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Abstract
An experimental study was performed on a full-scale DAWT to understand its response behaviour to
changes in wind speed fluctuations. A novel diffuser was designed from the results of previous
numerical studies and was manufactured using lightweight materials. The resultant DAWT was made
portable and tested in three wind directions. Wind speeds, wind directions and output power was
recorded from both the bare wind turbine i.e. before it was applied with the diffuser and then the
resultant DAWT. From experimental testing of the DAWT, wind speeds to the rotor were increased by
136% from 1.02m/s to 2.41m/s. The augmentation ratio was evaluated at 8.32 and the DAWT exhibited
better responsive behaviour than the bare wind turbine in terms of matching the expected output power
profile and a smaller response time.
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1. Introduction
Wind power generation has remained a successful example of renewable power generation. The
Diffuser Augmented Wind Turbine (DAWT) was introduced in the 1970’s amid the then oil crisis. It
was during the Innovative Wind Systems Conference in the US (1979) that DAWT’s were introduced
and gained recognition as valid potentials for augmented power of conventional wind power systems.
Unfavourable capital and O&M costs at the time however quickly slowed down DAWT popularity and
focus shifted, in part, to the further development of HAWT technology (Igra, 1981) [1].
Diffusers are funnel-shaped aerodynamic structures designed with the intention to increase wind turbine
power outputs by accelerating air mass flow approaching the rotor. The increase in wind speeds to the
rotor is due to a large pressure differential within the diffuser that causes a ‘suction’ effect. This effect
that ‘pulls in’ more air through the diffuser inlet. The diffuser therefor contributes to increasing the
power generation capacity of a typical turbine by increasing the rpm of the rotor and decreasing its
starting torque requirements in low wind speeds.
Experimental studies on DAWT has historically involved wind tunnel experiments with some prototype
testing. Wind tunnel testing on DAWT’s often revolve around an understanding of the improvements
in laminar air flow through the diffuser based on certain design techniques (Gilbert and Foreman, 1979
[2]). One such example was by Igra (1981) [1], where three diffuser designs were tested. A straight wall
diffuser with a series of drilled-in ports was used with an aerofoil and flat-plate ring. Bleeding air (in
or out) through all ports did not improve flow separation. Blowing air into the system introduced more
turbulence than drawing air in. In another study, Ohio et al (1983) [3] performed wind tunnel
experiments on introducing a circumferential velocity component to wind-angle diffusers. This was
achieved by determining an optimum blade angle setting of 3⁰.
Oman et al (1977) [4] conducted wind tunnel experiments to compare two different diffuser concepts.
The first was the use of air injection tangential to the walls to encourage greater momentum in the
boundary layer. This had been an important issue in rapidly diverging diffusers and so the method was
proposed to prevent flow separation. In the second concept, the diffuser was constructed using small
high lift aerofoil circular rings. Foreman et al (1978) [5] then simulated these diffusers by designing a
screen to simulate the turbine and its disk loading coefficient. Designing a screen in this way was
justified in terms of cost-saving. For the boundary layer diffuser a peak augmentation factor of 1.9 was
achieved and a turbine disk loading of 0.6. The aerofoil ring diffuser achieved an average augmentation
factor of 1.6 at a turbine disk loading of 1.1.

2. Further Related Work
In order to control the pressure gradient developed within the diffuser to encourage an acceleration of
wind speeds to the rotor within meant that the earlier experimental studies were re-focussed in terms of
diffuser design to allow a smaller length-to-diameter thereby reducing the cost, size and amount of
material used in manufacture. Ohya et al (2008) [6] designed a flanged-DAWT and conducted both
wind tunnel tests and field tests. Wind tunnel testing was used to optimise their geometry. The length
to diameter ratio was 1.25 and field testing showed a 4-5 times increase in power output compared to
an equivalent bare wind turbine. When Ohya and Karasudani (2010) [7] tested the ‘Wind-lens
technology’ and it was found that power augmentations of 2-5 were possible because a low pressure
region was created due to strong vortex formation behind the flange which enabled more air drawn in.
This was seen in the experiments of increasing length to diameter ratio for the same Wind-lens turbine,
where a direct increase in the power coefficient was found (Ohya et al, 2017 [8]).

Kosasih and Tondelli (2012) [9] studied the performance of a straight diffuser, nozzle-diffuser and a
brimmed diffuser to assess their relative contributions to improved performance. Turbines with
equivalent diameters were used and the effect of varying length to diameter ratios in the range 0.63-1.5
and flange heights in the range 0-0.2 were investigated. The results showed a 60% increase in the power
coefficient for the single diffuser wind turbine, a 63% increase with the addition of a nozzle and the
optimal tip-speed ratio increased by 33%. Results showed that an increased length to diameter ratios
did not increase the power coefficient as much as the shift towards increased tip speed ratios. This was
because higher inlet velocities induced higher rpm’s for the rotor in turn leading to higher tip speed
ratios.
Developments in the field of carbon-based materials and 3D printing may be able to advance the wind
turbine industry in terms of strength, durability and long-life usage. Wang et al (2015) [10] conducted
wind tunnel experiments to assess the effect of a flanged diffuser on specially manufactured blades of
a 3kW turbine. The turbine blades were made of carbon-reinforced plastic (CRFP) with a solid foam
core. Results had shown that blade rotational speeds were higher with the flanged diffuser than without.

Abe and Ohya (2004) [11] investigated the flow fields around a flanged DAWT. Comparing their
computed results to experimental data it was possible to better predict complex turbulent flows.
Simulating flow fields in this way provided a view of the way wind capture way made possible
with a flanged diffuser. Abe et al (2005) [12] studied the flow fields behind a small flanged diffuser.
It was found that for a small wind turbine that flow patterns and structures were similar with and
without the diffuser and the vortex structures downstream rapidly deteriorated in both cases.
A study by Wang and Chen (2008) [13] investigated the effect of the number of rotor blades on a
DAWT’s performance. For an air incident angle of 7° the different diffusers were tested for 2, 4,
6, and 8 rotor blades with two different rotor blades. It was found that increasing the number of
blades increased starting torque and reduced the cut-in speed but also lead to greater blockage
effects and a reducing entrance velocity.
Wang et al (2008) [14] developed a methodology to study the aerodynamics of a shrouded small
domestic wind turbine. This involved the simulation of a virtual wind tunnel with computational
results compared against experimental results for the real wind tunnel. The results showed that the
wind speed was increased by a factor of 1.5 through the shroud alone, maximum power
augmentation was about 2.2. A 50% increase in power output was found in low speeds and 25% in
higher wind speed above 10m/s. Computational and experimental results agreed well with errors
encountered falling within 5%.
The experimental depth of DAWT testing has in general been low. However, a number of DAWT
technologies have been introduced over the last few years as commercial products and unique
design concepts. A review by Agha et al (2018) [15] detailed these various technologies and
categorised their type. Often the commercial success of these products has remained low and
usually remain as design concepts. This highlights the need for developed experimental testing.
The aerofoil diffuser was not developed further beyond Igra (1981) [1] due mainly to limits in
availability of lightweight materials and their manufacture for complex geometries. A gap in DAWT
experimental studies was found to lie within an understanding of the responsive behaviour of the DAWT
to changes in wind speeds and wind directions. The aim and purpose of this paper was to design and
manufacture a novel DAWT with a diffuser that had an aerofoil cross-section using lightweight
materials to then test the system in real wind conditions to understand its responsive behaviour.

3. Experimental Set-Up
The diffuser design in this study was identified from the outcome of a series of previous numerical
studies performed by the authors on various diffuser designs. An aerofoil cross-section was chosen as
it provided the best augmentation capabilities. The diffuser design in this study has a FX69 PR281
profile with a length to diameter of 2.5 and an area ratio (the ratio between the diffusers throat area and
exit area) of 0.25. Typically, the larger the length to diameter ratio, the better the augmentation
capabilities. From numerical studies, a range of designs were identified with favourable augmentation
capabilities and control of air in terms of accelerated wind speeds and pressure gradients. The largest
of these designs was chosen to address the challenge of novel manufacture to reduce the potential weight
of the full-scale diffuser.
The diffusers manufacture has been described in Section 3.2. The bare wind turbine used in this study
was the Rutland WindCharger FM910-4. Details for this turbine can be found in Section 3.1. The bare
wind turbine was set-up in real wind conditions in order to record wind speeds and output power that
would be used as the benchmark trend against which the performance of the DAWT could be compared
in terms of responsive behaviour. With data recorded for the bare wind turbine, it was placed within the
manufactured diffuser to from the DAWT for this study. Testing was conducted at the Heriot-Watt
University Campus in Dubai, UAE. A local weather station installed on site recorded local wind speeds
and directions. Testing took place during the summer months of June, July and August where the local
average wind speeds ranged from 0.4m/s to 1.1m/s with the predominant wind directions from the North
West. A maximum wind speed of about 5.75m/s was recorded on occasion.
The purpose of this study was to compare the performance of a bare wind turbine and a DAWT in terms
of response to changes in wind speed and direction. For this reason, the magnitude of wind speeds was
not deemed a priority. In fact, the Rutland WindCharger FM910-4 was manufactured to have an output
power increase linear to the increase in wind speeds. The change in wind speeds was the main area of
interest.
3.1 Recording Data from the Rutland WindCharger FM910-4
The Rutland WindCharger FM910-4 is a six-bladed small-scale wind turbine with a rotor diameter of
0.91m. The turbine was assembled at the test site lab. The blade cross-section is a NACA 0012 aerofoil
profile, twisted at an angle of 5⁰. The FM910-4 was designed to connect to a 12V battery with the
minimum starting wind speed requirement between 2-3m/s. The tail fin was designed to provide
stability to the turbine for wind speeds beyond the cut-out 15m/s.
A steel mounting pole was fashioned with a diameter of 40mm and fixed to the base of the turbine. The
height of the mounting pole was approximately 1.5m. A square-based steel frame was welded and four
heavy duty wheels with braking were fixed each with a 5kg weight added to restrict easy rolling. The
NRG #40 cup anemometer and guide vane were fixed on a horizontal pole behind the nose cone and
blades of the turbine at a circumferential clearance of 50mm. Data cables with a minimum length of 5m
were connected from the turbine and the anemometer to a resident PC in the lab. Figure 1 shows the PC
set-up connected to the bare wind turbine assembly. The PicoLog digital recorder was used to record
wind speed (m/s) and wind direction (⁰), battery voltage (Volts), PV power (W), turbine power (W),
and temperature (⁰C). A circuit was set-up as per manufacturer recommendations, seen in Figure 1. Two
PV panels were also connected to the PicoLog and a 12V battery was used at the load. The PicoRecorder
software was installed on the PC and recorded data every second for a period of 24 hours for the three
days of 27th June, 2nd July and 23rd July 2018.

Figure 1 Views of data collection in progress for the benchmark bare wind turbine
3.2 Design and Manufacture of the Diffuser
Over the years, diffusers for wind turbines haven’t gained popularity due to the perception of their low
practicality, bulky size, weight and loading on the tower infrastructure and restricted access to a variety
of wind directions. In addressing and keeping these considerations a priority, a full-scale diffuser was
designed and manufactured for field experiments. This was among the largest of the DAWT model’s
designed with an area ratio 0.25 and length to diameter ratio of 2.5. The intention behind the field testing
of a full-scale DAWT prototype was to establish the proof-of-concept for its design as capable for
increasing ambient wind speeds and augmented power output from the bare wind turbine.
The diffuser was built using carefully carved blocks of foam. There were exposed gaps along the joints
between the some of the foam blocks. The diffusers profile was kept completely intact. The curved
profile of the optimum diffuser had to be maintained which meant that the diffuser had to be coated to
smoothen its exterior. An additional requirement for coating lied in the necessity for its protection from
damage due to adverse weather conditions and preservation to extend its life span. Simple filler was
used to fill in all gaps exposed in the diffuser. This was sanded and a paint coating was applied to the
diffuser and the steel frame. The FM910-4 was then installed within the diffuser at its smallest diameter
with the resultant prototype seen in Figure 2. To hold the diffuser, an adjustable steel cradle frame was
welded in the mechanical lab at Heriot-Watt. Two steel strips were bent to fit the girth of the diffuser
and heavy duty rope straps were used to hold the diffuser in place.

Figure 2 A Comparison of: a) the full-scale DAWT prototype and b) its numerical counterpart design
from CFD simulations

3.3 Recording Data from the DAWT
The YIGOOD cup anemometer (referred to as DL1) was installed behind the FM910-4’s noose cone
and blades in the same position as used for the NRG #40 cup anemometer (referred to as DL2) during
the data recording for the bare wind turbine. The DL2 was placed at a distance of 2m from the DAWT
in free stream to record ambient wind speeds as seen in Figure 3. Data was recorded every second for a
period of 24 hours over three days: 26th August, 28th August and 30th August 2018. In the field testing
fof the bare wind turbine, the position of the turbine was kept fixed in the North West direction. Three
positions were tested for each of the three days as seen in Figure 4. The North West orientation took
place for the 24 hour period on 26th August, The DAWT position facing West was done on 28th August
and the Northern facing position was on the 30th August. The aim was to cover the range of maximum
wind speeds in the predominant wind directions. Changing the position of the DAWT in this way was
made possible due to the wheels attached to the steel frame enabling its portability. The blue arrows
indicate the direction of oncoming wind speeds to the DAWT. The red ‘X’ in Figure 4 represents the
actual location of the data loggers, DL1 and DL2 (see Section 3.4).

Figure 4 Schematic representing the three different orientations used in field testing of the DAWT for
the three days of recorded data
3.4 Experimental Uncertainties
Table 1 summarises the data acquisition devices with their accuracy and resolution. DL1 and DL2 were
cup-anemometers used to stream data for wind speed and wind direction. The PicoLog 1012 digital
recorder was used to collect a variety of data including output power, voltage and current from the bare
wind turbine, local air temperature, PV power and current and load battery voltage. Data was recorded
every second for a specified period of time, 24 hours.
Table 1 Details on the accuracy of the data acquisition tools used during experimental testing
Data Acquisition Device
Accuracy
Resolution
Picolog 1012
±0.5%
12-bit
DL1: YIGOOD
±(0.3+0.03V)m/s (V is measured
0.1m/s
velocity)
DL2: NRG #40 Anemometer
±0.1m/s for 5-25m/s
Response:
0.78m/s

3.5 Calibration of the recording equipment
In order to understand the synchronicity in the velocity readings between the two cup anemometers, a
calibration study was performed with the aim to measure their error percentage. The main purpose was
to identify the closeness in readings for velocity. A wind tunnel experiment was conducted in controlled
conditions and reflecting their real operative conditions, the anemometers were directly connected to
the PicoLog and to the PC PicoLog Recorder software. Repeat readings for velocity were taken at
specified time intervals and were recorded for a total of three wind speeds: 3.1m/s, 5m/s and 7m/s
representing low to high wind speeds. The error percentages computed between Data Logger (DL1)
and DL2 (test set-up shown in Figure 5) were ±2.25% for 3.1m/s, ±2.96% for 5m/s and ±4.61% for
7m/s. While the error percentages increased slightly with an increasing set wind speed, the errors were
within ±5% (Figure 6).

Figure 5 Calibration test results using (a) DL 1 (b) DL 2

Figure 6 Comparison between the readings from DL1 and DL2 for each of the three inlet speeds set
in the wind tunnel data logger calibration study

4. Results and Discussion
In order to address an understanding of the response behaviour of the turbine to changes in wind speeds
and directions, empirical data was sought from the real operation of the bare wind turbine and the
DAWT. The parameters recorded have been summarised in Table 7.2. The free stream wind speed
refers to the ambient wind speed available on all experimental test dates. The purpose of a diffuser is to
increase wind speeds from ambient to the rotor of a wind turbine. Hence the required knowledge of
wind speeds near the rotor, the diffuser internal wind speed.
Table 7.2 Parameters used to gain key empirical data for experimental investigations
Parameter
Free stream wind speed (m/s)

Bare Wind Turbine Full-scale DAWT



Output Power (W)





Predominant Wind Direction (⁰)





Diffuser Internal Wind Speed (m/s)



4.1. Wind Speed and Output Power from the Bare Wind Turbine
During real-time operation, the actual wind speeds and directions are constantly changing due to
atmospheric changes in pressures and temperatures and changing weather. The free stream wind speeds
recorded during the test dates for the benchmark bare wind turbine have been summarised in Figure 7.
For the bare wind turbine data was recorded every second over a 24-hour period for a total of six days,
refer to Table 2. The test dates include: 27th June, 2nd July and 23rd-26th July. Figure 5 summarises the
data for the 27th June, 2nd July and 23rd July.

Figure 7 Overview of measurements taken for the free stream wind speed and variation in the
predominant wind direction during field testing of the bare wind turbine
In Figure 7 and some subsequent figures hereafter, the data has been presented in terms of the increase
in time every second. 86,400 seconds represents the 24-hour period. The data once collected for both
the bare wind turbine and the DAWT was divided into 4-hour intervals in order to closely examine the
resulting trends. From Figure 5, the fluctuation in free stream wind speeds was quite large on a per
second basis ranging between 0 and 6m/s. Progressing through to the latter test dates, the average wind
speeds increased. These were 0.25m/s, 0.5m/s and 1.2m/s for the 27th June, 2nd July and 23rd July
respectively. These wind speeds are very low but considering the fluctuation in the data there was
considerable opportunity for the generation of power by the turbine.
Figure 7b) provides a corresponding view of the wind direction for each free stream wind speed
recorded for the benchmark bare wind turbine. It is important to state here that the wind directions
recorded on all test dates for the bare wind turbine and the DAWT as presented here refer to the direction
in which wind was moving towards. The predominant, or prevailing, wind direction was thus in the
opposite direction. To give this meaning, on the 27th June, 2nd July and 23rd July the average wind
directions from Figure 7b) at the start of recording were approximately SWW, S and SSW. The
predominant wind directions were thus from the NEE, N and NNE directions. Availability of wind
speeds simply implies the potential for power generation using a wind turbine. However, for a wind
turbine rotor in a fixed direction, available wind speeds may approach the turbine from all directions.
For oncoming, parallel wind speeds to the turbine rotor power generated will be optimum. In all other

wind directions this may reduce due to non-uniformity in the distribution of wind speeds across the
turbine rotor thus causing an increase in loads on the turbine in turn reducing power generated.
On the test date 27th June, data was recorded starting at 3pm in the afternoon. The data had shown a
closeness in output power and wind speed in the period from 3pm-7pm and half-way into the period
from 11am-3pm was due to the predominant wind direction coming from the north. In the interval from
7pm-11pm, recorded wind speeds were coming from the south east direction. The average maximum
output power was 2.75W at 1.8m/s for winds from the northern direction. On the 2nd July, the power
generated by the bare wind turbine lasted much longer than on the 27th June. In these time periods, the
predominant wind directions were once again from the north. The maximum average output power was
2.2W at 1.8m/s. The absolute maximum power recorded was 6.06m/s at 3.76m/s. The absolute
maximum output power recorded on the 2nd July was 4.58W at 3.17m/s. On both days, the predominant
wind direction was from the north, the free-stream wind speed was similar, but the output power was
24% lower on the 2nd July. Compared to the recorded results on the 27th June and 2nd July, the results
had shown a more dynamic view on the operation of the bare wind turbine over the 24-hour period on
the 23rd July. To begin with, the predominant wind direction for the time periods 11.30am-3.30pm and
3.30pm-7.30pm was from the NNE. The maximum average output power generated during the 24-hour
period on the 23rd July was 2.25W at 2.25m/s for winds from the NNE direction.
Figure 8 shows the recorded data for the 24th July with the corresponding wind directions in Figure 9.
From observation of the data recorded on the 23rd July, further recordings were conducted for the test
dates 24th, 25th and 26th July in order to ascertain if power was generated for a wider range of wind
directions. The first time period from 3.30pm-7.30pm, was the only 4-hour interval on this test date
where wind speeds and output power was closest. In the time periods 11.30pm-3.30am and 3.30am7.30am, the predominant wind direction was from the south east similar to the results from the 23rd July.
From 7.30am-11.30am and 11.30am-3.30pm, the closeness between recorded wind speeds and output
power improved towards the end of the 24-hour period. In these time periods, the predominant wind
direction was now from the north east.

Figure 8 Measurements for free stream wind speed and output power during the 24-hour interval on
test date 24th July

Figure 9 Variation in the predominant wind direction the 24-hour interval on test date 24th July. Note:
the wind directions shown here represent directions wind was travelling towards

Figure 10 shows the recorded data for the 24-hour period on test date 25th July. Following the same
starting and finishing times as the test date 23rd July, the profiles for wind speed and output power were
also similar. Referring to Figure 9 the transition in predominant wind directions was from the north east
to the south east and back to the north east at the end of the 24-hour period. For the 1st 4-hour interval
from 3.30pm-7.30pm, recorded wind speeds and output power was not as close as it was for the test
date 24th July. It is interesting that in the time period from 7.30pm-11.30pm, the available wind speeds
were quite high but power generated was almost zero. The wind speeds here were coming from the
eastern direction. The average wind speed here was 0.75m/s with the maximum wind speed reaching
3.5m/s.
From Figure 11 there was a new observable trend. In the time period from 7.30am-11.30m, the
predominant wind direction was transitioning from the south east to the east. And in this time, power
had been generated though not in close agreement with free stream wind speeds. In expanding on the
observation made regarding the time period from 7.30pm-11.30pm, output power was generated by the
benchmark bare wind turbine for predominant wind from the eastern direction. The average free stream
wind speed from the eastern direction in this time period was now 2.75m/s, a marked increase from
0.75m/s earlier in the 24-hour period. The final 4-hour period from 11.30am-3.30pm showed that at
certain points the maximum absolute wind speed and output power exceeded a magnitude of 9.0. To be
precise, the maximum absolute power was 9.14W at 4.89m/s, the maximum wind speed recorded was
9.05m/s for wind from the north east direction. The maximum average output power for the 24-hour
period on test date 24th July was 1.75W at 3.5m/s.

Figure 10 Measurements for free stream wind speed and output power during the 24-hour interval on
test date 25th July

Figure 11 Variation in the predominant wind direction the 24-hour interval on test date 25th July.
Note: the wind directions shown here represent directions wind was travelling towards

Figure 12 provides the breakdown of recorded data for the test date 26th July with the corresponding
wind directions in Figure 13. From 3.30-7.30pm, the profiles for wind speed and output power were in
close agreement. The predominant wind directions from the 1st 4-hour interval to the last across the 24hour period were as follows: north east to south east during the middle of the 24-hour period and back
to north east. The results on the 26th July followed a similar trend to those recorded on the 25th July. The
maximum average output power was 2.3W at 3.25m/s for wind coming from the north eastern direction.
The maximum absolute output power was recorded in the time period from 3.30pm-7.30pm and was
8.95W at 7.58m/s. From Figure 8, Figure 10 and Figure 12, the general pattern in changing wind speeds
and direction followed a similar trend. Output power also followed a similar trend in response to the
available wind speeds.

Figure 12 Measurements for free stream wind speed and output power during the 24-hour interval on
test date 26th July

Figure 13 Variation in the predominant wind direction the 24-hour interval on test date 26th July.
Note: the wind directions shown here represent directions wind was travelling towards
4.2. Wind Speed and Output Power from the DAWT
In addition to the free stream wind speed and output power from the bare wind turbine, a new parameter
was recorded during field testing of the DAWT. This was the diffuser internal wind speed. This wind
speed was recorded using the YIGOOD cup anemometer referred to as DL1 (Data Logger #1) in
experimental investigations. The recorded data from the DAWT was thus a comparison of four
parameters including wind direction. The three test dates were 26th, 28th and 30th August where data was
recorded every second for a period of 24-hour for each test date. The DAWT was positioned in three
different orientations. On the 26th August, the inlet of the DAWT was facing the north western direction,
on the 28th August it was the western direction and on the 30th it was the northern direction.
The average free stream wind speed on the 26th August was 0.57m/s, the average diffuser internal wind
speed was 1.43m/s and the average output power was 0.69W. The maximum absolute diffuser internal
wind speeds were recorded in the range between 15 and 25m/s. These maximum spikes in wind speeds
were more frequent than for the free stream wind speed. The maximum absolute free stream wind speeds
were in the range between 9 and 32m/s. These considerable spikes in wind speeds near the rotor were
may have been due to the acceleration of free stream wind speeds. Accounting for varying local
atmospheric pressures, the diffuser is designed to accelerate air mass flow towards the turbine rotor by
creating a large and varying pressure gradient along the length of the diffuser. The diffuser internal
wind speeds were all induced based on the pressure gradient generated by the diffuser.
These average wind speeds followed similar trends for the test date 26th August. For the test date 28th
August where the DAWT inlet was positioned facing the north western direction, the average free
stream wind speed was 0.57m/s and 2.82m/s for the average diffuser internal wind speed. The maximum
absolute wind speed recorded near the turbine rotor was 27m/s. The free stream wind speeds recorded
on both test dates 26th and 28th August followed similar trends. In both cases, in the 1st and 6th 4-hour
intervals, the free stream and diffuser internal wind speeds were very close in terms of their profiles.
For the test date 30th August with the DAWT positioned facing the northern direction. It was interesting
that in the 4th and 5th 4-hour intervals, i.e. between 43200 and 57600 seconds both the free stream and
diffuser internal wind speeds followed similar trends but that the diffuser internal wind speeds were
lower. The average diffuser internal wind speed for this test date was 1.98m/s and for the free stream
wind speed it was 0.83m/s. The maximum absolute wind speed recorded near the turbine rotor was
20m/s. For all three test dates, the recorded diffuser internal wind speeds were on average higher than
the free stream wind speeds recorded.

4.2.1. Recorded Data from the DAWT in the West Direction
Figure 14 provides the 4-hour interval breakdown of the recorded data for the 26th August with the
corresponding wind directions in Figure 15. For the time period from 3.50pm-7.50pm, the predominant
wind direction was from the north. The free stream wind speed, diffuser internal wind speed and output
power followed very close profiles during this time period. Output power was closer to the diffuser’s
internal wind speed. The maximum absolute output power for the 26th August was recorded during this
time period and was 8.46W at 3.43m/s. When free stream wind speeds were close to zero, the recording
of higher magnitude wind speeds inside the diffuser can be attributed to the fact that the diffuser creates
a pressure gradient across its length due to the lift action at the inlet causing the surrounding air particles
to gain kinetic energy moving towards the rotor.
The average maximum output power recorded during the 24-hour period on the 26th August was 3.2W
at a free stream wind speed of 2.0m/s for wind coming from the northern direction. The average
maximum diffuser internal wind speeds recorded was 3.0m/s when the free stream wind speed was
1.0m/s. The time periods where output power and the diffuser internal wind speed were in close
agreement were 3.50pm-7.50pm, 7.50am-11.50am and 11.50am-3.50pm. It is worth noting here, that
the internal wind speeds recorded using DL1 were just behind the rotor blades inside the diffuser. The
significant spikes in wind speeds recorded by the cup anemometer would not necessarily have
contributed to the rotation of the turbine rotor as these speeds were beyond the design cut-out wind
speeds for the bare wind turbine. Output power synchronised with realisable wind speeds generated
inside the diffuser.

Figure 14 Measurements for free stream wind speed, output power and the diffusers internal wind
speed during the 24-hour interval on test date 26th August

Figure 15 Variation in the predominant wind direction the 24-hour interval on test date 26th August.
Note: the wind directions shown here represent directions wind was travelling towards

4.2.2. Recorded Data from the DAWT in the North-West Direction
Figure 16 presents the 4-hour interval breakdown of recorded data from the DAWT and DL2 located in
free stream. Figure 17 presents the corresponding wind directions recorded for free-stream wind speeds.
The time periods from 4.30pm-8.30pm and 12.30pm-4.30pm showed that at frequent instances in the
4-hour interval, power output exceeded free stream and diffuser internal wind speeds in terms of
magnitude. The predominant wind direction during both of these time periods was from the north. The
average maximum power recorded during this time period was 3.5W at a free stream wind speed of
2.7m/s for wind coming from the northern direction.

Figure 16 Measurements for free stream wind speed, output power and the diffusers internal wind
speed during the 24-hour interval on test date 28th August

Figure 17 Variation in the predominant wind direction the 24-hour interval on test date 28th August.
Note: the wind directions shown here represent directions wind was travelling towards
Unlike the data recorded for the test dates for the bare wind turbine, the fixed orientation of the DAWT
meant that the turbine rotor was exposed to a restricted range of free stream wind speeds. The wind
speeds however generated inside the diffuser were very high. For the time periods 8.30pm-12.30am,
12.30am-4.30am and 4.30am-8.30am, virtually no power was generated. The spikes in wind speeds
observed where close to the turbine rotor where there were repeated instantaneous periods of accelerated
wind speeds and can essentially be disregarded in the observation of average output power and wind
speed trends. Following a similar pattern in Figure 14, output power, diffuser internal wind speeds and
free stream wind speeds followed close trends in Figure 16. The diffuser internal wind seeds were
consistently higher than those recorded for free stream wind speed.
4.2.3. Recorded Data from the Optimum DAWT in the North Direction
Figure 18 provides a view on the recorded data for the test date 30th August in a breakdown of 4-hour
intervals with the corresponding wind directions for free stream wind speeds displayed in Figure 19.
Output power and diffuser internal wind speeds exceeded free stream wind speeds in terms of magnitude
occurred during the time periods 5.45pm-9.45pm and 1.45pm-5.45pm where the predominant wind
direction was from the north. The maximum absolute output power was 11.4m/s at a free stream wind
speed 5.67m/s. For the time periods 5.45am-9.45am and 9.45am-1.45pm, the predominant wind
direction was from the north west. The diffuser internal wind speed and output power were in close
agreement but lower in magnitude than free stream wind speeds.

Figure 18 Measurements for free stream wind speed, output power and the diffusers internal wind
speed during the 24-hour interval on test date 30th August

Figure 19 Variation in the predominant wind direction the 24-hour interval on test date 30th August.
Note: the wind directions shown here represent directions wind was travelling towards

4.3. Comparison between the Bare Wind Turbine and DAWT
The raw data presented for wind speeds and output power in the previous sections provided views of
the trend in these parameters over the 24-hour test periods. In order to now quantify the different trends,
Table 2 and Table 3 summarise the average wind speeds and output power for each 4-hour interval for
each test date. Figure 20 summarises the data from Table 2 and Table 3 to show how wind speeds and
output power recorded differed between the bare wind turbine and the DAWT.
The output power from the DAWT was on average lower than for the bare wind turbine. At times when
the DAWT generated large internal wind speeds, the output power was higher than for the bare wind
turbine. The overall average in output power was lower because the DAWT wasn’t able to produce
power from available wind speed in as many directions as the bare wind turbine. In terms of the
generated diffuser internal wind speeds, these were on average much higher than the recorded free
stream wind speeds for all test dates for the bare wind turbine and the DAWT.
Considering that the test dates were different for both the bare wind turbine and the DAWT, the actual
real wind conditions also differed for all test dates. Despite this however, Figure 20 shows that the
overall trend in free stream wind speeds followed similar pattern across the 4-hour time intervals for
both the bare wind turbine and the DAWT. This is because the specified time periods were started in
the afternoon of the test dates. The exception however was test date 23rd July for the bare wind turbine
when recording commenced in the morning. In general, available free stream wind speeds were highest
during the afternoon periods and lowest during the night hours. It is interesting that the trend in internal
wind speeds was less conforming to the variation in daylight hours as much as the free stream wind
speeds. Indeed, wind speeds generated inside the diffuser are very much dependent on free stream wind
speeds. The purpose of the diffuser was to control and accelerate available wind. Wind speeds through
the diffuser certainly increased from ambient free stream wind speeds. This is reflected in output power
as seen in Figure 20b).
Table 2 Averages of measurements for free stream wind speed and output power for each 4-hour
interval for each 24-hour test period during field testing of the benchmark bare wind turbine
4-Hr Interval Average
28th June
2nd July
23rd July
24th July
25th July
26th July

Free Stream Wind Speed,
Vfs (m/s)
0.336
0.493
1.242
1.535
1496
2.193

Output Power,
P (W)
0.333
0.620
0.632
0.840
0.786
1.166

Table 3 Averages of measurements for free stream wind speed and output power for each 24-hour test
period during field testing of the Optimum DAWT
4-Hr Interval Average
26th August
28th August
30th August

Free Stream Wind
Speed, Vfs (m/s)
0.568
0.568
0.828

Diffuser Internal
Wind Speed, Vi (m/s)
1.429
2.825
1.983

Output
Power, P (W)
0.698
0.536
0.949

The generated output power from the bare wind turbine was sustained for longer periods of time than
from the DAWT. However, the magnitude of output power produced was higher for the DAWT. This
can be seen in Figure 20b) where the output power fluctuated more for the DAWT than for the bare
wind turbine. However, there were periods of operation such as in Figure 16 for 5.45am-9.45am and
9.45am-1.45pm where the available free stream wind speeds were coming from directions other than
parallel to the diffuser inlets. Power was generated, but lower in magnitude than free stream wind
speeds. This showed that the DAWT was susceptible to a smaller range of inlet free stream wind speeds
than the bare wind turbine. For this reason, ensuring the portability of the DAWT was paramount.

Figure 20 Stacked comparison of the averaged results at each 4-hour interval taken over the total field
test dates for the bare wind turbine and the DAWT a) Free stream wind speeds and the diffuser
internal wind speed and b) Output power
4.3.1. Synchronised Wind Speed and Output Power
In order to progress the understanding of the operation of the DAWT it was necessary to address and
compare the performance of the bare wind turbine and DAWT. The time periods where wind speeds
and output power synchronised across all test dates were identified for the bare wind turbine and the
DAWT respectively. The associated wind direction for free stream wind speeds has been included. For
the bare wind turbine, the predominant wind direction where free stream wind speed and output power
synchronised was in the north. Figure 21 provides a perspective summary of the predominant wind
directions experienced by the bare wind turbine during the periods of operation across all test dates.

Figure 21 A representation of the predominant wind directions experienced by the bare wind turbine
while set at its position in the north-west direction
The common predominant wind directions for the DAWT were the north, north east and north west.
Figure 22 provides a perspective summary of the wind directions experienced by the DAWT with
respect to its orientation for each of the test dates.

Figure 22 A representation of the predominant wind directions experienced by the DAWT while set
at its positions in the north, west and north-west directions
It should be noted here that ‘synchronicity’ referred to the time periods where free stream wind speeds,
diffuser internal wind speeds and output power followed the same trends and were very close in
magnitude.
4.4. Evaluating the Augmentation Ratio for the Optimum DAWT
Table 4 and Table 5 provided information on the time intervals where output power, free stream wind
speeds and the diffuser internal wind speeds synchronised. In order to calculate the augmentation ratio
for the DAWT, the following equations were used for the augmentation ratio (1) and output power (2)
(Igra, 1981):

𝑉𝑉𝑡𝑡 3
� �
𝐶𝐶𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚 𝑉𝑉∞
1
𝑷𝑷 = 𝜌𝜌𝑉𝑉𝑡𝑡2 𝐶𝐶𝐷𝐷 𝑄𝑄
2

𝑟𝑟 =
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(1)
(2)

Where r is the augmentation factor, CD is the turbine disc loading factor, Cp,max is the pressure recovery,
Vt is the velocity (m/s) in the turbine, V is the far upstream velocity (m/s), 𝜌𝜌 is the density (kg/m3), P is
the power output (W) and Q is the air flow rate (m3/s).
Re-arranging equation (2) for output power was used to approximate the empirical turbine disk loading
coefficient for the DAWT. In is imperative here to state that the calculation of the augmentation ratio
for the DAWT is based on the average values for wind speed and output power and that is assumed
representative of steady-state conditions. Due to experimental limitations, it was not possible to measure
the drop in pressure across the bare wind turbine in the direction of wind flow as it was first necessary
to understand the responsive behaviour of the DAWT to changing wind speeds and directions.
The average free stream wind speed for the DAWT as per the predominant wind directions identified
in Table 5 was 1.02m/s. The average diffuser’s internal wind speed was 2.41m/s. The average output
power was 1.34W. The turbine disk loading was calculated using the diffuser internal wind speed as Vt
and was 0.374. Substituting this into equation (1) where Cp,max = 0.593 and V∞ is the average free wind
speed, the augmentation ratio was evaluated at 8.32. The increase in average wind speeds from free
stream to inside the diffuser was 136.2%. This increase in wind speeds can be used to explain why the
augmentation ratio was so high. Comparing these results to numerical studies, the augmentation ratio
using equation (1) for the DAWT was 7.43. The increase in wind speeds from the numerical results was
95.6%. Noting that this augmentation ratio is the maximum achievable, the experimental testing of the
DAWT outperformed its numerical prediction. The non-dimensional usefulness of the augmentation
ratio can be noted here. The numerical and experimental ratios were based on very different magnitudes
of wind speed and output power but could be equally compared.
4.5. Evaluating Response Behaviour
The response behaviour of the turbine rotor refers to the two performance characteristics. Firstly, the
time lapse between free stream wind speeds experienced at the rotor and the output power from the
turbine. Secondly, the closeness of actual power output compared to the expected output power for a
range of variable free stream wind speeds. To begin this analysis identifying the synchronicity between
available free stream wind speeds, diffuser internal wind speeds and output power was necessary. For
both the bare wind turbine and the DAWT, the common predominant wind directions were highlighted
as the north and north eastern directions. These can be seen by referring to Table 4 and Table 5. The
importance in this synchronicity is that where the trends for each parameter were closest, it could be
assumed that the working operation of the turbine rotor in each case was very similar. The next step
was to identify the output power from both test subjects at a given free stream wind speed. A free stream
wind speed of 2m/s was chosen, Vfs = 2m/s. For both the bare wind turbine and the DAWT, for the
selected time periods of synchronicity, the data was carefully studied to gather output powers where the
free stream wind speed was equal to 2m/s.

Table 6 The formulation of standardised output power for incremental increases in wind speeds used
in the identification of the responsive behaviour for the bare wind turbine and DAWT

Bare Wind Turbine
DAWT

Ave Output Power,
Pave (W) at Vfs = 2m/s
1.521
2.967

Standardised Output Power,
Ps (W/m/s)
0.761
1.483

An average of the output powers at 2m/s was obtained. Table 6 summarises the formulation of the
standardised power. This was a new parameter introduced to relate the incremental increase in output
power (W) for every increase in wind speed (m/s) that was representative of the operating performance
of the turbine. The relationship between output power and wind speed was designed to be linear for the
bare wind turbine. Using the profile for recorded for free stream wind speeds for both the bare wind
turbine and the DAWT, a new profile for output power was produced that represented the expected
output power for a given range of wind speeds. The actual output power recorded for each test subject
was then compared to see how they actually performed relative to their expected performance.
4.5.1. Bare Wind Turbine
For the analysis of response behaviour, it was necessary to identify specified smaller intervals of time,
900s, where free stream wind speeds and output power were on average almost identical. The output
power for each of the specific time intervals were taken and plotted against the expected output power
for the corresponding range of free stream wind speeds. Figure 23 provides the results for the responsive
behaviour of the benchmark bare wind turbine. The response of the turbine to changing wind speeds
varied across each time period considerably. Instances where power generated followed a similar trend
have been identified as ‘synchronised peaks’. In general, the turbine rotor’s average time lapse in
regaining output power close to the expected trend was 142.5s. Comparing the power output peaks, it
can be seen for all three time intervals, that often the actual measured output power was higher than the
expected output power. But this was not sustained compared to the expected output power. This shows
that actual behaviour of the bare wind turbine was less predictable and more uncontrolled than expected.
Furthermore, for the two time intervals on the 25th July and 26th July from Figure 23, the average output
power was lower in reality than expected. The difference however, was small at 0.5W and 0.9W
respectively. It is interesting that the time interval for the 24th July showed a greater increase in the
actual power output than the expected. Nonetheless, the maximum difference in average output power
between both trends was 1.15W and this is not large enough to discredit the performance of the bare
wind turbine. On the 26th July, the measured and expected profiles for power were much closer than for
the time intervals for 24th and 25th July. A measure of good responsive behaviour is when the measured
profile follows a similar pattern to the expected, in this case based the standardised profile with a time
lapse as small as possible. The time lapse is a relative comparison. In theory this should be as close to
zero as possible. This was not the case for the bare wind turbine. The difference between the average
output powers from both profiles however was close to 1W and this is favourable. However, the lack
in repeatability and consistency between the measured and expected profiles for output power across
the three time intervals shows that during various conditions of operation, the bare wind turbine is
unlikely to closely match its expected output power and will result in unpredictable performance. The
turbine is bare and as seen in the results is able to produce power for a wider range of wind directions
than the DAWT but is greatly influenced by rapid change in wind direction causing a continuous
disruption of the measured output power against its expected output power profile.

Figure 23 The responsive behaviour of the bare wind turbine evaluated at the three chosen time
intervals comparing the standardised output power trend and measured output power

4.5.2. The DAWT
Following the same procedure used in the previous section to this, three specified small time intervals
were chosen from the synchronised results for the DAWT. The diffuser internal wind speeds were
included in the zoomed in views of the time intervals. However, the diffuser internal wind speed was
subsequently used in the calculation and comparison of the measured and expected output power.
Output power from a wind turbine is typically rated and measured against the wind speed experienced
near the rotor. The purpose in measuring the diffuser internal wind speed is to identify the increase in
wind speed, i.e. the acceleration of wind toward the turbine rotor. In the evaluation of augmentation the
average wind speed at the rotor is used. The time intervals chosen here like for the bencher bare wind
turbine were for small intervals of times where the diffuser internal wind speed and output power were
close in magnitude and trend of the free stream wind speed. The differences between the two wind
speeds were similar for each time interval.
Figure 24 presents the results of the response behaviour of the DAWT. Comparing these results to
Figure 23 and the measured power output for the DAWT followed the expected, standardised profile
for power output more closely and accurately than the bare wind turbine. In fact, the number of
synchronised peaks of output power was greater.
The number of time lapses between peaks were found and evaluated for the time interval for the 29th
August and were on average 115s. The event of a time lapse between measured and expected output
power was less than for the bare wind turbine and the average time lapse was smaller. From further
observation of the profiles in Figure 24, the expected power output profile for the time intervals for the
26th and 30th August rarely reduced to zero and further the measured profiles did likewise follow the
same pattern almost identically. Where the expected power output did fall to zero, the measure power
did so too as was the case for the time interval for the 28th August. This shows that the wind speeds
generated inside the optimum diffuser were steady and sustained. For the period of 900s, the fluctuation
in wind speeds near the turbine rotor was much smaller than for the bare wind turbine. The DAWT was
not only able to increase the wind speeds experienced at the rotor compared to the free stream wind
speeds, the output power increased compared to free stream conditions by a factor of 1.95 based on the
standardised output power variables and output power fluctuated less than for the bare wind turbine.
For the DAWT the inability to capture available wind speed in a greater range of wind directions was a
disadvantage. The portability of the DAWT allowed its mobility between fixed positions. It could not
freely move to match changing in directions. This does reduce the potential of the DAWT in maximising
output power from all wind directions. In this research, the DAWT was placed in three different
positions facing the expected predominant wind directions and this proved to be the correct approach.
Additionally, the wind speeds often recorded inside the diffuser were much higher than free stream
wind speeds. While this raises a question of whether the potential of power extraction from these
increased wind speeds can be further improved, the responsive behaviour of the DAWT showed that
the diffuser was able to better control, improve and sustain output power in a manner far superior to the
bare wind turbine.

Figure 24 The responsive behaviour of using the bare wind turbine evaluated at the three chosen time
intervals comparing the standardised output power trend and measured output power during field
testing of the Optimum DAWT

5. Conclusion
From a study of the recorded data, periods of time where output power and free stream wind speeds
synchronised were more closely examined. The average free stream wind speed during the recorded
hours for the DAWT was 1.02m/s and the average wind speed recording inside the diffuser was 2.41m/s.
This is an increase in wind speeds by 136%. The average output power for the DAWT was 1.34m/s.
Output power from the DAWT varied considerably with the average maximum reaching 6W at a free
stream wind speed of around 6m/s. Output power and wind speed follows a linear increase for the bare
wind turbine. A new parameter was introduced to standardise the output power from the bare wind
turbine and the DAWT to compare their performance. The standardised output power in terms of the
increase in output power per increase in wind speed: W/(m/s). For the DAWT, this was 1.48 W/(m/s)
and for the bare wind turbine 0.761 W/(m/s). This showed that the DAWT was able to multiply output
power by 1.95.
The response behaviour of the bare wind turbine and the DAWT was compared. The expected profile
for output power using the standardised output power was compared against the actual output power
for the same time interval. It was found that the time lapse for the bare wind turbine was 142.5 seconds
with the time lapse between the responses of the bare wind turbine to expected output power more
frequent than for the DAWT. The average time lapse for the DAWT was 115 seconds and this was an
average of only two periods where the actual output power did not meet expected. The DAWT exhibited
far better responsive behaviour than the bare wind turbine in terms of matching the profile for expected
output power very closely. The DAWT was able to closely match the average expected output power
for one of the selected time interval however did fall short overall of meeting the average output power
expected by 1.2W. The augmentation ratio for the DAWT was also evaluated based on the ratio of wind
speeds and this was 8.23. Compared to results for the DAWT from previous numerical studies at 7.43,
this was an increase in augmentation based on the greater increase in wind speeds encouraged at the
rotor for the DAWT.
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