recovery after
12 turbine diameters. Stream-wise velocity evolution downstream
of the turbine is found to be dominated by cross-stream and vertical advection together with the stream-wise pressure gradient.
Despite the large amount of research regarding turbine’s wakes
at the numerical and laboratory scales, there is a lack of ﬁeld observations in real environments, probably due to the low number of
full-scale turbines deployed around the world. However, ﬁeld
measurements are critical for validating numerical results and for
scaling laboratory experiments results, as well as for estimating the
true environmental effects of hydrokinetic energy extraction at
each location.
This paper presents comprehensive ﬁeld observations of the
wake from a full-scale hydrokinetic turbine under natural ﬂow
conditions. Speciﬁcally, a detailed characterization of Ocean

1
For general turbine characteristics and performance parameters refer to Burton
et al. [27] and Batten et al. [28].

Renewable Power Company (ORPC) RivGen turbine wake in the
Kvichak River (Alaska) is reported. The site and turbine details
together with the measurements methodology are presented in
section 2. Section 3 presents a description of the wake in terms of
mean ﬂow and turbulence parameters. A discussion on the wake
evolution, on the wake of a non-operational turbine, and on the
wake energy loss is presented in section 4, followed by Conclusions
in section 5.
2. Methods
2.1. Site and turbine description
The Kvichak River, located in southwest Alaska, drains the
Iliamna Lake ﬂowing southwest towards Bristol Bay. The turbine
deployment site is about 2 km downstream from the Iliamna Lake,
next to the village of Igiugig, where the river is approximately 5 m
deep and 150 m wide. The ﬂow is at is maximum,  2:5 ms1, in the
center of the river. Fig. 1a shows a map of the Kvichak River bathymetry on top of a Google Earth image of the area, together with
the location of the turbine deployment site: N 59+ 19:4950 ; W
155+ 54:8900 .
The ORPC RivGen turbine is a horizontal cross-ﬂow hydrokinetic
turbine rated at 35 kW [29]. The turbine consists in two rotors plus
a generator located in between the rotors. The entire turbine is
11.5 m wide. Each rotor is 1.5 m in diameter and 4.1 m wide. Turbine
hub-height at this location was approximately 2.5 m below the
river free surface when the turbine was submerged and resting on
the riverbed. Turbine blockage in the Kvichak River was 10% when
considering the turbine swept area plus the turbine's support
structure area over the area of the river cross-section at the turbine
location. Rotors swept area represented 3% of the total blockage,
and rotor height covered approximately 25% of the water column.
On the turbine's lateral ends, the pontoon support structure and
turbine rotors total height is 3.3 m, which resulted in a vertical
blockage of 55%. Details of turbine performance in the Kvichak
River can be found in Refs. [29,30]. A picture of ORPC RivGen prior
to its deployment is shown in Fig. 1b.
2.2. Data collection
Hydrodynamic data were collected in the area surrounding
RivGen prior to and after its deployment in July 18th, 2015. A new
version (v4b) of the SWIFT drifter buoy [31] was used to measure
surface velocity and velocity ﬂuctuations along the water column
(Fig. 2). Table 1 summarizes all instrument deployments and
settings.
A Nortek Signature1000 ﬁve-beam acoustic Doppler current
proﬁler (AD2CP) was mounted down-looking on a disk buoy
(SWIFT), which was equipped with two Qstarz GPS data receivers.
The Signature1000 measured along-beam velocities trough the
water column as it was drifting using its ﬁve beams at 8 Hz in
broadband mode. There were 14 depth bins separated by 0.5 m, and
a 0.5-m blanking distance. Single ping error, sb , reported by the
instrument manufacturer is 0.05 ms1 for the along-beam velocities. The GPS measured geographic position, drifting velocity, and
heading at 10 Hz, with a 5-m accuracy in position and 0.05-ms1 in
drifting velocity (using a phase-resolving GPS antenna).
Drifts began  200 m upstream of the turbine location by
releasing the drifter from a small vessel. The drifter was released at
different positions across the river to follow different surface
streamlines across the river. After each drift, the SWIFT was
recovered  200 m downstream of the turbine.
Two sets of drifts were conducted: before and after turbine
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Fig. 1. a) Google Earth image of the Kvichak River and river bathymetry in colors. Black dot shows turbine location, and black arrows identify the local coordinate system used for
the wake analysis. Red arrow represents the ﬂow main direction. Red dot in the inset map shows study location within Alaska. b) Downstream view of ORPC RivGen prior to its
deployment in July 2015. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 2. a) SWIFT v4 prototype schematic (rendered by Alex de Klerk, APL-UW). Green cone-shaped areas illustrate the Nortek Signature1000 along-beam velocity directions. b) Planview of a single horizontal grid cell illustrating the pseudo-along-beam velocities local system. In red is an example of misaligned along-beam velocities from the Signature1000.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Table 1
Summary of deployments and sampling parameters at the Kvichak River.
Condition
Instrument
Platform
Dates
Hold Stations/Drifts
Sampling Frequency (Hz)
z target (m)
Dz (m)
Distance to ﬁrst cell (m)
Range (m)
Single ping error (ms1)

Undisturbed river
Nortek Vector
Vessel with davit
8e13 July 2015
35
16
2.5
e
e
e
0.02

Undisturbed river
Nortek Signature 1000
SWIFT drifter
8e13 July 2015
150
8
e
0.5
0.25
7
0.05

deployment. The ﬁrst set characterized the undisturbed river. This
data set consisted of 150 drifts between July 8th and July 13th, 2015.
A portion of the drifts (15) were set-up to measure altimetry (bathymetry) with additional pings, and this restricted along-beam
velocity sampling to 4 Hz (instead of 8 Hz).
The second set of drifts was conducted after turbine deployment, from July 19th to July 21st, 2015. On July 19th, the turbine
was underwater but non-operational (braked), while on July 20th
and 21st, the turbine was operational and delivering electricity to
the grid. There were 40 drifts while the turbine was non-

Non-operational turbine
Nortek Signature 1000
SWIFT drifter
19 July 2015
40
8
e
0.5
0.25
7
0.05

Operational turbine
Nortek Signature 1000
SWIFT drifter
20e21 July 2015
150
8
e
0.5
0.25
7
0.05

operational, and 150 while it was operational. These data sets
covered the same longitudinal river span as for the undisturbed
conditions, but concentrated drifts over and next to the turbine to
evaluate the turbine wake. As for the ﬁrst set, 25 drifts were taken
in altimeter mode, measuring along-beam velocities at 4 Hz.
Data from the Signature1000 were quality controlled by
removing measurements with low beam correlations (less than 30)
and low echo amplitude (less than 80 dB). This process allowed to
remove all data recorded while the SWIFT was outside of the water,
and to detect the riverbed (or any solid boundary) and remove data
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velocities (from the GPS and from the Signature1000) are converted
to east-north-up (ENU) velocities, and subsequently converted to
velocities in the local coordinate system (u, v, and w). True Eulerian
velocity proﬁles in the local coordinate system are constructed as:

below it.
An additional data set was obtained prior to turbine deployment
using a Nortek Vector acoustic Doppler velocimeter (ADV) in order
to provide ORPC with upstream turbine ﬂow conditions and to test
the accuracy of the drifting method measurements. The ADV was
mounted on a turbulence torpedo (TT), a sounding weight that
hangs from a davit on the aft of a small vessel while the vessel holds
station [32,33]. The ADV targeted turbine hub-height (2.5 m below
the river free surface) at several locations around the turbine site.
Vessel location and drifting velocity were recorded using two
Qstarz GPSs located on top of the davit. The ADV sampled turbulent
velocities at 16 Hz for about 20 min at each targeted location. ADV
data were quality-controlled to remove data with low correlation
and low echo amplitude, and despiked using the 3D phase space
method of Goring and Nikora [34]. The ADV data were organized in
1-min ensembles and screened by vessel drift velocity, where data
with an ensemble-averaged vessel drift velocity higher than
0.5 ms1 were removed (not holding station). Additional motion
contamination from the deployment platform was removed by
applying the methods presented in Ref. [33].
To make the data sets comparable, it is essential to assume
steady state conditions (in the mean ﬂow sense) in the Kvichak
River during the measurements periods. This assumption is evaluated in A.

uðx; y; z; tÞ ¼ uGPS ðx; y; tÞ þ uSig ðx; y; z; tÞ;

(1)

vðx; y; z; tÞ ¼ vGPS ðx; y; tÞ þ vSig ðx; y; z; tÞ;

(2)

where u and v correspond to the horizontal components of velocity
in the local coordinate system, the GPS subscript represents drifting
velocity components recorded by the GPS, and the Sig subscript
represents velocity components recorded by the Signature1000.
Vertical proﬁles of vertical velocities w do not need to be reconstructed as they are directly recorded by the vertical beam of the
Signature1000.
2.3.2. Pseudo-along-beam velocities
During these measurements, instrument horizontal rotation
could not be controlled, thus the heading of the Signature1000
changed within each drift. Then, within each grid cell, the raw
along-beam velocities recorded by the Signature1000 might not
have coincided in direction, hence no time-series of along-beam
velocities can be directly obtained. A ﬁxed local system of four
pseudo-along-beam velocities directions is deﬁned within each
grid cell to resolve this issue. In the new system, the horizontal
component of each pseudo-along-beam velocity corresponds to the
direction of the local coordinate system axis: the horizontal
component of b1 corresponds to the positive x-axis, the one from b2
corresponds to the positive y-axis, the one from b3 corresponds to
the negative x-axis, and the one from b4 corresponds to the negative y-axis direction. The pseudo-along-beam velocity coordinate
system is shown in Fig. 2b together with an example of the
misalignment between the local-coordinate system and the
Signature1000 along-beam velocities.
For each measurement, the pseudo-along-beam velocities are
constructed based on the heading recorded by the Signature1000,
because the heading indicates the direction of the recorded alongbeam velocities with respect to the local coordinate system. First, a
heading with respect to the local x-axis is estimated as Hx ¼ H 
17+ , where H is the instrument heading and Hx is the local heading.
When Hx ¼ 180+ , the instrument x-axis is aligned with the local xaxis. Within a grid cell, the construction of pseudo-along-beam
velocities is based on four heading scenarios. Each scenario corresponds to a 90 angular cell centered in the direction of the local
coordinate system axis. These scenarios and the corresponding
pseudo-along-beam velocities deﬁnitions are listed in Table 2.

2.3. Coordinate systems
A local coordinate system is deﬁned (shown in Fig. 1a) to
organize the data, with x oriented in the stream-wise direction, y in
the cross-stream direction, and z in the vertical direction (positive
upward). The local coordinate system origin is at the free surface at
the nominal center of the turbine (N 59+ 19:4950 ; W 155+ 54:8900 ),
and the local axis of rotation from an east-north-up (true) coordinate system is 107+ clockwise from north. The same coordinate
system is used to deﬁne river velocities, with x corresponding to the
stream-wise velocity u, y corresponding to the cross-stream velocity v, and z corresponding with the vertical velocity w. The
location of each measurement, originally in latitude and longitude,
is mapped to the local coordinate system.
Following the coordinate transformation, all data sets (including
the data from the turbulence torpedo ADV) are organized by location in a three-dimensional, structured, uniform grid deﬁned in
local coordinates. The grid is of 2 m horizontal resolution, with
0.5 m vertical resolution (coincident with the Signature1000 velocity bins). The grid extends from 200 m to 200 m in x, from 60
to 60 m in y, and from 0 to 7 m in z. The ADV data set grid contains
data only at z ¼ 2:5 m, corresponding to turbine hub-height.
Within each grid cell two data products are constructed: true
Eulerian velocities and pseudo-along-beam velocities, which are
used to deﬁne river mean ﬂow and turbulence parameters,
respectively.

2.4. Mean ﬂow parameters
Mean ﬂow parameters are obtained from the true Eulerian velocities estimated within each grid cell. These parameters are used
to characterize and quantify the hydrodynamic effects of RivGen in
the Kvichak River.
At each grid cell, a non-uniform time series of true Eulerian

2.3.1. True Eulerian velocities
Velocities captured by the drifting Signature1000 correspond to
ﬂuctuations from the surface drifting velocity. All recorded

Table 2
Pseudo-along-beam velocities based on instrument heading with respect to local coordinate system x-axis.
Pseudo-along-beam velocity

135+ < Hx < 225+

225+ < Hx < 315+

315+ < Hx < 45+

45+ < Hx < 135+

b1

b1Sig

b2Sig

b3Sig

b4Sig

b2

b2Sig

b3Sig

b4Sig

b1Sig

b3

b3Sig

b4Sig

b1Sig

b2Sig

b4

b4Sig

b1Sig

b2Sig

b3Sig
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velocity components is available. Assuming steady-state conditions
in the Kvichak River during the ﬁeld measurements (see A), these
time-series are averaged to obtain a single velocity vector at each
grid-cell. All velocity measurements are affected by the intrinsic
noise of the instruments that measures them. For this case, the
velocity measurements are affected by the GPS velocity uncertainty
and by the inherent Doppler noise of the Signature1000. After timeaveraging the velocities, the horizontal velocity component uncertainty within each grid cell, su , is deﬁned as:

is the mean ﬂow velocity.
The ﬁve-beam conﬁguration of the Signature1000 facilitates the
estimation of ﬁve out of six Reynolds stresses [35]. Assuming zeromean pitch and roll within each grid cell, the noise-corrected
Reynolds stresses are deﬁned using the variance of the pseudoalong-beam velocity ﬂuctuations as:

u0 2 ¼

b0 21 þ b0 23  2b0 25 cos2 q
2 sin2 q

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

su ¼

s2uSig
N

þ

s2uGPS
N

;

(3)

where suSig is the horizontal velocity uncertainty from the Signature1000, suGPS is the uncertainty of the velocity recorded by the
GPS on board the SWIFT buoy, and N is the number of velocity
measurements available for each grid cell.
Using the time-averaged velocity vector at each grid cell, velocity shear is estimated by a centered ﬁnite difference scheme. A
coarse vorticity is then estimated using the estimated discrete
shear in all three Cartesian directions. The shear of the alongchannel velocity component u in the x direction, and its uncertainty, are deﬁned as:

du uiþ1;j;k  ui1;j;k
¼
;
dx
2Dx

sShear ¼

(4)

1 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2uiþ1;j;k þ s2ui1;j;k ;
2Dx

(5)

where i, j, and k represent each grid cell and u is the x-axis velocity
component. The velocity shears in the other directions, and for the
rest of the velocity components (v and w), follow the same
deﬁnition.
Additional mean ﬂow parameter uncertainties arise from the
error in the GPS locations and from natural variability within a grid
cell. These are assumed to be uncorrelated, and averaging within
the grid cells signiﬁcantly reduces them.

2.5. Turbulence parameters
Turbulence parameters are obtained following the methods
presented in Ref. [35] for a ﬁve-beam acoustic Doppler proﬁler,
which are based on the variance of along-beam turbulence ﬂuctuations. For this investigation, the pseudo-along-beam velocity
ﬂuctuations are used instead.
A pseudo-turbulence intensity, (pTI), is estimated using the
b0 2i ,

pseudo-along-beam velocity variances,
relative to the mean
ﬂow velocity at each depth. The noise-corrected pTI is deﬁned as:

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
1 5 b02 ðx; y; z; tÞ  s2
i¼1 i
b
;
pTIðx; y; zÞ ¼ 5
Uðx; y; zÞ
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v0 2 ¼

b0 22 þ b0 24  2b0 25 cos2 q
2 sin2 q

 s2b ;

(7)

 s2b ;

(8)

w0 2 ¼ b0 25  s2b ;

(9)

u0 w0 ¼

b0 23  b0 21
;
4 sin q cos q

(10)

v0 w0 ¼

b0 24  b0 22
;
4 sin q cos q

(11)

where b0 2i corresponds to the pseudo-along-beam velocity variances, and q is the beam inclination angle (25+ for the Signature1000), and s2b corresponds to the noise variance from the
Signature1000. u0 2 corresponds to the along-channel turbulent
kinetic energy (TKE), which can be used to estimate an alongchannel turbulence intensity, TI, as:

qﬃﬃﬃﬃﬃﬃﬃ
u0 2
TIðx; y; zÞ ¼
:
Uðx; y; zÞ

(12)

Both the along-channel turbulence intensity and the alongchannel TKE are used to measure how the turbulence evolves
downstream of the turbine.
The TKE dissipation rate, ε, is estimated through the secondorder spatial function of the along-beam velocity ﬂuctuations
Dðz; rÞ [35,37]. This methodology requires the observation of the
inertial sub-range of isotropic turbulence. Using the vertical beam
velocity ﬂuctuations, within each grid cell, the structure function is
deﬁned as:

2

Dðz; rÞ ¼ b05 ðz þ rÞ  b05 ðzÞ ;

(13)

where z is the along-beam measurement location, b05 corresponds
to the velocity ﬂuctuation along the vertical beam, and r is the
distance between two velocity bins; the overline denotes timeaverage. In the inertial subrange of isotropic turbulence, the
structure function is related to the distance r by:

(6)
Di ðz; rÞ ¼ C 2v ε2=3 r 2=3 ;

s2b

where bi represents each pseudo-along-beam velocity,
is the
along-beam velocity noise variance [36], and U is the horizontal
velocity magnitude. The pseudo-along-beam measurements have
independent noise errors, sb , and thus using of all ﬁve pseudoalong-beam velocities is preferred to estimate the velocity variations at each grid cell. By only using the pseudo-along-beam velocities, pTI only captures the turbulent length scales similar to the
beam separations. This spatial deﬁnition is uniformly biased low
compared to the usual temporal deﬁnition of turbulent intensity
sU =U, where sU is the standard deviation of the ﬂow velocity and U

(14)

where C 2v ¼ 2:1 is a constant [36,37].
The structure function is estimated using all instantaneous
proﬁles within each grid cell, which correspond to a non-uniform
time series. Then, the structure function is multiplied by r 2=3 to
obtain a compensated structure function in the inertial subrange
[38]. The TKE dissipation rate, ε, is estimated by solving
r
Dðz; rÞr 2=3  2 ¼ C 2 ε2=3 , where r1 to r2 is the range where the
r1

v

compensated structure function slope is closest to zero, and the
overline denotes the average. Estimates are not calculated for
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depths with less than four points in the structure function, hence r
values ranged between 2 m and 7 m.
Uncertainties in ε from the structure function ﬁtting are calculated by propagating the uncertainty in the compensated structure
function such that:

sεD ¼



1
Cv2

3=2

3
1=2
Dcomp sDcomp ;
2

(15)

where sDcomp corresponds to the standard deviation of the
compensated structure function in the r range used for the
computations.

2.6. Data-products comparison
Flow parameters obtained from the SWIFT data set are
compared with those obtained from the ADV data set for the undisturbed river conditions to test the accuracy of the drifting
method. Data are compared in terms of the velocity magnitude,
pseudo turbulence intensity, turbulence intensity, and TKE dissipation rate. ADV-based ﬂow parameters are obtained similarly to
those from the SWIFT buoy, with the exception of TKE dissipation
rate, which is estimated through the TKE spectra derived from the
ADV measurements [35]. Fig. 3 compares grid cell ﬂow parameters
(in blue), and grid longitudinal averages (in gray) as longitudinal
homogeneity was observed in the area covered by the ADV
measurements.
Overall there is a good agreement between ﬂow parameters
obtained from SWIFT data set and those from the ADV data set.
Excellent agreement is observed for the gridded velocity magnitude between both measurement methods, with an RSME ¼ 0:16

ms1 between the values from the SWIFT and the values from the
TT-ADV platform. Good linear agreement is found between the
pseudo-turbulence intensity from both data sets, with an RSME ¼
4%. However, the pseudo-turbulence intensity from the SWIFT data
set is biased low (the linear ﬁt slope is 0.6). This bias is expected,
because the pTI only considers a portion of the turbulence lengthscales, while the turbulence intensity from TT-ADV is estimated
through its usual deﬁnition and considers all turbulence lengthscales in the along-channel direction. Fig. 3c shows turbulence intensity estimated using equation (12). Although signiﬁcant scatter
in the plot is observed, a linear trend and good agreement is found
between the longitudinal averages, with an RSME ¼ 2% and a best
linear ﬁt slope of 1.29.
The TKE dissipation rate estimates from the TT-ADV tends to be
larger than those from the SWIFT. Despite the scatter in the comparison of these turbulence parameters, the average values obtained from the two methods are of the same order of magnitude.
This is notable, given the large dynamic range of this quantity in the
natural environment.
Differences are attributed to uncertainties in the location of the
measurements (from the GPS receivers), by remaining noise in the
parameter estimates, and by differences in the methods. Specifically, the ADV measurements provide data-dense time series of
ﬂow parameters within each grid cell, while the SWIFT measurements provides spatial averages from non-uniformly sampled
sparse data.

3. Results: wake characterization
The RivGen wake in the Kvichak River is characterized by the
previously deﬁned ﬂow parameters obtained from the repeated

Fig. 3. Comparison of ﬂow parameters between ADV data (x-axis) and SWIFT data (y-axis) for the undisturbed river condition: a) Velocity magnitude U, b) pseudo-turbulence
intensity pTI, c) turbulence intensity TI, and d) TKE dissipation rate ε. Blue dots correspond to grid cell parameters, and larger gray dots correspond to longitudinal averages of
grid cell values. Dotted lines correspond to the y ¼ x in all plots. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this
article.)
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SWIFT drifts. In general, the wake signal is strong and noticeable in
all estimated ﬂow parameters. In what follows, the undisturbed
river conditions and post-turbine deployment ﬂow conditions are
presented, always considering an operational RivGen. (The braked,
non-operational RivGen will be considered in the Discussion.) Plan
and longitudinal views of the river are presented, colored by the
different mean ﬂow and turbulence parameters. All plan views
correspond to hub-height (z ¼  2:5m), while longitudinal views
correspond to a streamline passing through the center of the turbine shown as a gray dotted line in Fig. 4b. The turbine location (x ¼
0, y ¼ 0) is represented by a black rectangle in all plan views. In the
longitudinal views, the turbine is represented by a gray oval due to
the different scales of the horizontal and vertical axis. In these plots
the black rectangle corresponds to data removed due to turbine and
support structure interference with the ADCP pings.
3.1. Mean ﬂow parameters
Fig. 4a shows contours of grid-averaged velocity magnitude at
hub-height for undisturbed river conditions. The undisturbed ﬂow
is stronger mid-river, reaching about 2.3 ms1 at the turbine location (ðx; yÞ ¼ ð0; 0Þ), while slower ﬂows are observed towards the
river banks. When the river is undisturbed, strong lateral shear is
observed at the cross-section corresponding to the turbine location,
with stronger ﬂows towards the Igiugig side of the river (positive yaxis).
A plan view of velocity magnitude at hub-height while the
turbine is operational is presented in Fig. 4b. The turbine wake is
observed immediately downstream of the turbine. Velocity
magnitude is dramatically reduced, from 2.3 ms1 to 1 ms1 at the
turbine location and slower velocities are observed beyond 200 m
downstream of the turbine. The wake remains mostly laterally
constrained by the prevailing shape and direction of the river.
Closer to the free-surface (above hub-height), the wake from the
two turbine rotors can be distinguished, together with a reduced
wake from the generator (located between the two rotors). These
features are mixed about 40 m downstream of the turbine.
Fig. 5 shows a longitudinal proﬁle of the river colored by velocity
magnitude. In its undisturbed state, classical open channel ﬂow is
observed in the river. The turbine wake has a rich longitudinal
structure. The velocity decrease begins upstream of the turbine, as
the river ﬂow encounters the turbine and slows down. Flow accelerates on top of the turbine, indicating vertical blockage effects.

Fig. 4. Plan view of horizontal velocity magnitude U at hub-height (2.5 m below the
river free surface). a) undisturbed river, and b) when turbine is underwater and
operational. Flow is from left to right. Gray dashed line in a) shows location of center
streamline used for the longitudinal plots. Black rectangle shows turbine location.

Fig. 5. Longitudinal view of horizontal velocity magnitude U along a center streamline
(shown in Fig. 3a). a) undisturbed river, and b) when turbine is underwater and
operational. Flow is from left to right.

During the ﬁeld measurements, a small free-surface decrease was
observed visually at the turbine location, but it was not captured by
the GPS vertical elevation measurements on the drifter (presumably because of insufﬁcient vertical accuracy).
Downstream of the turbine the wake expands vertically reaching the free-surface about 35 m away from the turbine, as observed
in the surface velocities recorded by the GPS on board the SWIFT
buoy.
Average uncertainty in the velocity estimates prior to turbine
deployment is 1.3 cms1, and 1.2 cms1 when the turbine is
operational.
In its undisturbed state, the Kvichak River has a vertical vorticity
(uz ) in opposite direction along the Igiugig side of the river (positive y-axis), probably due to a lateral sharp change in bathymetry
(Fig. 6a). The presence of the turbine has a strong impact on vertical
vorticity, generating sufﬁcient vertical vorticity to reverse the sign
at the lateral edges of the turbine, showing the expected behavior
for an obstacle in the ﬂow (Fig. 6b. Cross-stream vorticity, uy , is
shown in Fig. 7). Baseline cross-stream vorticity is maximum near

Fig. 6. Plan view of vertical vorticity uz at hub-height (2.5 m below river free surface).
a) undisturbed river, and b) when turbine is underwater and operational. Flow is from
left to right.
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Fig. 7. Longitudinal view of cross-channel vorticity uy along a center streamline
(shown in Fig. 3a). a) undisturbed river, and b) when turbine is underwater and
operational. Flow is from left to right.

the bottom, consistent with bottom-induced vorticity. Similarly,
when the turbine is underwater, cross-stream vorticity is enhanced
above and below the turbine, and vorticity direction is coincident
with increased vorticity observed for ﬂow passing around a cylinder. However, the wake vorticity magnitude is asymmetric, similar
to what was observed in laboratory experiments, even under
different conditions boundary [21]. This asymmetry is explained by
blade rotation, which induces cross-stream vorticity in the opposite
direction. For the non-operational condition, cross-stream vorticity
below the turbine, is similar to cross-stream vorticity observed
above the turbine. Average uncertainty is 0.04 s1 for the vertical
vorticity and 0.1 s1 for the cross-stream vorticity.
3.2. Turbulence parameters
Figs. 8 and 9 show maps of turbulence intensity estimated as the
ratio between the standard deviation of the along-channel turbulence ﬂuctuations and the along-channel velocity. Natural river
turbulence intensity is about 10% through the water column. Larger
values of turbulence intensity are observed near the bottom and in
the shallower areas of the river, consistent with bottom-generated
turbulence and slower ﬂows. When the turbine is deployed, a region of elevated turbulence intensity is observed in the area

Fig. 8. Plan view of total turbulence intensity TI at hub-height (2.5 m below river free
surface). a) undisturbed river, and b) when turbine is underwater and operational.
Flow is from left to right.

Fig. 9. Longitudinal view of turbulence intensity TI along a center streamline (shown
in Fig. 3a). a) undisturbed river, and b) when turbine is underwater and operational.
Flow is from left to right.

surrounding it. Turbulence intensity increases more than ﬁve times
from its original level due to both an increase in velocity ﬂuctuations (up to ﬁve times) and a decrease in mean velocity. Unlike the
mean velocity, the turbulence intensity, and the TKE, decrease
rapidly downstream of the turbine, reaching a level similar to the
natural river conditions. As shown in the plan-view plot of Fig. 8b,
the turbulence intensity of the wake decreases in width, concentrating the elevated turbulence intensity mid-river.
The turbine effects are also observed in the Reynolds stresses,
which represent turbulent momentum transport in the wake.
Although estimates are noisy, elevated Reynolds stresses are
observed up to 20 m downstream of the turbine, suggesting that
turbulent transport is important in this region. Figs. 10 and 11 show
contour maps of the u0 w0 Reynolds stress. The regions of strong u0 w0
correspond to regions of velocity shear, which are caused by the
decrease in velocity; the net effect is consistent with increased TKE
production.
TKE dissipation rate maps are shown in Figs. 12 and 13. Downstream of the turbine, TKE dissipation rate increases by at least a

Fig. 10. Plan view of u0 w0 Reynolds stress at hub-height (2.5 m below river free surface). a) undisturbed river, and b) when turbine is underwater and operational. Flow is
from left to right.
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rates decrease downstream of the turbine, they remain above
baseline values for about 60 m downstream of the turbine. Average
uncertainty in the TKE dissipation rate estimates is 4.4 104
m2s3 prior to turbine deployment, and it is 7.6 104 m2s3 when
the turbine is operational.
4. Discussion
4.1. Wake evolution

Fig. 11. Longitudinal view of u0 w0 Reynolds stress along a center streamline (shown in
Fig. 3a). a) undisturbed river, and b) when turbine is underwater and operational. Flow
is from left to right.

Fig. 14 compares horizontal and vertical proﬁles of velocity at
different distances from the turbine for the undisturbed river and
when the turbine is operational. Horizontal proﬁles taken at hubheight show a strong wake signal from the two rotors and the
generator. The proﬁles slowly mix horizontally, however the wake
signal is still clearly observed 50 m downstream of the turbine.
Vertical proﬁles, taken along the center streamline shown in Fig. 4b,
show the sharp decrease in velocity at hub-height. Closer to the
turbine, at x ¼ 2 m, the velocity vertical proﬁle shows the accelerated ﬂow on top of the turbine. The velocity mixes vertically
about 50 m downstream of the turbine, and typical logarithmic
open channel proﬁles are observed. However, velocities remain
slower compared to the undisturbed vertical proﬁles due to energy
extraction. These differences suggest that in this shallow river the
velocity proﬁles homogenize faster vertically than horizontally,
probably as a result of bottom-induced shear stress.
In what follows, the along-channel TKE (u0 2 ) is used to study the
wake evolution instead of the turbulence intensity, because it
provides information about the turbulence evolution rather than a
ratio to the mean ﬂow.
Longitudinal proﬁles of hub-height velocity (U), along-channel

Fig. 12. Plan view of TKE dissipation rate ε at hub-height (2.5 m below river free
surface). a) undisturbed river, and b) when turbine is underwater and operational.
Flow is from left to right.

TKE (u0 2 ), and TKE dissipation rate (ε), are presented in Fig. 15. In
these plots, the lines in dark colors represent the average across
three streamlines: along the turbine port side, along the turbine
center (shown in Fig. 4), and along the turbine starboard side.
Shadows represent the standard deviations across the three

Fig. 13. Longitudinal view of TKE dissipation rate ε along a center streamline (shown in
Fig. 3a). a) undisturbed river, and b) when turbine is underwater and operational. Flow
is from left to right.

decade, consistent with the increase in turbulent kinetic energy.
Along the center streamline, TKE dissipation rates are elevated
throughout the entire water column. Although TKE dissipation

Fig. 14. Horizontal and vertical proﬁles of velocity magnitude U at three different locations downstream of the turbine. In black when there is no turbine in the water, and
in red when the turbine is underwater and operational. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the Web version of
this article.)
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Fig. 15. Hub-height longitudinal proﬁles of a) Velocity magnitude U, b) Along-channel TKE u0 2 , and c) TKE dissipation rate ε. No turbine in gray, non-operational turbine in red, and
operational turbine in blue. Darker lines correspond to a cross-stream average between three streamlines along the turbine wake (turbine port, center, and starboard sides).
Shadowed areas represent the standard deviation from the averages along the three streamlines. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)

streamlines (a wider shadow indicates a large variation between
streamlines).
Prior to turbine deployment, strong lateral shear was observed
at hub-height at the turbine location, with stronger ﬂow towards
the turbine's starboard side and slower ﬂow towards the turbine's
port side. When the turbine is operational the ﬂow decelerates due
to turbine blockage and no signiﬁcant lateral shear is observed just
upstream of the turbine location. In the ﬁrst 10 m of the wake, ﬂow
velocity is similar along the three streamlines. After 10 m downstream of the turbine, ﬂow at the center and starboard streamlines
increases slightly more than at the port side, which is explained by
the faster ﬂows in the starboard side outside of the wake. However,
velocities do not recover to their baseline conditions along any of
the three streamlines, and any observed increase in velocity is not
signiﬁcant.
Along-channel TKE is observed to have a similar behavior along
the three streamlines. Along-channel TKE begins to increase about
10 m upstream of the turbine, and reaches a peak around turbine
location. In the ﬁrst 20 m downstream of the turbine a rapid alongchannel TKE decrease is observed. TKE increases again along the
starboard streamline around x ¼ 15m, which might be explained
by additional TKE shear production in the edges of the wake. TKE
ﬂuctuations further downstream are assumed to be caused by
natural bathymetric features in the river.
TKE dissipation rates show a behavior consistent with the increase in TKE, peaking about 5 m downstream of the turbine and
then slowly decreasing to an undisturbed level about 60 m downstream of the turbine.
From Fig. 15, three regions can be distinguished. From x ¼ 10
m to the turbine location at x ¼ 0 m, there is an induction zone,
where velocity is decreasing while TKE is rapidly increasing. This

zone has also been observed upstream of wind turbines, and its
extension is related to turbine blockage [39e41]. This region is
followed by a near wake up to about x ¼ 10 m, where velocity
continues to decrease followed by a small amount of recovery, TKE
decreases, and TKE dissipation rate peaks. A far wake is observed
beyond x ¼ 10 m, where both velocity and TKE do not change
signiﬁcantly; the velocity deﬁcit persists, TKE remains slightly
elevated with respect to its original level, and TKE dissipation rate
continuously decreases. The far wake demonstrates that there is no
true recovery of the ﬂow after this turbine, because kinetic energy
was extracted from the system. Of course, in some systems potential energy may be converted to kinetic energy, but the total
energy is still reduced by extraction.
4.2. Non-operational turbine
The wake observations in Section 3 correspond to the operational turbine conditions. During the life span of any hydrokinetic
turbine it is expected that turbines will not be operational for periods of time, due to ﬂow conditions not suitable for energy
extraction, to the presence of fauna, or to maintenance, among
other reasons. Here, the differences in the wake between operational and non-operational turbine states are examined. Fig. 15
presents longitudinal hub-height proﬁles for three cases: no turbine, non-operational turbine, and operational turbine. When the
turbine is non-operational the induction zone shifts towards the
turbine, and velocity reaches its minimum later in the proﬁle, at x ¼
8 m instead of at x ¼ 2 m when the turbine is operational. Downstream, no signiﬁcant differences are observed between these velocity proﬁles. A similar trend is observed in the TKE proﬁles; for
the non-operational turbine the TKE increases further down in the
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proﬁle, the TKE maximum is shifted downstream and it is lower
than for the operational turbine. These differences are explained by
both turbine rotation and turbine energy extraction. Turbine rotation introduces additional turbulence and modiﬁes the ﬂow turbulence length-scales, resulting in higher TKE.
For the non-operational case, the TKE dissipation rate also increases at the turbine location, and remains elevated downstream
of the turbine. On average, the dissipation rate remains elevated
through the longitudinal extent of the wake, although large crosswise variations are observed.
The small differences observed in the ﬂow parameters between
operational and non-operational cases suggest that the turbine
presence as a bluff body in the ﬂow (as opposed to an extractor) is
responsible for most of the hydrodynamic impacts in the Kvichak
River. The turbine entire structure blocks a high portion of the
water column (vertically); this appears to remove a signiﬁcant
portion of power from the ﬂow that is not being converted to useful
power, regardless of turbine operation.

turbine and the kinetic energy ﬂux through the rotor swept area.
From an environmental impacts point of view, a more appropriate
performance metric would be the “exergy efﬁciency” [42]. This
efﬁciency is the ratio between the amount of useful extracted power (turbine extraction) and the change in exergy (useful available
power). The large wake energy loss together with the small difference between the operational and non-operational wakes suggest that RivGen is operating at a low exergy efﬁciency, where most
of the power lost by the river is not being transformed into useful
power. Considering only the turbine's mechanical power extraction
and the amount of energy loss through turbulence in the wake,
RivGen's exergy is about 50%.
These results demonstrate that exergy efﬁciency must be
considered in the assessment of large hydrokinetic energy farms, as
low exergy efﬁciency values indicate that a much larger effect on
the hydrodynamics of a system exists in addition to what is being
extracted by the turbine for electricity production alone.

4.3. Wake energy loss

5. Conclusions

The Kvichak River naturally looses energy through the dissipation of turbulent kinetic energy into heat and sound. When the
turbine is underwater and operational, it extracts energy from the
mean ﬂow and delivers it to the local Igiugig grid. At the same time,
more turbulence is generated in the river due to the presence of the
turbine and blade rotation. As more turbulence is generated, an
increase in TKE dissipation rate is observed in the wake. Thus, the
river is loosing additional energy within the turbine wake due to
increased TKE dissipation. Here, a volumetric TKE dissipation rate is
calculated by multiplying the TKE dissipation rate, ε, by the water
density, r, and then integrated over the river volume (V) to obtain
the rate at which energy is being loss through turbulence as:

Detailed ﬁeld measurements are used to analyze and understand the evolution of the wake of ORPC RivGen hydrokinetic turbine in the Kvichak River. A drifting Nortek Signature1000 ﬁvebeam acoustic Doppler current proﬁler is used to measure alongbeam velocities at high resolution following river streamlines.
These observations are used to construct a set of 3D ﬂow conditions
in the area surrounding the RivGen turbine for both before turbine
deployment and while the turbine is underwater extracting energy.
In general, results show the expected wake characteristics of
decreased velocities and increased turbulence downstream of the
turbine, however unique wake features are observed. A persistent
velocity decrease is observed downstream of the turbine that extends beyond the area covered measurements, demonstrating that
there is no wake recovery for this turbine in the Kvichak river. In
terms of turbulence parameters, a rapid increase in turbulence
intensity, and in turbulent kinetic energy, is observed. The increase
in turbulence is consistent with an increase in TKE dissipation rate,
which remains elevated through the extent of the wake
measurements.
Similar patterns of velocity and turbulence are observed in the
wake of a non-operational RivGen turbine, which indicates that the
turbine structure removes a signiﬁcant amount of power even
when the turbine is not producing electricity. The TKE dissipation
rate parameter allows for the estimation of total energy being loss
by turbulence in the wake region. For the operational turbine case,
the river looses about the same amount of power via turbulence as
via electricity production. These results suggest that the turbine is
operating at a low exergy efﬁciency, where much of power
removed from the river is not being delivered to the grid.
This study provides a comprehensive data set of a full-scale
cross-ﬂow turbine wake. The methods used in the ﬁeld are
proved to be efﬁcient in characterizing the spatial extent of the
wake, at least in system that is in steady state for long periods of
time. The observations and analysis presented here serve as validation for numerical models and for future turbine array designs.
Most importantly, these results inform turbine designers, project
developers, and decision makers about the environmental impacts
of hydrokinetic energy extraction under real ﬂow conditions.
All data sets produced for this paper are available in the US
Department of Energy Marine and Hydrokinetic Energy data repository website.2

ð
Rate of Energy Loss ¼ rεdV

(16)

V

Wake energy loss rates for the three studied cases and their
uncertainties are presented in Table 3. Total energy loss rates are
calculated in a volume that covers most of the turbine wake: between x ¼ 0 m and x ¼ 60 m, y ¼ 14 m and y ¼ 14 m, and from
the bottom to the free-surface. Uncertainties are calculated as the
sum of each TKE dissipation rate variance (Equation (15)). Energy
loss in the turbine region doubles when the turbine is underwater,
but non-operational, and triplicates when the turbine is operational. The turbulent energy loss in the wake is comparable to what
the rotors extract from the river for electricity generation, which
means that the river is loosing as much as twice the energy that is
actually being delivered to the community.
4.4. Exergy efﬁciency
The most used metric for turbine efﬁciency is the power coefﬁcient, the ratio between the mechanical power extracted by the
Table 3
River energy loss rates from turbine extraction and through dissipation of turbulent
kinetic energy. Uncertainties are included for the turbulent dissipation values.
Condition

No turbine
3.43 ± 0.04

Not operational
turbine
6.14 ± 0.16

Operational
turbine
10.93 ± 0.15

Turbulent Dissipation
(kW)
Turbine Extraction
(kW)
Total (kW)

e

e

11.10

3.43

6.14

22.03

2

https://mhkdr.openei.org/home.
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Appendix A. Steady State Assumption
It is critical for the wake analysis presented here to assume
steady state conditions in the Kvichak River. During the measurements period atmospheric conditions were mild and no large rain
or ﬂood events were observed. Since there are no stream ﬂow
gauges available in the Kvichak River, the steady state assumption is
tested using velocity measurements taken upstream of the turbine

Data from a HOBO pressure gauges installed on RivGen's frame,
just upstream the turbine, are converted to water depth after
removing the atmospheric pressure data. Atmospheric pressure
measured at the Igiugig Airport weather station (USAF-703061)
during the measurements period is shown in Fig. 16a. During the
ﬁrst period of measurements (no turbine in the river), atmospheric
pressure remained fairly constant at around 100 kPa. Increased
atmospheric pressure, up to 102 kPa, was observed during the nonoperational turbine measurements and for the ﬁrst day of the
operational turbine measurements. The effective accuracy from the
HOBO pressure gages is 3 cm in depth. The water depth data presented in Fig. 16c show no signiﬁcant trend. However, highfrequency depth variations between ±5 cm, over a 3.66 m mean
depth were observed on July 19e21 2015.
Although there is variability in the ﬂow conditions during the
measurements, the steady-state assumption is statistically valid
(i.e., none of the variations in the mean values exceed the uncertainties) during the entire measurement period. Furthermore,
the upstream variations of order 0.1 ms1 and much smaller than
the wake signal, which is order 0.5 ms1.

Fig. 16. a) Atmospheric pressure from Igiugig Airport weather station, b) Hub-height velocity upstream of the turbine: instantaneous velocity in orange, daily averages in dark
green, and overall average velocity in gray dashed line, and c) water depth measurements upstream of the turbine. In all ﬁgures shaded areas correspond with the times of the three
data sets from the SWIFT buoy: no turbine (gray), not operational turbine (red), and operational turbine (blue).

location through the entire measurement period, and depth variations taken just upstream of the turbine while the turbine was
underwater.
True Eulerian velocities taken mid-river between 20 and 30 m
upstream of the turbine (within four highly populated grid cells)
are used to test the steady state assumption through the measurements period. There were 1054 instantaneous velocity measurements within this location among 9 days of measurements.
Turbulent velocities together with daily averages measured at hubheight at this location are shown in Fig. 16. Error bars correspond to
one standard deviation from the daily averages. No trend is
observed in the daily averaged velocities, and the total averaged
velocity from those measurements lies within the error bars
through the measurement period.
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