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ABSTRACT

Turbulence intensity measurements of vertical axis wind turbine (VAWT) are essential to
detemineitsefficiency and performance. In this study, the eddy covariance (EC) method was used to
characterise the flow and directly measure turbulence of a VAWT in a controlled indoor laboratory
using an ultrasonic anemometer (at 10 Hz) at specific grid positions of upwind and downwind (in the
wake) of the VAWT. In constrast to numerical simulations, this method has the potential to accurately
quantify turbulence of wind turbines and thus able to describe the flow patterns around a
VAWTexperimentally. Results show that at the upwind position, some of the swept area of the VAWT
obstructed the flow due to the counter current flow generated by the VAWT rotors’ rotation while
causing some flows to be diverted and concentrated to the concurrent flow area of the VAWT. In the
wake of the VAWT, flow velocities and turbulence decreased and dispersed while at the centre line,
vertical turbulence decreased towards the bottom (ground) swept area.This downward transfer of
turbulence caused generally negative vertical momentum transfer. However, a slight increase of
turbulence was observed at the ground surface due to flow deflection.

doi:10.5829/idosi.ijee.2016.07.02.01

INTRODUCTION

Due to increasing global interest in finding sustainable
energy resources, wind energy has been determined to be
one “green” energy option that has great potential to
contribute to the world’s energy demands of the future
[1]. Generally, there are two types of wind turbines: the
horizontal axis wind turbine (HAWT) and the vertical
axis wind turbine (VAWT), both capable to convert
kinetic energy of the wind to electrical energy. HAWTs
is more efficient in harvesting wind energy than VAWTs,
but VAWTSs perform better than HAWT in turbulent flow
conditions [2]. Thus, the VAWT is deemed to be more
suited to urban areas where turbulence is high and that
the VAWT can be installed on buildings rooftops to
access higher wind speed conditions [3, 4] while
providing “direct-to-user” electrical energy to the
VAWT-installed building.

Turbulence is created due to the unsteady flow and
fluctuations of the three flow velocity components and
can be quantified from its instantaneous deviation from
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the mean flow velocity. Turbulent flow consists of
different sizes of “eddies”. Eddy is defined as the
swirling unit of air in the turbulent flow. In this study,
flow velocity is measured in three dimensions using the
eddy covariance (EC) method. The EC method is widely
used in quantification of the turbulent fluxes in the
micrometeorology field and has also been implemented
in a pilot study on the turbulence flow of a VAWT [5].
Using this method, flow velocities are separated into the
longitudinal, lateral and vertical velocities components,
analogous to the Cartesian X, y, and z axes, and are
commonly denoted as u, v and w.

Research has found that by arranging VAWTs close
to each other, the array of VAWTs could harvest more
wind energy through vertical transfer of kinetic energy of
turbulence or eddies [6, 7]. In this context, we focused on
an individual VAWT instead of an array of VAWTs.
Although there are numerous studies on numerical
simulations of wind turbine flows [8-13], there are
limited literature on direct measurements of flow and
turbulence characteristics of VAWTs. Breton et al. [14]
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revealed that the upstream distance between turbines
affect turbine performance and hence the turbulence
distribution pattern in front of a turbine was observed and
presented in this work in addition to the wake (or
downwind) of the VAWT. Numerical modeling tends to
underestimate turbulence and flow fields [15], and thus,
by wusing the EC method, this paper presents a
comprehensive direct measurements of turbulence and
flow of upwind and wake of the VAWT.

MATERIALS AND METHODS

Laboratory setup

This study was conducted in an indoor research
laboratory to avoid the complex and uncontrollable flow
fields outdoors because of the interaction between wind
turbines and the atmospheric boundary layer, the
atmospheric boundary layer is the atmospheric layer
closest to the surface of the Earth. Rooftop monitoring of
VAWT conducted by Tabrizi et al. [16] and reviews of
factors affecting perfomance of a Savonius wind turbine
[13] have provided some useful information towards this
study. Furthermore, the latter layer is not commonly
“neutral” where the effects of buoyancy could alter the
flow fields under “unstable” conditions. Neutral is
defined as when mechanical shear dominates buoyancy
effects on turbulence production.

Three-dimensional side view of the laboratory layout
is shown in Figure 1. Three units of 26" industrial
standing fans with fan blades length of 0.35 m, were used
to generate the flow field and were arranged in a row as
shown in Figure 2a. To study the turbulence and flow
characteristics of a 300 W Darrieus-type VAWT (iWind
Energy, iW301, Taiwan), with total swept area of 1.44
m2, an ultrasonic anemometer (81000, Young, USA) was
used to measure the three-flow velocity components (u,
Vv, W). The data was logged to a personal computer using
a RS232 cable and HyperTerminal software (Microsoft,
USA) as the interface. Sampling frequency of 10 Hz was
averaged for 60-min (averaging time). From preliminary
analysis, it was discovered that even 5-min averaging
period was sufficient to capture all turbulence-scale
fluxes, typically of 1-s period.

This experiment was conducted at two speed settings
(“low” and “high” speeds) at four different
configurations. The averaged mean flow velocity at low
speed setting was approximately 3.2 m s while at high
speed setting was 4.0 m st with Reynolds number of 1.31
x 108 (low speed setting) and 1.63 x 108 (high speed
setting). At low speed setting, VAWT rotates within the
range of 75-79 RPM (rotation per minute); while at at
high speed setting, VAWT was at 101-105 three flow
velocity components, u, v and w at 10 Hz. Data was
collected for 60 min and processed using MATLAB (ver.
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2012A, MathWorks, USA) using a custom data
processing script. The processing algorithm includes
quality control steps, such as spikes removal caused by
electronic-signal noises, stationary tests, and Haar
transform (used to identify the discontinuities in the time
series data during the data quality check).

The mean flow velocity, @, and the standard
deviations of the fluctuations of the three flow velocities,
such as velocities from the mean were calculated and
denoted as oy, oy, and ow or turbulence. The three flow
velocity fluctuations were calculated according to Egs.
(1), (2) and (3), whereby the mean lateral and vertical
flow velocities, v and w were approximately zero. This
method is known as the Reynolds decomposition method
of flow velocities to separate the turbulent components
from the mean flow velocity components.

u=u+u 1)

V=v+v 2)

W =W+ w 3)
RESULTS AND DISCUSSION

VAWT mean flow velocity and turbulence
distribution patterns

Heat map was used to visualised the flow and turbulence
distribution patterns of four different positions of the
ultrasonic anemometer and VAWT, where each “cells”
represents the measurement

(a) (c)

Figure 1. Laboratory setup depicting the arrangement of the
ultrasonic anemometer, VAWT and the three 26" industrial
standing fans at four different positions: a) upwind without
VAWT; b) downwind without VAWT; c) upwind with VAWT;
d) downwind with VAWT.
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Figure 2. a) The front and top view of the arrangement of the three 26" industrial standing fans and b) fabricated shelf grid with 30
data collection positions (Al to E6) covering the entire swept area of the flow source, which represents the flow field.

positions marked by the grid shelf. The turbulence
patterns of upwind and wake of the VAWT flow fields
were studied laterally and vertically. Results showed that
the distribution for low speed and high speed were the
same albeit at lower magnitudes for the low speed. This
is because the design of the VAWT (which was constant)
is the major factor in developing the flow field and thus
the turbulence distribution irrespective of flow velocities.
Futhermore, the pattern changed only when the VAWT
was within the flow, which means that the downwind
with VAWT flow and turbulence distribution patterns
originated from the VAWT and not from the flow source
(i.e., the fans). Thus, the results and discussion presented
onwards refers only to the high speed flow field. The
distributions of the mean flow velocity and turbulence
for high speed setting at four different positions are
shown in Figure 3, which displayed a classic turbulence
energy cascade pattern for the downwind with VAWT
runs.

Time series of mean flow velocities (averaged 5-min
blocks) for a duration of 60 min, for upwind and
downwind positions with and without VAWT within the
flow is shown in Figure 4. As the trend of the time series
of all positions were somewhat similar, only one position
(E6) was selected to represent the time series trends. At
upwind positions with or without VAWT (see Figure 4 a
and c), the cycle of the incoming flow occurred every 10
to 15 min. However, the pattern of the 5-min block mean
flow velocities at downwind positions occurred at a lower
frequency of more or equal to 60 min (refer Figure 4 b
and d). This reveals the frequency-scale difference
between the incoming flow at upwind and downwind
positions and indicates the generation of different flow
patterns between the upwind (the fans) and downwind
flows (the VAWT) as exhibited in Figure 3. Figures 3a
and 3c show that the mean flow velocity distribution
patterns are proximate at both upwind positions (with and
without VAWT). Flow dispersed from upwind to
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downwind, causing the flow velocities at downwind
positions to reduce, refer to Figure 3b. With the VAWT
placed at the downwind position, mean flow velocity
behind the entire swept area of the VAWT was lower
than without VAWT, refer to Figure 3d. In the middle
column (column C) of the wind swept area behind the
VAWT, mean flow velocity decreased when approaching
the bottom surface. The mean flow velocity above the
centre was higher due to the higher energy flow of this
row layer [7].

Generally, the VAWT disperses the flow downwind;
flow field transferred downwind partitioned into three
distinct flow fields (or vortices) [17]. The highest flow
velocity was observed in column E shown in Figure 3d
due to the concurrent rotational direction (anti-
clockwise) of the VAWT. Mean flow velocity were
directed and concentrated in column E (the right-most
column) by the VAWT where the flow is least obstructed
due to the concurrent direction of the rotors. In column
E, the mean flow velocity magnitude was two to three
times higher compared with other columns while the
mean flow velocity increased and decreased from top to
bottom. The second highest mean flow velocity was
observed in column A, but with the rotors moving
counter current to the direction of the flow. Thus, flow
velocities was directed to the concurrent column of the
VAWT, The highest resistance, taken as highest
occurrence of turbulence before the VAWT, of flow
occurs in column D, C, and B (in order of magnitude) due
to a small degree of reverse flow especially in cells D2,
C3and B3. Figure 5 illustrates the reverse flow generated
by VAWT, showing the distribution of the flow due to
the rotational direction of the VAWT. The blocking
effect of turbine on the incoming flow from upwind has
contributed to the slight decrease of mean flow velocity
in column C and this is aligned with the observation
found in Kinzel’s work [7].
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(a) Upwind without VAWT (c) Upwind with VAWT
Mean flow velocity,  (ms) Mean flow velocity, & (m/s)
A B c D E A B c D E
1| o073 0.73 065 0.7% 0.98 1 0,66 076 068 1.15 0.77
2| o078 1.16 065 0.88 0.84 2 0.67 1.05 063 1.51 0.91
3 18 145 3 1.54 111 1.01
4| 201 165 4 1.83 11
5| 154 1.89 078 5 134 214 081
6| 133 1.73 0.62 6 1.05 2.02 215 068
Turbulence, gy (m/s) Turbulence, ., (m/s)
A B c D E A B ¢} D E
1| 0674 0.608 0,361 0.403 0,551 1| 0361 0.375 0.367 0.892 0379
2| o7re 1.19 0378 0.852 0415 2| 0338 0616 0,337 1.64 0696
3| 184 1.64 0616 2.08 1.23 3 1.12 1.34 0.779 2.05 102
4| 184 1.57 2.1 1.36 139 4 1.43 1.49 161 1.1 1.07
5| 115 1.22 1.3 1.24 0.688 5 1.07 1.15 132 112 0535
6| 106 1.02 123 124 ‘0615 6| 0897 1.12 1.08 1.14 0.569
Turbulence, g, (m/s) Turbulence, 6, (m/s)
A B c D E A B c D E Legend
1| 0342 0439 0532 0665 0552 1| 0364 0445 0.449 0.575 0476
2| 031 0478 0,536 0.465 0612 2| 0432 061 0.448 0.401 0509
3| 0857 0.628 04 0.696 0.607 3 1.04 059 0.508 0716 0388
4| o787 0.726 0,645 0.676 0.571 4 1.08 0.754 0.612 0584 0448
5| 0815 0713 0,815 0.602 0,376 5| 0674 0738 0.815 0564 0258
6| 0592 0.658 0,706 0,591 0,292 6| 0515 0764 0.776 0.566 0212
Turbulence, 6. (m/s) Turbulence, 6, (m/s)
A B c D E A B ¢} D E
1| 0378 0434 0321 0425 0492 1| 0344 035 0.354 0583 0443
2| 0422 0614 038 0487 0541 2| 0366 046 0.3%4 0.641 0473
3| o059 074 0399 0718 0.668 3| 0578 0.684 0514 0583 037
4| 0831 0.627 0748 0.764 0,609 4| 0863 0.629 0.626 0687 0391
5| 0785 0.623 0,823 0775 0,436 5| 0847 0764 0.736 0,698 0227
6| 0733 0.617 075 0.767 0.33 6| 0727 0753 0763 06 0251 21575
(b) Downwind without VAWT (d) Downwind with VAWT —
Mean flow velocity, @ (m/s) Mean flow velocity. @ (m/s) 21
A B c D E A B c D E 15
1| ost 1.16 134 1.05 072 1] oss 075 075 052 1.27 15
2| oss 1.39 156 1.24 076 2| on 0.77 078 0.45 147 e
3| 1o 1.74 194 17 0.96 3| 057 0.78 074 0.41 1.51 15
4| 106 1.84 229 1.92 113 4| 055 0.54 047 0.33 1.87 15
5| 118 1.66 213 1.91 13 5| 097 038 03% 045 176 12
6 1 1.98 2.06 2.05 113 6| 108 048 03% 07% 178 10
Turbulence, g, (m/s) Turbulence, gy (m/s) 0.8
A B c D E A B ¢ D E 075
1] 07ss 103 1.08 0951 0432 1| 0356 0308 0.345 0.283 1.23 0.6
2| 0903 1.06 111 1.07 0.66 2| 0347 0328 0404 0.248 128 045
3| 101 12 112 11 0829 a| o321 0315 0,401 0313 133 0.3
4| 102 111 1 1.07 0,894 4| 0488 0371 0388 0171 1.05 015
5| 105 1,19 1.04 1.03 0,946 s | osoz 0236 0227 0.347 139 _
6| 0944 1.06 1.05 1.07 0851 6| 0768 0422 0.265 0593 129
Turbulence, 6, (m/s) Turbulence, g, (M)
A B c D E A B C D E
1| 0324 05 0,544 0424 047 1 03 0329 0.338 0.375 0.32
2| 031 0552 0572 0466 0331 2| 0291 0311 0.309 0.356 0.38
3| 0398 0.541 0,554 0,555 0,403 3| 0343 0259 0.273 0276 0377
4| 03% 0554 0,561 0,547 0.454 4| 029 0263 0219 0271 0419
5| 0416 0532 0,549 0,571 0.509 5| 033 029 0.27 0232 0317
6| 0402 0531 0,533 0,543 0519 6| 0315 0234 0224 0284 0341
Turbulence, 6, (m/s) Turbulence, ¢, (m's)
A B C D E A B c D E
1 05 0515 0518 0.51 0448 1| o025 026 0311 0348 0401
2| 0508 0534 0,521 0523 0436 2| 0362 0257 0307 0323 0397
3| 0487 0518 0,503 0518 0.508 3| 030 0.25 0.279 0,294 0.359
4| 0488 0489 0483 0492 0493 4| 0341 0.251 0.247 0.244 0412
5| 0455 0463 0.451 0471 05 s | 0402 0237 0.231 0234 0419
6| 0439 0461 0443 0497 0481 6| 0395 0.284 0.233 0,294 0423

Figure 3. Along or longitudinal view of mean flow velocity, G, and turbulence intensities, cuvw distribution for the entire swept
area covered by the flow source of three 26" industrial standing fans at high speed for four positions; (a) upwind position without
VAWT; (b) downwind position without VAWT; (c) upwind position with VAWT; (d) downwind position with VAWT; each cell

represents mean values measured for each position of the shelf grid (Al to E6), columns A through E and rows 1 to 6.
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Figure 4. Time series of mean flow velocities, a for four positions; (a) upwind position without VAWT; (b) downwind position
without VAWT; (c) upwind position with VAWT; (d) downwind position with VAWT.

Lateral and vertical profile of VAWT turbulence
The turbulence (o, ov, and o) for upwind and downwind
were also studied laterally and vertically. For upwind
conditions with a VAWT, a build-up of turbulences oy
and ow occurred in the general left wind swept area of the
VAWT, columns A to D and rows 2 to 6 that suggest a
diversion/blocking of flows.

Regardless of the VAWT, upwind turbulence was
relatively the same possibly due to similar sources (i.e.,
the fans). The mean flow velocity and o, distribution
were high, mainly due to the positioning of the flow
source only at a distance of 1.5 m away from the
ultrasonic anemometer (refer to Figures 3a) while the
highest o, was located at the centre cell (C4) possibly due
to the blocking effect of the VAWT mast. With the
VAWT within the flow and at the upwind
position, the lateral turbulence, ov, decreased linearly
from cell A4 to cell E4 (Figure 3a). The trends for ow
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Figure 5. A sketch of the top view of the VAWT; flow
directions of the VAWT rotor is represented by blue arrows;
reverse flow generated by VAWT s represented by green
arrows; the red thin arrow shows the rotational direction of the
rotor; flow source is from the bottom.
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were the same for both with and without VAWT within
the flow. A slight decrease at cell E4 could be due to the
effects of obstructions at the perimeter of the layout.

Turbulence dispersion took place downwind,
whereby oy, ov and ow generally decreased without the
VAWT. Placing the VAWT within the flow at the
downwind position further decreased turbulence due to
generally low mean flow velocities. Referring to Figure
3c, there were more turbulence and restrictions to flow in
the bottom right column. Comparing the lateral profile of
the downwind positions with and without VAWT, Figure
6 shows that oy was higher in column E when VAWT is
within the flow except for E1, which was located at the
top row covered by the swept area. The counter-
clockwise rotation of the VAWT contributed in the
increase of mean flow velocity in column E. The VAWT
created vortices with vortex shedding, which caused the
turbulence intensity to increase in column E.

A higher value of o, at column E is observed due to
the concurrent rotational direction of the VAWT, as
mentioned earlier. The lateral profiles of oy and ow are
shown in Figure 7. From row 3 to row 6, oy and ow were
lower in areas within column B to D compared with the
edge of the covered swept area, which were columns A
and E. This was also reported in numerical simulation,
which showed a bell-shaped velocity deficit that occurred
behind a HAWT [17]. Here, we also observed that
turbulence (lateral and vertical) were at its highest in the
middle position and downwind of the swept area of
VAWT.

The efficiency of a VAWT not only depends on its
longitudinal mechanical energy-extraction capability but
also on its ability to extract vertical momentum flux
energy. Comparing the vertical mean flow velocity and
oy distributions at upwind positions, both situations were
mainly dependent on the positioning of the measurement
location. Due to the flow being dispersed downwind by
the VAWT, the mean flow velocity reduced as shown
previously. A vertical profile of oyshows the effect of
VAWT on turbulence in its wake as shown in Figure 8.

Wind speed was approximately zero at the bottom
wind swept area and so momentum has transferred
downwards into the surface. At the downwind position
without VAWT, flow dissipated towards the bottom or
surface, oy decreased and eddies sizes nearer to the
ground become small. With the VAWT within the flow
and at the downwind position, 6, and oy reduced. The
remaining turbulence, which dissipated downwind was
extracted by the VAWT. There is a slight increase in oy
and oy at the bottom wind swept area, indicated by red
colour circles in Figure 8. At this bottom area near the
edge of the VAWT, kinetic energy was reflected back
into the flow by the surface. This could be caused by the
flows that contacted the surface of the ground, which
generated secondary vortices due to the blocking effect
and caused the slight increase of oy behind the VAWT
[18]. Vertical momentum transfers from top to bottom
when VAWT was within the flow. Referring to Figure 9,
in the area behind the VAWT and at column C, ow
decreased. The ow reduced vertically from top to bottom
at a higher rate compared to o, and oy.
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Figure 6. Lateral profile of longitudinal turbulence intensity, ou, from the left column to the right column (A to E) for each row (1
to 6) at high speed at downwind position; inverted triangle symbol represents downwind position without VAWT while filled
inverted triangle symbol represents downwind position with VAWT.

89



Iranica Journal of Energy and Environment7(2): 84-93, 2016

(a) ov

Féow1 Row 4 : Row5 Row 6

v

=
=)

Turbulence s (mis)

=
In

(b) 6w

09

09 09 09

Row 2 [

)
1
T
L

IETE O ) S N ] S S I 1 o] 0B _ b d 08 _ ]

)
[=>]

it

)

[%2]
T

0 b s

)
N
bl

Turbulence o (mis)

03

02 F b

)
%]
T
L

01_ AR N 21 N L S SOS O KA S T K _ RS N K _ ]

O‘;.H.i‘...;. 0.\..‘.i‘...;. O.M...i....\. O.;‘...i.‘... A I M B
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

| —F—without VAWT — ¥ with VAWT | Lateral distance y (m)

Figure 7. Lateral profile of lateral and vertical turbulence intensities (ov and ow) distribution from the left column to the right
column (A to E) for each row (1 to 6) at high speed at downwind position; inverted triangle symbol represents downwind position
without VAWT while filled inverted triangle symbol represents downwind position with VAWT

90



Iranica Journal of Energy and Environment7(2): 84-93, 2016

(@) oo Column A Column B Column C Column D Column E
18} ' L] sl ]
v
i
[
14 4 14F ¥ 24
l. N
!
—12f 1 12t ! 1
£ !
M ¥
z !
% 'I - 'I .......... o .
g i
)
I
2 o8l 1 o0z ]
g H
Vo
\ N
06 1 os S
.
. r
04 4 p4al- * i
02 1 i I 02 | i 02 1 i I 02 1 | I 02 I 1
a5 1 15 2 05 1 15 2 05 1 15 2 05 1 15 2 05 1 15 2
Turbul f
(b) o urbulence, o, {mis)
Column A Column B Column C
18] ] aspid Eoid sl ]
M B T
N L i
14 B 14_y 14 Y
| ¥ i
: l [
B ) SE L SR PR R 1 gkl okl
£ cob B [
o v ¥ T
2 : s [
E 1 , ...... ......... 1_1 1_’ 4
[ S : O |
= El E\ I :
Egg_.:.+ o 1 sl (E1ES TR SO
g ] 2 [
S A [N
I i [ E
s ol N E
T 7 TT
04f i ¥ S S 04 Wi 1
1 1 i i i 1 | i i | i L i i i 1 | i i | i 1 i i i
0202 04 08 08 1 0'202 04 06 08 1 0202 04 08 08 1 0'202 04 06 08 1 0202 04 08 08 1

Turbulence, o, (mis)

[—=—without VAWT — - with VAWT |

Figure 8. Vertical profile of longitudinal and lateral turbulence intensities (cu and ov) distribution from bottom to top for each
column (A to E) for the entire windswept area at high speed at downwind position; inverted triangle symbol represents downwind
position without VAWT while filled inverted triangle symbol represents downwind position with VAWT; the circle indicates the

deflection of flow by the bottom surface, which increased the turbulence intensity.
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CONCLUSIONS

The lateral and vertical profiles of turbulence of a VAWT
were presented and discussed. The results presented are
limited within certain flow velocities, ranging below 4.0
m st The turbulence and flow velocity distribution
pattern were independent on the flow speed settings. Both
low and high speeds exhibited the same turbulence
distribution albeit at lower magnitudes. The rotational
direction of VAWT (anti-clockwise) had led to the
increment of o, from left to right. Meanwhile, the reverse
flow generated by VAWT act as a resistance to the flow.
The flow velocity was directed to the concurrent column
of the VAWT. At downwind positions, VAWT dispersed
the flow and thus the mean flow velocity subsequently
decreased. The VAWT also reduced the turbulence, oy
and oy. Turbulence transferring downwards caused
vertical momentum transfer while some turbulences were
added to the flow behind VAWT due to the deflection of
the flow by the surface, which also increased turbulence.
This study served as a comprehensive direct
measurement of flow and turbulence using the eddy
covariance method that could assist in developing
techniques for quantifying turbulence of vertical axis
wind turbines though limited to indoor conditions.
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