
 
Abstract–CFD simulations of VAWT operation in unsteady 

wind conditions have been conducted. Validation of the 
numerical model was carried out by comparison to 
experimental data of a wind tunnel scale rotor. The 
performance of the VAWT under fluctuating winds was 
investigated and results show a dependency to wind speed. 
Increasing wind speeds cause blade lift to increase more 
rapidly than drag resulting to higher torque values. Deviation 
of instantaneous rotor CP from steady wind performance 
curve was seen. Rotor cycle CP matches steady wind values at 
the corresponding mean tip speed ratio. 
 

Index Terms–unsteady wind, VAWT, CFD, wind tunnel 
 

I. INTRODUCTION 

he ill–effects of climate change have been becoming 
more severe and prevalent over the last decade or so [1]. 

The cause has been identified as greenhouse gas emissions 
from the burning of fossil fuels. For this reason, there has 
been a pressing need to reduce emissions through the use of 
technologies that are capable of extracting energy from the 
environment whilst being non–polluting and sustainable. 
Several alternative sources to fossil fuels have been 
identified with wind as one of the most promising. The 
contribution of wind to the total energy generation of the 
U.K. has been steadily rising over the last few years and has 
seen the greatest increase in 2011 of 68% for offshore 
installations and 45% for onshore [2]. Wind has also been 
the leading renewable technology for electricity generation 
with 45% of the total 2011 renewable production. Despite 
these numbers, the total consumption of electricity from 
renewable sources only account for 9.4%. As a result, 
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further research is needed to increase the understanding of 
this renewable power source to promote its wider adoption. 

Much of the work on vertical axis wind turbine (VAWT) 
research is focused on steady wind conditions. If their use is 
to be successful, current efforts related to small scale 
VAWT should concentrate more on unsteady wind 
performance. VAWTs have been identified as the 
appropriate technology for urban wind generation where the 
nature of the wind flows is generally unsteady. 

Earlier attempts to understand the performance of 
VAWTs in unsteady wind were carried out by McIntosh et 
al [3, 4] through numerical modelling. The VAWT was 
subjected to fluctuating free stream of sinusoidal nature 
while running at a constant rotational speed. An over–speed 
control technique resulted to a 245% increase in energy 
extracted while a tip speed ratio feedback controller 
incorporating time dependent effects of gust frequency and 
turbine inertia gives a further 42% increase in energy 
extraction. Danao and Howell [5] conducted CFD 
simulations on a wind tunnel scale VAWT in unsteady wind 
inflow and have shown that the VAWT performance 
generally decreased in any of the tested wind fluctuations. 
The amplitude of fluctuation studied was 50% of the mean 
wind speed and three sinusoidal frequencies were tested: 
1.16Hz, 2.91Hz, and 11.6Hz where the fastest rate is equal 
to the VAWT rotational frequency. The two slower 
frequencies of fluctuation showed a 75% decrease in the 
wind cycle mean performance while the fastest rate caused a 
50% reduction. In 2012, Scheurich and Brown [6] published 
their findings on a numerical model of VAWT 
aerodynamics in unsteady wind conditions. Different 
fluctuation amplitudes were investigated for three blade 
configurations: straight, curved, and helical. Constant 
rotational speed was used in the numerical simulations and 
the boundary extents were far enough for the model to be 
considered as open field. Helical blades perform much better 
with the unsteady CP tracing the steady performance curve 
quite well. Overall performance degradation is observed 
when fluctuation amplitudes are high while the effect of 
frequency is minor for practical urban wind conditions. A 
recent study by the Authors [7] indicate no performance 
improvement of the VAWT in fluctuating wind, a consistent 
observation with previous studies [5, 8, 9]. 

The research described in this study includes the 
development of a CFD–based numerical model, presented 
and validated against experiments to aid in the analysis of 
how and why a VAWT performs as it does in fluctuating 
wind.  
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II. NUMERICAL MODEL OF THE WIND TUNNEL VAWT 

The CFD package, Ansys Fluent 13.0, was used for all 
the simulations performed in this study. The coupled 
pressure–based solver was chosen with a second order 
implicit transient formulation for improved accuracy. All 
solution variables were solved via second order upwind 
discretisation scheme since most of the flow can be assumed 
to be not in line with the mesh [10]. The inlet turbulence 
intensity was set to Tu = 8% with a turbulence viscosity 
ratio of μt/μ = 14. These values were selected as they 
produced a turbulence intensity decay that is very close to 
the observed decay in experiments carried out by the 
authors. A two–dimensional CFD model was used to 
represent the VAWT and the wind tunnel domain. Based on 
the review of relevant literature [5, 11-22], it has been 
shown that a 2D model is sufficient in revealing the factors 
that influence the performance and majority of flow physics 
that surround the VAWT.  

The VAWT studied was a 3–bladed Darrieus rotor with a 
NACA0022 blade profile. The blade chord c was set to 
0.04m with a rotor radius equal to 0.35m. A centre post with 
a diameter of 0.025m was placed in the rotation axis. The 
domain mesh was created around each aerofoil and the 
surrounding wind tunnel geometry was defined based on 
studies of the extents of the boundaries. There is an inner 
circular rotating domain connected to a stationary 
rectangular domain via a sliding interface boundary 
condition that conserves both mass and momentum. No–slip 
boundaries are set to represent the wind tunnel walls while a 
velocity inlet and a pressure outlet are used for the test 
section inlet and outlet, respectively. Each blade surface was 
meshed with 300 nodes and clustering in the leading and 
trailing edges was implemented. A node density study of 
five settings was the basis for the final surface mesh. The 
O–type mesh was adapted for the model, where a boundary 
layer was inflated from the blade surface. The first cell 
height used was such that the y+ values from the flow 
solutions did not exceed 1. Beyond the blade surface of 
about a chord width, the rotating inner domain mesh was 
generated such that the maximum edge length of the cells 
did not exceed 0.5c within the VAWT domain. The mesh 
was smoothed to reduce the angle skewness of the cells such 
that the maximum was observed to be less than 0.6.  

 
Figure 1. An illustration of the 2D numerical domain. 

 

The domain extents were also selected from a series of 
sensitivity tests to determine the appropriate distance of the 
walls, inlet and outlet boundaries from the rotor. The final 
wall distance from the rotor axis was set to 1.2m while the 
inlet was placed at 1.5m from the rotor axis with the outlet 
placed at 2m from the rotor axis (Figure 1). 

Sufficient temporal resolution is necessary to ensure 
proper unsteady simulation of the VAWT. Different time 
step sizes Δt that are equivalent to specific rotational 
displacements along the azimuth were tested. The chosen 
time step size was Δt = 0.5°ω–1 which properly captures the 
vortex shedding and stalling at critical λ’s. 

Time step convergence was monitored for all conserved 
variables and it was observed that acceptable levels of 
residuals (less than 1 × 10–6) were attained after 6 rotations 
of the VAWT. This meant that periodic convergence was 
also achieved. The blade torque Tb monitored all though 10 
rotations. After the sixth rotation, the peaks of the upwind 
torque for cycles 7 through 10 are level and the downwind 
ripple match closely. The difference in average torque 
between cycle 7 and cycle 10 is around 0.5%. 

IV. VALIDATION OF CFD MODEL 

The numerical model developed was checked against 
experimental data to assess its capability of correctly 
simulating VAWT flow physics. The first aspect of the 
model validation is the comparison of the predicted VAWT 
performance over a wide range of operating speeds. The 
Transition SST model was tested against the experimentally 
derived CP. The steady wind speed was 7m/s and the 
simulations were run at different tip speed ratios from λ = 
1.5 up to λ = 5 in increments of 0.5. The numerical model 
over–predicts CP starting from λ = 2 all the way up to λ = 5 
(Figure 2). Maximum CP is 0.33 at λ = 4.5. Higher λ’s show 
the greatest over–prediction of the CFD model from 
experiments. This may be due to the effects of finite blade 
span where the reduction in aspect ratio as seen by McIntosh 
[23] cause a substantial drop in CP at high λ versus the 
small drop in CP at low λ. 

 
Figure 2. Steady CP curves at 7m/s. 

The gap in predicted CP was expected since the 2D 
model does not account for finite blade span as well as for 
blade–support arm junction effects and support arm drag 
that are present in the actual setup. The results are consistent 
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to published data by Raciti Castelli et al [18], Howell et al 
[16] and Edwards et al [14] where 2D CP is over–predicted 
over the entire range of λ. Overall, the general trend of the 
predicted CP matches well with the experimental data. 
There is an observed negative trough at the low λ which 
rapidly rises and reaches maximum values near the 
experiment maximum at λ = 4 after which a rapid drop in 
CP is seen.  

The second aspect of validation is the comparison of flow 
visualisations between CFD and PIV. The flow physics at 
two λ are inspected and assessed to determine the most 
appropriate turbulence model is used based on the accuracy 
of the predicted stalling and reattachment of the flow on the 
blades as they go around the VAWT. 

θ CFD : Trans SST PIV 
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Figure 3. Flow visualisations of vorticity in the upwind for λ = 2.  
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Figure 4. Flow visualisations of vorticity in the downwind for λ = 4. 

 
 

Figure 3 shows the vorticity plots for the upwind at λ = 2. 
Flow is observed to be attached until θ = 60° where both the 
Transition SST model and PIV reveal a bubble that is 
forming on the suction surface of the blade. The subsequent 
vortex shedding of the numerical model is seen to be in sync 
with the PIV. Flow visualisations for λ = 4 are presented in 
Figure 4. For the most part, the flow is attached to the blade. 
At θ = 130°, the Transition SST model shows a deep stall 
that is consistent to the PIV. At θ = 180°, the PIV still shows 
partial separation from after mid–chord to trailing edge 
while the Transition SST model is fully attached and 
produces a narrower wake. Based on the results obtained 
from both force and flow validation, the Transition SST 
model is deemed an appropriate model that captures the 
flow physics of the VAWT. 

V. UNSTEADY WIND PERFORMANCE 

Numerical modelling of the unsteady wind inflow 
through the tunnel was carried out by specifying the velocity 
inlet magnitude as a time–dependent variable and running 
the simulation for approximately 1.5 wind cycles. The 
simulations were run for 40 full rotations of the VAWT with 
each run lasting for 5,400 processor hours in the University 
of Sheffield’s Intel–based Linux cluster using 16 cores of 
Intel Xeon X5650 2.66GHz processors.  

The mean wind speed is Umean = 7m/s with a 12% 
fluctuating amplitude of Uamp = ±12% (±0.84m/s) and 
fluctuation frequency of fc = 0.5Hz. The rotor angular speed 
is a constant ω = 88rad/s (840rpm) resulting in a mean tip 
speed ratio of λmean = 4.4. When inspected against the steady 
CP curve, this condition is just before peak performance at 
λ* = 4.5.  

A total of 28 rotor rotations completes one wind cycle. As 
shown in Figure 5, the λ changes with the fluctuating U∞. 
Increasing U∞ causes the λ to fall owing to their inverse 
relationship and a constant ω. Maximum U∞ is 7.84m/s and 
occurs at the end of the 7th rotation with λ dropping to its 
minimum of 3.93. The maximum α of each blade per 
rotation can be seen to increase with the increasing U∞ 
reaching a peak value of α = 14.74° between the 6th and 8th 
rotation depending on the blade considered. Following the 
maximum U∞ is the gradual drop of U∞ back to the mean 
wind speed. It continues to fall until it reaches the minimum 
value of U∞ = 6.16m/s at the end of the 21st rotation. At this 
U∞, the λ rises to its maximum value at 5.0. Within this part 
of the wind cycle, the maximum α per rotation falls to 
11.55° between the 20th and 22nd rotation depending on the 
blade in question. The subsequent increase of U∞ back to the 
mean value causes the λ to drop in magnitude and the peak α 
per rotation to increase.  

The peak Tb of each rotor cycle increases together with 
increasing U∞, all three blades showing similar trends and 
each with maximum Tb value of roughly 1.28N·m generated 
within the 8th rotation (Figure 6). The maximum combined 
blade torque TB is 1.59N·m, also within the 8th rotation. In 
the second half of the wind cycle, the peak Tb of each rotor 
cycle drops to 0.79N·m within the 22nd rotation for each of 
the three blades while the lowest peak TB registers at 
0.76N·m within the same rotor cycle. It is observed that TB 
is mostly positive, which suggests positive overall 
performance. Also, the huge fluctuations in the TB with 
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characteristic frequency equal to three times the rotor 
frequency would result in huge fluctuations in the rotor 
power PB. The variation of PB is shown in Figure 7 together 
with the fluctuating wind power Pw. As expected, the peaks 
of PB follow the wind variation much like the TB does. 
Maximum PB is 140Watts generated as Pw maximizes at the 
end of the 7th rotation, with magnitude of 207W. Also 
presented are the unsteady CP and quasi–steady CP using 
moving average smoothing. Smoothing the unsteady CP 
provides a useful comparative plot to the experimental data 
where the unsteadiness of the experimental CP over one 
rotor cycle is not captured. In addition, this is shown to be 
consistent with the cycle averaged method of computing for 
the rotor CP in steady wind conditions, that filters out the 
fluctuating nature of the blade torque to give a single value 
prediction of VAWT performance.  

 
Figure 5. Variation of U∞, λ, and α. 

 
Figure 6. Variation of Tb and TB. 

 
Figure 7. Variation of power and CP through one wind cycle. 

 
Figure 8. Performance of the VAWT in 12% fluctuating free stream. 

In Figure 8, the plots of the unsteady CP and quasi–
steady CP versus λ are shown relative to the steady wind 
performance at 7m/s. The fluctuations in the unsteady CP 
over the band of operating λ show a massively varying 
VAWT performance that greatly exceeds the limits of the 
steady wind CP. The maximum CP is recorded at 0.69 and 
occurs just after the 15th rotation (λ = 4.55). The minimum 
CP is seen to take place after the 21st rotation with a value of 
–0.15 (λ = 5). The wind cycle–averaged CP is computed to 
be 0.33 (λmean = 4.4) and is equal to the maximum steady 
wind CP of 0.33 at λ = 4.5. It is clear from the figure that the 
quasi–steady CP crosses the steady CP curve. Increasing 
wind speeds cause the CP to deviate from the steady CP 
curve and rise to higher levels as the λ falls to lower values. 
On the other hand, decreasing wind speeds cause the CP to 
drop below the steady CP curve as the λ rises. There is no 
discernible hysteresis in the quasi–steady CP curve.  

The lift coefficient loops for selected cycles are shown in 
Figure 9. It is evident that all cycles exceed the static stall 
lift in the upwind (Figure 9b) with maximum Cl = 0.94 
generated during the 7th rotor cycle. At this point in the wind 
cycle, the wind speed is nearing its maximum value. Lowest 
peak of Cl loop is seen at the 22nd rotor cycle when the wind 
speed is close to its minimum. Downwind performance is 
not so similar. Maximum Cl of 0.71 is still generated in the 
7th rotor cycle (Figure 9c). However, all rotor cycles within 
the second half of the wind cycle (cycles 15th to 28th) see 
their Cl not exceed the static stall lift. 

Engineering Letters, 21:3, EL_21_3_07

(Advance online publication: 19 August 2013)

 
______________________________________________________________________________________ 



a. 

b. c. 
Figure 9. Lift coefficient loops for the reference case: a) full plot of cycles, 

b) zoom view of upwind loops, c) zoom view of downwind loops. 

a. 

b. c. 
Figure 10. Drag coefficient loops for the reference case: a) full plot of 

cycles, b) zoom view of upwind loops, c) zoom view of downwind loops. 

The drag coefficient loops for selected cycles are shown 
in Figure 10. It can be seen that all cycles exceed the static 
stall drag in the upwind (Figure 10b) with maximum Cd = 
0.14 generated during the 7th rotor cycle. The trends of the 
Cd loops seem to follow the Cd line of the stalled condition 
for static aerofoil indicating that not only increases in lift are 
observed, but also in drag.  Downwind drag does not follow 
the same trend. Maximum Cd of 0.09 is still generated in the 
7th rotor cycle (Figure 10c). However, all rotor cycles have 

their Cd loops follow the Cd line of the un–stalled condition 
for a static aerofoil. Although maximum Cl is at the 7th 
cycle, this is counteracted by the Cd, which is also at its 
maximum. Hence, the quasi–steady CP is not at its peak 
when U∞ is at the highest value. In fact, maximum quasi–
steady CP is seen to occur at the 3rd and 12th cycles, when 
maximum Cd is 15% lower than the 7th cycle maximum of 
0.14 while maximum Cl is only 2% lower than the 7th cycle 
maximum of 0.94.  

Flowfield visualisations of the reference case are shown 
in Figure 11. Only selected cycles and azimuth positions are 
shown for brevity, since a complete set of visualisations for 
an entire wind cycle will compose of 3,024 images from 
three blades that see completely different free stream 
conditions at a conservative 36 azimuth positions per rotor 
cycle. The first half of the wind cycle has been selected 
since most of the interesting flow features occur at λ lower 
than λmean, whereas higher λ would only show mostly 
attached flow with light or no separation at all. Presented are 
visualisations using vorticity at azimuth positions with the 
deepest stall for each blade in the upwind region of the rotor 
cycle shown. 
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Figure 11. Flow visualisations of vorticity from selected rotor cycles  
in the first half of the wind cycle: a to c – θ = 130°; d to f – θ = 140°;  

g to i – θ = 130°. 

 
It is clear that as the wind speed increases, the stall on 

blade 1 becomes deeper and occurs at a later azimuth 
(Figure 11a & d) due to decreasing λ. Also, the separation 
point moves from mid–chord to the leading edge. As the 
wind speed falls back to Umean, λ increases, the depth of 
stall reduces, deepest stall occurs at an earlier azimuth, and 
the separation point moves back to mid–chord position 
(Figure 11d & g). A similar observation is seen for blades 2 
(Figure 11b, e & h) and 3 (Figure 11c, f & i). One thing to 
point out is there is no visible difference between the three 
blades at the same θ. The reason behind this is the low 
frequency of the wind speed cycle compared to the rotor 
cycle causing a quasi–steady condition relative to the 
VAWT. As blades pass a specific θ within one rotation, the 
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free stream wind speeds between blades differ by only 
0.04m/s. Furthermore, the stalling mechanism at cycle 14, 
where the wind speed has dropped back to Umean is very 
similar to the stalling in cycle 1. For the full +12% change 
in the wind speed, the azimuth of the deepest stall in the 
upwind region changes by only 10° from 130° in cycle 1 to 
140° in cycle 7 and goes back again to 130° in cycle 14. 

 

 
Figure 12. Variation of angle of attack for three rotor cycles. 

 
A set of rotor cycles has been chosen to illustrate the 

effects of extreme conditions within the wind cycle that a 
blade is subjected to and the resulting blade forces generated 
under such conditions. The variation of α for the three 
cycles, namely 1, 7, and 21, is shown in Figure 12 for 
reference. In this section of the analysis, attention is directed 
to only one blade, due to the quasi–steady condition seen 
between the three blades within one rotor cycle. 

The first condition analysed is cycle 1, where the 
conditions are close to the mean wind speed of Umean = 7m/s. 
At this condition, the blade does not experience deep stall 
and no large vortices are shed at any point in the cycle. 
Partial separation is observed in the upwind region (Figure 
13a–c) with the deepest stall occurring at θ = 130° (not 
shown). At θ = 0° corresponding to α = 0°, the computed Cl 
is negative at –0.1 (Figure 13g). At this azimuth, the blade 
velocity vector is parallel to the free stream wind vector 
hence α = 0°. However, the local streamlines within the 
blade vicinity are actually diverted due to the impedance of 
the VAWT, causing streamtube expansion and resulting in a 
local effective α that is negative. From θ = 0° up to θ = 60°, 
Cl (Figure 13g) is seen to steadily rise along with the 
increase in Cd (Figure 13h). Cl at θ = 60° is already greater 
than the static stall lift indicating dynamic stall has been 
initiated.  

As shown in Figure 13a, there is no visible flow 
separation on the blade. With further rotation of the blade to 
θ = 90° Cl reaches maximum at 0.89 with the traling edge 
region starting to show separation creeping towards mid–
chord (Figure 13b). The Cd slightly rises from 0.09 at θ = 
60° to Cd = 0.11 at θ = 90° but its tangential component Tdrag 
is lower (Figure 13i), because of a higher perceived α from 
10.1° at θ = 60° to 12.9° at θ = 90°. 

a. θ = 60° d. θ = 240° 

b. θ = 90° e. θ = 270° 

c. θ = 120° f. θ = 300° 

g. Cl vs. α 

h. Cd vs. α 

i. Tb vs. θ 
Figure 13. Vorticity visualisations and blade forces  

generated within cycle 1. 
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a. θ = 60° d. θ = 240° 

 
b. θ = 90° e. θ = 270° 

 
c. θ = 120° f. θ = 300° 

g. Cl vs. α 

h. Cd vs. α 

i. Tb vs. θ 
Figure 14. Vorticity visualisations and blade forces  

generated within cycle 7. 

As the blade passes θ = 120°, Cl has dropped to 0.75, 
while Cd is still high at 0.10. At this point in the rotation, the 
blade already shows mid–chord to trailing edge separation, 
which is the primary cause of the high drag. The low lift, the 
high drag and a slightly lower α of 12.6° versus the θ = 90° 
position (Figure 12) means that Tb at θ = 120° is predicted to 
be significantly lower at 0.43N⋅m, 48% lower than the Tb at 
θ = 90° which is calculated to be 0.83N⋅m. Tb crosses the 
zero line into the negative region at θ = 147°. A hysteresis 
loop is seen in the Cl due to the more rapid ‘pitch down’ 
motion of the blade in the second quadrant. 

The entire downwind region showed attached flow, with 
Cl values below static stall prediction. Although the 
computed α at θ = 240° is –12.8°, the Tb is seen to be 
0.36N⋅m. This is lower than the predicted Tb at θ = 120° 
mainly because the flow velocity has already dropped in the 
upwind region resulting in a higher relative flow velocity, a 
likely lower effective α than the geometric –12.8°, the drag 
being more aligned to the tangential direction than lift, and 
hence lower Tb. Cl reduces from 0.54 at θ = 240° to 0.33 at θ 
= 270° clearly due to the centre shaft wake that reduces the 
flow velocity in this portion of the blade path. A more 
pronounced hysteresis loop of the Cl is observed in the 
downwind most likely due to combined effects of the 
skewed sinusoid variation of α and the reduced, 
assymmetric flow velocity. Cl at θ = 300° is 0.32, Cd is 0.03, 
while Tb is 0.23N⋅m and gradually get smaller until it drops 
to the negative region as the blade passes θ = 350°. 

The second condition analysed is the first extreme 
condition that the VAWT sees at the 7th rotor cycle where 
U∞ approaches its maximum value of 7.84m/s. At this point 
in the wind cycle, the λ is pushed from 4.4 down to 3.93. 
With the reduction in λ come increased α (maximum value 
at 14.73° versus 13.24° for cycle 1, Figure 12) and 
subsequently higher Cl and Cd. From a value of 0.89 in cycle 
1, Cl rises to 0.95 at the same azimuth position of θ = 90° 
(Figure 14g). A significant drop in Cl to 0.71 is observed at 
θ = 120° creating a much larger hysteresis in the Cl loop. In 
fact, Cl forms a hysteresis loop throughout the entire cycle. 
Much higher perceived α means a steeper and faster ‘pitch 
down’ motion in the second quadrant inducing stalled flow 
that is worse than what is seen in cycle 1. Stall is developed 
on the blade surface as shown in Figure 14c that is much 
deeper when compared to the same azimuth in cycle 1 
(Figure 13c). Deepest stall is at a later azimuth of θ = 140° 
(not shown) accompanied by a rippled and much thicker 
wake. Maximum torque due to lift (Tlift) in the upwind jumps 
to 2.07N⋅m for cycle 7 from 1.73N⋅m for cycle 1. However, 
the drag contribution to torque (Tdrag) barely changes from a 
maximum of –0.95N⋅m for cycle 1 to –1.04N⋅m for cycle 7. 
This explains the difference in maximum Tb in the upwind 
between the two cycles where Tb = 0.83N⋅m for cycle 1 and 
Tb = 1.04N⋅m for cycle 7.  

Downwind performance follows the same trend with 
higher Tb observed in cycle 7 dictated mostly by the higher 
Cl and comparable Cd generated by the blade. Cl at θ = 240° 
rises from 0.54 in cycle 1 to 0.66 in cycle 7, while Cd barely 
changes from 0.07 in cycle 1 to 0.08 in cycle 7 resulting in 
higher Tb for cycle 7.  No visible flow separation is seen 
except for θ = 200° (not shown) when the blade interacts 
with a high vorticity wake of a previous blade pass inducing 
a mid–chord to trailing edge partial stall.  

 

Engineering Letters, 21:3, EL_21_3_07

(Advance online publication: 19 August 2013)

 
______________________________________________________________________________________ 



 
a. θ = 60° d. θ = 240° 

 
b. θ = 90° e. θ = 270° 

 
c. θ = 120° f. θ = 300° 

g. Cl vs. α 

h. Cd vs. α 

i. Tb vs. θ 
Figure 15. Vorticity visualisations and blade forces  

generated within cycle 21. 

 

The third condition analysed is the other extreme 
condition that the VAWT is subjected to within the wind 
cycle. At the 21st rotor cycle, U∞ has dropped to its 
minimum value of 6.16m/s, thereby increasing the λ to its 
highest value of 5. As a result, the α as seen by the blades 
reduces with a maximum value just slightly exceeding static 
stall angle at 11.56° (Figure 12). Maximum Cl recorded still 
exceeds static stall value of 0.83 at θ = 90° (Figure 15g) but 
is 7% lower than the maximum Cl of cycle 1 and 13% lower 
than the maximum at cycle 7. This is expected because 
limiting the α perceived by the blades also limits the 
maximum lift that the blades generate. A milder ‘pitch 
down’ motion minimises the hysteresis of the Cl loop and 
suppresses the enlargement of trailing edge separation in the 
upwind (Figure 15a–c), essentially throughout the entire 
rotor cycle. A mild separation of flow is observed from θ = 
120° to θ = 140° (not shown) with the separation point only 
a quarter chord from the trailing edge at worst. 

Downwind Cl values do not reach static stall lift with the 
maximum value only at 0.42 (Figure 15g), 22% reduction in 
the maximum downwind Cl of cycle 1. Tlift at θ = 240° is 
0.49N⋅m while Tdrag is –0.34N⋅m resulting in a low Tb of 
0.15N⋅m, less than half of the Tb in cycle 1 at the same 
azimuth and less than a third that of cycle 7 at the same 
azimuth. The fourth quadrant performance is very poor with 
maximum Tb registering at only 0.08N⋅m. 

VI. CONCLUSIONS 

Numerical simulations using RANS–based CFD have 
been utilised to carry out investigations on the effects of 
steady and unsteady wind in the performance of a wind 
tunnel VAWT. Using a validated CFD model, steady wind 
simulations at U∞ = 7m/s were conducted and results have 
shown a typical performance curve prediction for this 
particular VAWT scale. Within the low λ range, there is a 
distinct negative trough, with drag–dominated performance 
consistent to experimental results. Minimum CP is 
computed to be –0.04 at λ = 2 and positive CP is predicted 
to be attained at λ’s higher than 2.5. Maximum CP is 0.33 at 
λ* = 4.5 and a shift in the CFD–predicted CP curve to higher 
λ’s is observed relative to the experimental CP profile.  

Unsteady wind simulations revealed a fundamental 
relationship between instantaneous VAWT CP and 
instantaneous wind speed. CFD data shows a CP variation in 
unsteady wind that cuts across the steady CP curve as wind 
speed fluctuates. A reference case with Umean = 7m/s, Uamp = 
±12%, fc = 0.5Hz and λmean = 4.4 has shown a wind cycle 
mean CP of 0.33 that equals the maximum steady wind CP 
at λ = 4.5. Lift coefficient loops uncover performance 
characteristics of a blade at different points in the wind 
cycle that depict the presence of dynamic stall as lift values 
consistently exceed static stall lift in the upwind region. 
However, CP–λ loops do not show any hysteresis due to the 
quasi–steady effect of the very slow fluctuating wind 
relative to VAWT ω. Increasing wind speeds have more 
effect on the tangential component of lift than on drag, 
which helps improve the performance of the VAWT. 
Decreasing wind speeds limit the perceived α seen by the 
blades to near static stall thus reducing the positive effect of 
dynamic stall on lift generation.  
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NOMENCLATURE 

 c blade chord 
 Cd drag coefficient 
 Cl lift coefficient 
 CP power coefficient 
 fc characteristic frequency of unsteady wind 
 PB blade power (three blades) 
 Pw wind power 
 Tb blade torque (single blade) 
 TB blade torque (three blades) 
 Tu turbulence intensity 
 U∞ free stream wind speed 
 Uamp amplitude of fluctuation of unsteady wind 
 Umean mean speed of unsteady wind 
 y+ dimensionless wall distance 
 α angle of attack 
 Δt time step size 
 θ azimuth position 
 λ tip speed ratio, Rω/U∞ 
 λ* tip speed ratio at peak CP 
 λmean tip speed ratio corresponding to ωmean 
 μ laminar viscosity 
 μt turbulent viscosity 
 ω rotor angular speed 
 ωmean in unsteady wind, mean of ω 
 CFD Computational Fluid Dynamics 
 PIV Particle Image Velocimetry 
 VAWT vertical axis wind turbine 
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