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ABSTRACT

Numerical simulations were carried out to investigate the performance of a wind tunnel scale
vertical axis wind turbine (VAWT). Steady wind simulations at U, = 7m/s have shown that at the
low 2 range, there is a distinct negative trough in the power coefficient (CP) that is drag-
dominated and consistent to experimental results. Minimum CP is —0.04 at A = 2 while maximum
CPis0.33ar)’ = 4.5. A closer inspection of two A's reveals that at A = 2, the blades experience
Stalled flow initially from a separation bubble forming at 9 = 60° with subsequent shedding of
Vortices. Reattachment occurs very much delayed beyond halfivay of the rotation. The same
delayeq reattachment is observed in the downwind with partial stall still visible at @ = 330°. At A
=4, blade stall is only observed in the second quadrant of rotation with the deepest stall seen at 0
= 130°. High values of positive blade torque T, reaching INm are predicted in the upwind while
™Most of the downwind region from 6 = 190° to 6 = 340° also produce positive performance that

Contribute to the overall positive CP of just below 0.3.
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1. INTRODUCTION

The ill-effects of fossil fuel consumption has increased in the recent years as evidenced by the
OCCurrence of more severe and prevalent climatic disturbances [1]. As such, the reduction of
“arbon emissions has been pushed through the use of alternative and sustainable technologies
e§Pecially in the production of energy. Alternative sources to fossil fuels such as tidal, solar,

IO,maSS, and wind have gained increased attention in the past decades with wind as one of the
Major contributors in energy generation in the UK. [2]. Wind has been the leading renewable
te(.:}"‘OIOgy for electricity generation with 45% of the total 2011 renewable production. Despite

Is figure, the consumption of electricity from renewable sources is very low at 9.4% [3]. To
encourage the wider adoption of this renewable resource, further research is necessary to increase

€ understanding of energy production through wind.
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) L.A. DANAO

There are two general categories of wind turbines: drag machines .(Flgti‘r;: 12)S :n:ra’:;fc;
machines (Figure 1b & c). Drag machines generate forces througl} the creation oTarg b p o
flows, causing high levels of pressure difference between the two sides of a blade. ypu(:j iz, o otor
speeds are much lower than the wind speed. Traditio::nally, these devices are ulse e
pumping. Lift machines generate thrust by forcing the wind to follow a curved path af . [()) o
about a rounded object. It is the turning of the fluid that creates the forces on the sur a e ced
object, typically of an aerofoil profile. Blade speeds are most often greater than the wind sp
and far exceeds what is possible in drag machines.

Figure 1. Examples of wind turbines: a) drag VAWT', b) lift HAWT?, ¢) lift VAWT’.

Lift machines can be classified further into two configurations: horizontal axis wind turblnltl’f
or HAWT (Figure 1b) and vertical axis wind turbines or VAWT (Figure 1c). HAWTs are we q
established and have mature technology as they have received significant research anle
development work over the decades. This makes them the preferred configuration in all large sca i
wind farm installations. VAWTSs on the other hand have only just received attention due to thlex
perceived potential in small scale energy generation. VAWT operation involves eamp ea
aerodynamic and structural aspects that make their understanding and optimisation difficult,
possible reason why they are less favoured than thejr horizontal counterparts. . t

There are several points of contention on the use of VAWTs over HAWTs. The key point thz
prevails is the generally perceived superior performance of HAWTSs over VAWTs. Nevertheless:

" 4 . ~ations in
VAWTs present a number of potential advantages over HAWTs when it comes to applications
the built environment:

° no need to yaw to the wind thus reducij
direction.

. . ” 3 n
* sound emissions are usually lower as they operate at lower tip speed ratios [4]. This ¢
also reduce structural issues such as vibration that result from high centrifugal forces.

potentially lower manufacturing costs due to the simplicity of the straight blade shape-
® better performance in skewed flow [S].

. in wind
ng the efficiency loss when tracking changes in Wil

! Oy Windside Production Lt
? Wikimedia Commons, Cre
* Quiet Revolution Ltd,,

d., http://www.windside.com.
ative Commons Attribution 2.0 Generic license.

http://www.guietrevolution.com.

: : .34:1-22
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PERFORMANCE AND AERODYNAMICS 3

VAWTs are not without their disadvantages when compared to HAWTs. The most common

are:

* lower efficiency due to the additional drag of blades moving against the wind. Moreover,
HAWTs are presumably more optimized in their design as a consequence of greater
efforts made in research and development.

* less access to stronger winds in higher elevations.

e complex aerodynamics resulting in continuously fluctuating blade loading during
operation and therefore a lower fatigue life cycle.

e difficult to implement variable pitch without complicated mechanisms. HAWT blades can
be pitched easily to the optimum angle of attack to maximize energy extraction.
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Figure 2. An illustration of the vectors on a VAWT blade.

ations in angle of attack a. As such, the
11 as interact with its own wake and that
he kinematic and kinetic vectors on a
ow of wind speed U., the

During operation, a VAWT blade experiences cyclic vari
blade may undergo stalled and unstalled conditions as we
of other blades within one rotation. Figure 2 illustrates t \
VAWT blade. As the VAWT rotates with angular veloc.ity @ ina fl
Velocity of the wind relative to the blade, W, changes and is given by

w=U_+V, (1

Where V, =— @R and R is the radius of the VAWT. This velocity fluctuates from a maximum of
where A is the tip speed ratio. At the same time, the angle of

A+ 1y o -
« to a minimum of (A = 1)U, r )
Attack ¢, also varies periodically between positive and negative values. The magnitudes of the

Telative velocity and the angle of attack are given by

Copyri il. Eng’g. ). 2013; 34: 1-22
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4 L.A. DANAO

W =U_v1+2\cos0+A> @)
o =tan™ (ﬂ) (3)
A+cosO

where 0 is the azimuth angle and is measured from the vertical Y—axis in the clockwise direction.
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Figure 3. Computed angle of attack based on geometric assumption.

The variation of a closely resembles a sine wave as shown in Figure 3. This perceived
variation is relative to a reference frame attached to the rotating VAWT with its origin at the
VAWT axis. As the tip speed ratio A increases, the skewness of the o variation reduces and the
profile comes closer to a sine wave (zero skew).

As a blade rotates, the flow will have a certain incidence on it thereby generating the
aerodynamic lift F) and drag F4 (Figure 2). Both of these forces will have components along the
tangential and normal directions. The normal components do not influence the energy generation
of the rotor. However, they are a key factor when it comes to structural considerations. The

tangential components are the primary driving forces that dictate the performance of the VAWT
and give rise to the instantaneous blade torque T:

T, =(F sina+F, cosa)R *

Thc?re is also the aerodynamic moment about the blade, whose contribution to the overall
torque is dependent on where the blade is mounted chord—wise. This is usually small and may be
neglected when the mounting point is within the general area of the aerodynamic centre of the

PYOﬁle. Given that a VAWT will likely have more than one blade, the instantaneous rotor power
Pg is computed as

P, = NoT, )

Copyright © 2013 Philippine Engineering Journal Phil. Eng'g. J. 2013; 34: 1-22



PERFORMANCE AND AERODYNAMICS 5

P, = ¥, pAU ©
— PB
CP=3: -

where N is the number of blades. The instantaneous wind power Py, is a function of the VAWT
swept area A = 2RL (where L is the blade length), the air density p, and the free stream wind
speed U,, (Eq. 6). Finally, the instantaneous power coefficient CP is the ratio of Pg and P,, (Eq. 7)
~In steady wind conditions, the VAWT CP is normally computed by averaging th.e
lﬂStfl{ltaneous blade torque over one rotor cycle thus making the CP independent of azimuth
position and giving a single—valued metric of the VAWT performance.

2. CFD SOLVER

.0, was used for all the simulations performed in this
thod to solve the governing equations for fluids. More
steady Reynolds Averaged Navier—Stokes
ain. The coupled pressure-based solver was

lation for improved accuracy. All solution
f the flow can be

The CFD package, Ansys Fluent 13
study. The code uses the finite volume me
specifically in this project the incompressible, un
(URANS) equations are solved for the entire flow dom
selefcted with a second order implicit transient formu
variables were solved via second order upwind discretisation scheme since most o
assumed to be not in line with the mesh [6].

The entire domain was initialised using the inlet conditions that were pre—determined to
provide a matching turbulence intensity decay that was observed in VAWT experiments
conducted in the University of Sheffield wind tunnel facility. The inlet turbulence intensity was set
to Tu = 8% with a turbulence viscosity ratio of w/p = 14. The Tu decay in the numerical model is
very close to the observed decay in the experiment as shown in F igure 4.
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Figure 4. Comparison of turbulent intensity decay between CFD and experiments
(x = 0: test section inlet).
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6 L.A. DANAO
3. NUMERICAL MODEL OF THE WIND TUNNEL VAWT

A two—dimensional CFD model was used to represent the VAWT and the wind tungei
domain. This was based on the review of relevant literature [7-19] that has sl}ov.vn that a 2D ;1]10 .es
is sufficient in revealing the factors that influence the performance and majority of flow p yts’lcn
that surround the VAWT. The contributions of blade end effects and b'lade—support arim _]UTK:‘«T 1(30
effects are neglected but deemed acceptable since these can be consnder_ed as secondary. Tv :
dimensional VAWT models are essentially VAWTSs with infinite aspect ratio blades. Th.e effect (;{
blade aspect ratio (AR) comes in the form of shifting the CP curve upwards and to the n_ght as ASe
increases [20], but the general shape is maintained. Full 3D models were tested using coz'irrl
meshes but due to their immense computational time requirements, were eventually shelved. t))e
complexity, as well as the computational expense for a full three dimensional model cannot be
justified by the additional insight that such a model can offer.

The domain mesh was created where the aerofoil coordinates of a NACA022 proflle were
imported to define the blade shape. The surrounding geometry was defined based on studies of Fhe
extents of the boundaries that are detailed in later sections. There is an inner circular rotqtgng
domain connected to a stationary rectangular domain via a sliding interface boundary _condlth“
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 an(.i qutlet,
respectively. The rotation of the inner domain relative to the outer domain is prescribed within the
solver that implements the algorithm for the sliding mesh technique. Care is taken such that

. . . C . ; ical
tolerance between meshes in the interface region is kept low to avoid excessive numerl
diffusion.

no-slip wall
interface
\ 12m
centre post //_\ blade
X‘—
velocity ! . l pressure
inlet \ ! outlet
A) ’ /
rotating inner domain 12m

stationary outer domain

no-slip wall

1.5m

2m

Figure 5. An illustration of the 2D numerical domain.

Each blade surface was meshed with 300 nodes and clustering in the leading and tra_illﬂg edg‘::
was implemented to provide the required refinement in regions where high gradients 1n presS_Ute
and flow were expected. A node density study was performed to determine the approprid a
number of surface nodes (Figure 6). The O-type mesh was adapted for the model, W.he":'h .
boundary layer was inflated from the blade surface (Figure 7a). The motivation behind usmga Lse
O-type mesh instead of the conventional C-type used in aerofoil studies was primarily bec

; A , .14 1-22
Copyright © 2013 Philippine Engineering Journal Phil. Eng’g. J. 2013; 34



PERFORMANCE AND AERODYNAMICS 7

g::e:)t{i%?ted wake is not fixed on a specific path relative to the blade but rather varying greatly in
beneﬁcialswaymg .from one side to another side. The use of a C—type mesh would not be
The fire alsi ;hc? tail of the wake from the bl+ade will not always fall within the refined tail mesh.
limit of t(lie eight used was such that the y values from the flow solutions did not exceed 1, the
leyer m de Furbulence model that was f:hosefn for the simulations. To ensure proper,boundary
Withie tﬁ e;llng, the growth rate of: the inflation was set to 1.1 to give a minimum of 30 layers
blade ¢ t; oundary layer, after \.vhlch a larger grqwth rate of 1.15 was implemented. Beyond the
maximur ace of about a chord wndth,'the rotating inner don.‘lain mesh was generated such that the
This wum edge length.of t].1e cells <-ind‘ not exceed 0.5¢ within the VAWT domain (Figure 7b).
in the as afiapted to minimize the d1551paF|on of the turbulent structures generated by the blades
aloor: Upw.md region t.hat may interact with the other blades in downwind region. A smoothing

gorithm in the meshing software was used to reduce the angle skewness of the cells such that

t .
he"[r‘nammum was observed to be less than 0.6.
o reduce computation time, the outer domain was coarsely meshed with a rough maximum
ients in the wake, such as

edge length of the cells set to c (Figure 8). This dissipated the high grad

Shed vortices, but the general velocity deficit was still captured. The distance of the velocity inlet
0.3m short of the actual 1.8m in the experiment

boundary from the VAWT axis was set to 1.5m,
the modelled turbulence intensity decay in the

se . . . :
, tup. Thls was not considered an issue since
Mulations matched that of the experiments and is thought to be much more important.
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ade torque for node density study: a) A =2, b)A=4.

Figure 6. Bl

h, b) the full inner domain mesh.

mesh: a) the near-blade mes

Figure 7. The rotating inncr domain
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8 L.A. DANAO

An outlet distance study was conducted to investigate the effects of wake development on the
performance of the VAWT (Figure 9a). The pressure outlet boundary was set to d, = 2m from the
VAWT axis. This has been selected as a distance between the actual test section outlet of 1.2m
and the position of the wind tunnel fan of about 3m. In the actual wind tunnel setup, the. test
section outlet was fitted with a steel matting grid of the same wire thickness and mesh size as the
turbulence grid in the inlet. This will have had a definite effect on the developed .wake of the
VAWT, breaking up the large vortex structures generated from the blades. There is also the
presence of the shutter flaps, which is considered to influence the destruction of the shed vortices.
As such, a long fluid domain behind the VAWT was deemed unnecessary from a numerical
standpoint since full wake development was not one of the objectives of the study.

2223

Figure 8. The stationary outer domain mesh of the numerical model.

A wall distance study was carried out to examine the effects of blockage in the 2D simulations
(Figure 9b). The side wall distance was set to d, = 1.2m from the VAWT axis. This is double the
actual wind tunnel wall distance of 0.6m. The blockage of the 2D numerical model matches that of
the 3D wind tunnel model and is equal to 0.29. Since the study is mainly focused on the
aerodynamics of the VAWT in unsteady wind conditions within a wind tunnel domain, blockage

Waz not a primary consideration in the simulations since no reference to actual field test data is
made.

0.4 v
——d_ =2.00m

0.3} ——d,=2.13m|
~==d_ =225m

15 2 25 3 13.5 4 45 5 55 0253 25 3 35 4 45 5 55

Figure 9. Domain size study results for the 2D numerical model: a) side wall distance, b) domain length-

Copyright © 2013 Philippine Engineering Journal Phil. Eng’g. J. 2013; 34:1-22



PERFORMANCE AND AERODYNAMICS 9

1l conserved variables and i
. | and it w
cceptable levels of residuals (less than 1 x 107°) were attained after 6 rotation: sotc" l:lizn\//e:\s’]'?

thr:>su n;eant that.pen(.)dlc convergence was also achieved. The blade torque T, monitored all
gh 10 rotations is shown in Figure 10. After the sixth rotation, the peaks of the upwind

torque for cycles 7 throu ind ri
gh 10 are level and the downwind ripple match closely. The diffe i
average torque between cycle 7 and cycle 10 is around 0.5% g erenee

Time step convergence was monitored for a

8 9 10

rotor rotalions
Figure 10. Blade torque ripple of one blade for 10 full rotations.

roper unsteady simulation of the

Sufficient temporal resolution is necessary to ensuré p
ific rotational displacements along

\% . . . .
AWT. Different time step sizes At that are equivalent to spec

t .
he azimuth were tested. The largest At used was equal to a At = l°w™' (time for one degree
ly halved twice over to get At= 0.5°w0™ and At= 0.25%".

:’l‘l‘“l/alent rotation) and was subsequent ind / .
cle three At’s were tested at A = 2 and A = 4. Results for both A are prelsented in Figure 11. Tt is
ﬁnar that there is a delay in the torque ripple for the coarsest At = 1°@™ for A=2 w}nle the. two
m e At’s are in good agreement €S ecially in the upwind. A small difference In predicted
agnitude of T, between At = 0.5°0 and 0.25°@™" is seen from = 280° to 6 = 330° but the
Zet?ks E}nd troughs are still in sync. In terms of CP, there is negligible difference between the three
at ; With a maximum ACP of only 0.003. A similar agreement between the three At’s is observed
ca R 4_With the maximum ACP of 0.003 as well. There is very little variation between thi three
u 5¢s with the only noticeable difference in the torque ripple from 6 = 269 to 6 = 290°. The
i icted by the three At’s with all capturing the maximum Ty around 6 =

At’s at 8 = 240°. Since

downwind is also properly predicted by all ‘ i
d for this study, the chosen time step S12€ was At = 0.5°0™ so

tim . .
€ accurate simulations is require .
modelled and was adapted for the remaining runs.

¢
at the vortex shedding at A =2 is correctly
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Figure 11. Time step size study results: ) A =2, D)1 =4-
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10 L.A. DANAO
4. VALIDATION OF CFD MODEL

The numerical model developed was checked against experimental data to assess its ca'pabihty
of correctly simulating VAWT flow physics. The validation is not considered exact, since tl}e
CFD model is 2D, while the actual problem is 3D. Nevertheless, a good 2D CFD model will
provide substantial insight into the factors driving the performance of the VAWT and a means of
checking the model’s accuracy in capturing the details of the problem is presented below.

4.1 Power Coefficient

The first aspect of the model validation is the comparison of the predicted VAWT
performance over a wide range of operating speeds. Both the fully turbulent k—w SST and fhe
Transition SST models were tested against the experimentally derived CP [21]. The steady wind
speed chosen was 7m/s and the simulations were run at different tip speed ratios from A = 1.5 up t0
A =5 in increments of 0.5. It can be seen from Figure 12 that both 2D models over—predict CP
starting from A = 2 all the way up to A = 5. Maximum CP for the fully turbulent model is 0.35 at
= 4 while the Transition SST model predicts maximum CP = 0.33 at A = 4.5. The maximum CP
for the fully turbulent model occurs at the same A as that of the experiments. There is a gap in the
predicted CP’s between the two CFD models from A = 3 to A = 4.5 where the fully turbulent modt?l
over—predicts the CP much more than the Transition SST model. A convergence of the curves 15
seen from A = 1.5 to A = 3 and also from A = 4.5 to A = 5. Higher A’s show the greatest over-
prediction of the CFD models from experiments. This may be due to the effects of finite blade

span where the reduction in aspect ratio as seen by McIntosh [20] cause a substantial drop in CP at
high A versus the small drop in CP at low A.

0.5
— k- SST
0.4 }| — Transition SST
---©- experiment
0.3
0.2
S |
o 1
0.1}
0 ]
0.1} J
-0.2
0

Figure 12. 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 to published data by Raciti Castelli et al [15], Howell et @ ;
[13] and Edwards et al [11] where 2D CP is over—predicted over the entire range of A. Racitl
C.astelli et al compared their 2D simulations to wind tunnel experiments and argued that the
difference is due to blockage effects that increase the flow velocities near the blades to much
higher values than the unperturbed flow at the inlet. Howell et al show an improved match

Copyright © 2013 Philippine Engjneering Journal Phil. Eng’g. J. 2013;34: 1-22



PERFORMANCE AND AERODYNAMICS 11

between 3D CFD and experiments. Edy i i

bladg span and blade—supF;)ort armjungtivoa;d:ﬂ?;cztll.ambUte the difference in predicted CP to finite

is an gg;::-betc}i]i fe:tt?ral trendl of the predicted CP matches well with the experimental data. There

the experiment mg ive trough it the low A ?Vthh raPldly rises and reaches maximum values near

fully turbulent n anlmum at A = 4 after which a rapid drop in CP is seen. In terms of shape, the

Transition S 10del results show a smoother curve and better agreement to experiments while the
on SST model results do not form a smooth curve and predict maximum CP at a higﬁer A

4.2 Visualisations

pani:?: iSecond aspect of validation is the con}pariSOx.m of ﬂo»v visualisations between CFD and
the 1] mage velocimetry (PIV) data [2 l.]. TIns pzu.'t is an important step since the behaviour of
ow around the VAWT blades add significant insight as to why the CP varies as it does at

pected and an assessment of the

diff . i
erent operating conditions. The flow physics at two ) are ins
edicted stalling

Mo . ;
andSt appropriate turbulence model is performed based on the accuracy of the pr
reattachment of the flow on the blades as they go around the VAWT.

Flowfield at 2 = 2
At the start of the rotation, both

bserved wake (green contour)
Iso visible in the PIV image.
e attached until ©

for the upwind at A = 2.
attached flow. There is an 0

FD image at 6 = 10° that is a
130°. Flow continues to b
eal a bubble that is forming on the suction

tUrbE;gure 13 shows the vorticity plots
seen 0ence models clearly predicts fully
b | n the lower left portion of each C
is the wake of the preceding blade already at 8 =

;ufgo where both the Transition SST model and PIV rev
ace of the blade. The fully turbulent k—@ SST predicts the same formation of a separation

b . .
muebble 10° later at @ = 70°. This delay has 2 significant effect on the blade torque since this can
an extended generation of lift that may positively affect the predicted performance of the

WT.
ha As see,. in the PIV at § = 70° the separation bubble has form or
s already been detached from the blade surface. This is properly captured by the Transition SST

Model. However, the fully turbulent model still predicts the vortex to be on the blade surface. This
Sstl)ay in the formation and detachment of the dynamic.stall vortex affects .the shedding of the
tr dSequent pairs of leading edge and trailing edge vortices and is evident in the presence of a

ailing edge vortex in the field of view (FOV) of the fully turbulent model at @ = 140° but is not

S
en o, both the Transition SST model and PIV.
hows better agreement between the two CFD models

The downwind (not shown for brevity) S ; .

. en it comes to the scale and timing of the shed vortices althoug!l s}lghtly smaller when
Ompared to the PIV. The flow reattachment is seen to have started earlier in the Transition SST
pared to the fully turbulent model

;nodel as the stall is signiﬁcantly shallower at 6 = 280° as comp tur
%4 PIV, This may, in part, explain the higher predicted CP at this A. Overall, the timing and depth

. stall in the upwind for the Transition SST model matches the PIV quite well while the
Sattachment of the flow in the downwind is better captured by the fully turbulent model.

ed into a dynamic stall vortex and

Copyes : ,
Pyright © 2013 Philippine Engineering Journal Phil. Eng'g. J. 2013;34:1-22



2 L.A. DANAO
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Figure 13. Flow visualisations of vorticity in the upwind for A = 2.
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PERFORMANCE AND AERODYNAMICS 13

Flowfield at 2 = 4

Flow visualisations for A = in Fi
to the blade. The wake of a pfez\!frizllljsreljleanc;:d(lgr;el;lfubr:nzl‘;.'For‘tl’l;lm(‘m part, the flow is atached
Images at 9 = 40°. At 6 = 120°, the Transition SST model shlcf\a:’sl 2n aelnl1nostiuf3‘ :?wer portion of ﬂ *
ngf;?ctehwhlle very light stall is seen in the fully turbulent model and PIV. T:n jg;ll!ec;g ;233:2?(1302
aal ,is 1;;ll"rarl;sntlon SST model shows a deep full stall that is consistent to the PIV while partia_l
et 1 fo served in the fully turbulent model. The delay in stalling will have increased the
iTi o 1pzer ormance of the fully turbulent model and pushed the CP to higher values as seen in
Pl\g/ Sf.” 1- At B = 1'70 , the fylly turbulept model shows full reattachment of the flow while the
il ill shows partial separation from mid—chord to trailing edge. The Transition SST model is
ill stalled but to a lesser degree and produces a narrower wake when compared to PIV.
N Based on the results obtained from both force and flow validation, the Transition SST model
as selected as the best model that most accurately captures the flow physics of the VAWT. From

the correct prediction of start of stall and the rate and scale of shed vortices at A = 2 to the stalling
o
model better calculates the flow physics

and reattachment of flow at A = 4, the Transition SST
Vlersus the k—cq SST model. The predicted positive performance of the Transition SST model is
closer to experiments with lower values of CP versus the k—o SST model. All further simulations

conducted will use the Transition SST model.
5. STEADY WIND PERFORMANCE

under steady wind conditions of U, = Tm/s
is a closer inspection of the

AWT performance across a

T was investigated
ental data. Following the validation

derstanding of the behaviour in V
n the following sections.

The performance of the VAW
and was validated against experim
Numerical data to give a better un
Wwide operating range. This is discussed i

5.1 Power Coefficient

The variation of CP versus A is repeated in Fig

the predicted CP and the actual CP especially in t

Maximum measured CP is 0.21 at A = 4 while the maximum pre ).o5al Ao g
of the power curve upwards and to the right is explained by the effects of having infinite AR in the

2D numerical model. Low AR, as s the case of the actual experimental VAWT, increases the
induced drag due to tip effects in proportion t rformance of tl_le blades [20]. The
Negative trough at low A is still present but is also over predicted by the numerical medel from the
experiment minimum CP of =0.1 ] at A= 2.4 to the predicted _0.04 at A = 2. The predicted CP does

not follow a smooth curve as A increases fromA=3tOA= 4. There. is a slight kink in the CP curve
ich causes it to touch the expenmental CP curve. There is no

at \ = 3.5 towards the right wh : ] F
haviour despite closer inspection of the blade torque curves and

?]OHClusive explanation to this be
ow visualisations across the entl

ure 15. There is a marked difference between

he power producing region (4 <A <5). The
dicted CP is 0.33 at A =4.5, a shift

re range of A.
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Figure 14. Flow visualisations of vorticity in the downwind for A = 4.
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Figure 15. Steady wind performance of the VAWT at Ueo = 7Tm/s.
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Figure 16. Blade torque curves for one blade at Uco = Tm/s.

As ) increases from A = 1.5 to A =5, maximum T, for one full rotation is observed to increase
and the stalling in the upwind progrcssively delayed (Figure 16). Downwm_d perforr.nance is also
Seen to improve as A increases from A = 1.5 t0 A = 4 resulting in the steady increase in CP. At A=
45, T, in the downwind is lower Tp in fhe upwind is higher and stays
Positive longer at A = 4.5 than at Its in a higher CP at A = 4.5. Upwind
Performance is very similar for both A = 4.5and A= 5.-The main factor for the lower CPatA =35 is

€ poorer performance in the downwind with negative Ty observed to commence at 6 = 258°
ive region at a much later azimuth of 8 = 325°,

Versus the A = 4.5 case where Tp dips into the negat
The observed differences irl: the performance of the VAWT at different A can be explained by
n the blade. Traditionally lift and drag coefficients are used as

nalys; ic forces 0

the by as:g;élftﬁzf:i); 2';‘""1‘:“ of aerofoil performance and this is attem'p.ted in the following analysis
© further the understanding of VAWT performance using familiar means. Alongside flow
Visualisations and the CP-A curve, a complete picture of t.he VAWT performance can be
“onstructed using detailed comparisons of lift and drag variation as blades go around one full

TOtatiop.
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16 L.A. DANAO

Following on from the experimental validation section where. two .X are .tested, Jhe.sa.ln::i tl;
conducted in this analysis. The main reason for testing these two ). is their significant lssmtud Jod
in almost all aspects of performance. In this way, significant differences can be Erise; e L
comparison between extreme operating conditions. The two A tested are A = 2 apd X =4. 01; e
simulation, the moment coefficient of one blade is recorded and the ﬁnal rotation is presen ;i L
Figure 17. It can be seen that the upwind performance at A = 4 is conSIderabl.y bc?ner than at .
with more than double the maximum T, predicted at T, = 0.98N-m. The stalling is a!so very mlihe
delayed in the higher A while a ripple of the T, curve is present in .the lower l.md.lcatl;ngwed
shedding of vortices. Much of the blade torque is negative at A =2 whl!e the opposite is obse v
at A = 4. The predominantly negative torque at A = 2 explains the negative (;P at thlS.X. Pgmt o
the Ty curve of A = 4 is at 6 = 82.5°, the maximum value of T, for the rotation. At this aznmu;ltl:e
the first quadrant of rotation, the lift is close to maximum at C, = 0.92? almost double that o
CFD—derived static stall lift of C; s = 0.59 at angle of attack ag = 11° (Figure 18).

140 ————————
120f ‘
1.00F s
0.80}
060 -
040}
0.20}
0.00} /i fe -
-0.20
-0.40}-- :

-0.60} e
-0.80}
-1.00

blade torque Tb, N'm

0 30 60 90 120 150 180 210 240 270 300 330 360
azimuth @, ©

Figure 17. Blade torque curves of two A cases at Uco = 7mJs.
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Figure 18. Lift coefficient plot of two A cases at U,, = 7m/s.
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The increased lift is due to the dynamic stall effect as the blade moves in a pitching—
motion relative to the flow. Drag at this point is also higher at C4 = 0.11, almost double thatgoft‘y tﬁz
static stall drag of C4s = 0.06 (Figure 19). These observations are typical of dynamic stall
phenomenon [22] and are expected even at this A since the computed a at point 1 is higher than «
at 13.5°(Figure 20). The effects of dynamic stall are more evident at A = 2 where the maximum liiS:TS
before stall exceeds that of A = 4. Even after stall, lift is still increasing as vortices are shed from
the b!ade up until a reaches maximum at 30° with C, topping at 1.5. Despite the high lift, T, is
negative because of the overpowering effect of drag which has reached an upwind maximum’ ofP C
=0.97. Even at high values of a, the drag is still more aligned to the tangential direction than thg

lift, inducing drag dominated performance.

—Ar=2
1.2 —a=4
----slatic

-

o
®

0.4}

drag coefficient Ca
(=)
()]

-0. L " 1 " L " I
-240 30 -20 -10 0 10 20 30 40
angle of attack a, °

Figure 19. Drag coefficient plot of two A cases at U, = 7mV/s.
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Figure 20. Variation in a of two A cases at U, = 7m/s, ay, is the static stall a.

After point 1, Ty, rapidly drops and reaches the negative region as the blade sees stalled flow.
The lowest point of the Ty curve in the second quadrant is at © = 155° (point 2). The a at this point
is 7.8° and while this is not particularly low with static C, around 0.5, lift on the blade has

dramatically dropped to Ci = 0.08 with the drag halved at C4 = 0.06. The relatively high drag and

Copyright © 2013 Philippine Engineering Journal Phil. Eng’g. J. 2013 34: 1-22



18 L.A. DANAO

an almost negligible lift is the main reason why the T, at this point is negative at -0.].6N-m. Just
after the third quadrant at © = 241.5°, maximum T, = 0.28N'm is attained in the downwm'd at point
3 just before the blade interacts with the wake of the centre post. Although the a at this pqmt 1S
14° which should bring the blade into dynamic stall, lift is much lower than the upwind maximum
at C; = 0.66 while drag is also lower at Cy = 0.09. This is not surprising since there is velocity

induction in the upwind due to power extraction subsequently lowering the available energy
content in the flow.

5.2 Flow Visualisations

A better appreciation of the variation in lift and drag can be attained through the inspection of
the flow visualisations as the blade goes around the rotation. Although there are three blac.les
present in the rotor, the symmetry of the rotor allows for a set of images for one blade going
around one full rotation to be sufficient in giving a complete picture of the problem.
Corresponding torque values plotted in polar coordinates compliment the visualisations to make a
concise summary of the performance. This diagram style is adapted for both test cases of A.

=]

U e | I~
. - A 7

Figure 21. Plot showing blade torque and flow field variation
with azimuth for steady wind case U, = 7m/s at A = 2.

Copyright © 2013 Philippine Engineering Journal Phil. Eng’g. J. 2013; 34: 1-22
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Flowfield at . = 2

The variation of blade torque T, through one full rotation is plotted in Figure 21 alongside
flow visualisations. Large regions of negative torque are visible and huge fluctuations in
magnitude agree closely with azimuth positions showing deep stall and vortex shedding. Most of
the positive torque in the upwind is produced between 6 = 30° and 6 = 60° while negative values
are seen all the way until mid rotation. This poor performance is a consequence of the very steep «
that the blade sees inducing the persistent large scale vortex shedding seen. In the downwind, a
similar picture is observed with blade scale vortices being shed after 6 = 210° until past 6 = 300°.
Delayed reattachment occurs at 6 = 330°, despite the expected low a at this point in the rotation

further lowering the performance.

U

=]

e |
270 X g

ot showing blade torque and flow field variation

; 2. B -
Figure 2 th for steady wind case Uy, = 7m/s at A=

with azimu

" I Phil. Eng’g. J. 2013; 34: 1-22
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20 L.A. DANAO
Flowfieldat A =4

In Figure 22, the variation of blade torque Ty, through one rotation is plotted alongside flow
visualisations. Clearly Ty, is largely positive throughout, with notably high values from around 0 =
60° up to just before @ = 120°. Blade stall within this azimuth range is relatively shallow and 0{11)'
becomes significant after ® = 120° where negative torque is generated until the end of the up\\'lqd
at © = 180°. The high values of T}, in the upwind are due to the unperturbed wind and a near stqtlc
stall that the blade sees. The generation of high torque in the upwind that reduces the downfvmd
flow velocity results in a flat positive T, generated from 6 = 210° to 6 = 300° with a prominent
drop at 8 = 270° due to the shaft wake.

6. CONCLUSIONS

Numerical simulations using RANS-based CFD have been utilised to carry out investigatiQHS
on 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 A range, there is a distinct negative
trough, with drag-dominated performance consistent to experimental results. Minimum CP s
computed to be —0.04 at A = 2 and positive CP is predicted to be attained at A’s higher than 25
Maximum CP is 0.33 at A" = 4.5 and a shift in the CFD-predicted CP curve to higher A’s 1S
observed relative to the experimental CP profile. A closer inspection of two A’s reveal; the
fundamental aerodynamics driving the performance of the VAWT. At A = 2, the blades experience
stalled flow initially from a separation bubble forming at 8 = 60° with subsequent shedding of
vortices alternately cast from the blade surface until reattachment occurs very much delayed
beyond halfway of the rotation. The same delayed reattachment is observed as the blade completes
the rotation with partial stall still visible at = 330°. At A = 4, blade stall is only observed in the
second quadrant of rotation with the deepest stall seen at 6 = 130°. High values of positive blade
torque T, reaching IN-m are predicted in the upwind while most of the downwind region from 0=

190° to 8 = 340° also produce positive performance that contribute to the overall positive CP of
just below 0.3.

Nomenclature

c blade chord

a angle of attack
Cq drag coefficient ACP change in CP
C lift coefficient At in CFD, time step size
Cn moment coefficient 6 azimuth position
CpP power coefficient A tip speed ratio, Rw/U,
d, pressure outlet distance from VAWT axis A tip speed ratio at peak CP
ds side wall distance from VAWT axis n laminar viscosity
ar inflation growth rate of mesh I8 turbulent viscosity
k-w SST variant of k—o turbulence model ®

rotor angular speed
Py blade power (three blades)

P, wind power CFD  Computational Fluid Dynamics

Ty blade torque (single blade) FOV field of view

Tu turbulence intensity PIV Particle Image Velocimetry

U instantaneous wind speed RANS  Reynolds Averaged Navier-Stokes
U, free stream wind speed URANS  Unsteady RANS

y' dimensionless wall distance VAWT  vertical axis wind turbine

Copyright © 2013 Philippine Engincering Journal Phil. Eng’g. J. 2013; 34 1-22
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