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Degree Bachelor of Science
Program Physics
Academic year 2013
Advisor Asst.Prof. Sarrai  Lekchaum

ABSTRACT

The objectives of this research were to design and build the vertical axis wind
turbine for generate electricity, that use the principle of converting kinetic energy of wind
into mechanical energy to rotate armature of electric generator which will bring about
electrical energy. The generator has a power 200 watt with voltage 220 volt at frequency
50 hertz. Moreover, the blades of the vertical axis wind turbine, which designed by
computer-aided design software, have curved trapezoid shape and have surface area for
wind to push approximately 1.4 square centimeters at wind speed approximately 6.5 m/s.
And use rectangular steel tube for build base structure to increase strength that sufficient
to bearing the weights of electric generator and blades. The experiment separate to 2
parts which are finding electrical power output and finding coefficient of drag. The result
of this research were, when wind speed is 6.5 m/s, the vertical axis wind turbine have
electrical power output about 0.5 W, current output value is 0.09 A, voltage output value

5.6 V, attack force approximately 40 N, and coefficient of drag about 1.36.

Keyword : wind turbine, electric generator, electric power, coefficient of drag, vertical

axis wind turbine
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2. NMIAHANFHAUNUYYUUWINDY (Horizontal Axis Wind Turbine)
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1. Conservative {o v, 84 v, 32 lufianuuana19ueeniuauseninega 1 uag 2
B
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1 Qs 9 Y a ] kY
AMUUANANVDIANUAUIZ AT IANANIINEGD 3’711@]%1ﬂ gag

%m=yCoiay, e (2-18)

usendnzngiulue v ldnn gas

2
F= 2pA9’22L) ......... (2-19)

o o

Mdevesdsiuan m1dvn gas

B=Pe, s (2-20)

Top / r @

bottom disk

DL@W@ _js

separation !
APmin =-1.2p v 2

319 2.17 yaaamsuaandanuueesiaiuanun A



22

" v
a8

d‘. -:;4 aon o s & Qs . i o k7 =

m;ﬂmﬂﬁxﬁmquaqmmw conservative LAEH 1M optimistic TI'liT‘iﬂ"l‘ﬂi]‘H;]LWiJ‘lJu
; TR~ ~ = a a &

48% (conservative) LAY 61%(Optimistic) muamiu;ﬂm 2.18 uaaanalszansnin nu

w i =
DATITIUUDIANULIINY

og

| = = - Optimistic
Conservative

o
o
s
\

'
’

Efficiency n [1]
o
S

o
X
L

00 ™ r— T —r
00 0.2 0.4 06 08 1.0

Speed ration v, /v, [1]

~ = a a o @ 1 <
E‘]JV] 2,18 LLﬁﬂﬁﬂﬁﬂﬁgﬁﬂﬁﬂ’IW AU DATITIUVDININLIINY

m3dsuTaseaseildlsz@nsamddszuna 50% veswdsauad uazisz@ninmgega
voamasgegaiala 42% Mwmguezialszaninimuesagege 63%na5vzll

8n51871A1M157 0.28-0.33 Nazuaaaliiiudsgali 2.19

as b 10
O Measured values / 1
1 50% Efficiency / m|
GJ // 0.8
% i / n] E 086+ DD m]
3 =
g 4 EVAD E’; 5
H J a g 04+ s a
o J éj E m} Dl:l O
2 O [}
‘ [m] o 02+
f -4
D t l-—— T k2 T X T v T b 00 T T 1
0 1 2 3 4 8 6 0.1 02 03 0.4 05
Wind speed [m/s] v, /vy (1]

@ 1 = =
7191 2.19 uaaedda @A NUT RN AMIZAY



UNN 3
as o =Y
IPAUHUITH

MIguiuaufne Tnssnumssenuuutazmsnatouluwadsiuauniae I
8

Y
muﬂaumsﬁuﬁmmﬁnmﬁaﬁ

v
v

VHADUMIAUHUNY

J

AnToy AU UWANIHHANIUINAUA

ll

Inszrveyavesluanaiuauninuniaiu




24
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3.1 FTUUNIHUHANUUANUAI (vertical axis wind turbine system)
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100 4.90 296 | 287 | 3.03 | 295 20.32 1.20 4.65 0.082
120 4.60 3.08 | 295 | 305 | 3.2 19.82 0.90 4.56 0.078
140 3.93 301 | 3.05 | 3.06 | 3.04 19.74 0.97 4.51 0.070
160 3.60 321 | 378 | 331 | 38 17.48 0.90 4.40 0.064
180 3.43 368 | 354 | 371 | 3.64 16.47 1.53 3.65 0.057
200 3.03 444 | 427 | 436 | 436 13.77 1.00 3.63 0.045

nauausunyuAIenue I 1dnszoe 220em
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aulszansusana

L . usandeng F
"o a AN 5 a. = e
urHassuTinay I‘j anmdaan | masldvh Wy Y Cy= 5 :
magneu = - F=2pA-—2—1" — pAv
(cm) magriad P=IV 9 2
Ueny (m/s) il¥nz (m/s)
60 6.33 1.07 0.4032 40.82 1.38
80 5.80 0.93 0.4049 34.99 1.41
100 4.90 1.20 0.3813 21.20 1.19
120 4.60 0.90 0.3557 20.19 1.29
140 3.93 0.97 0.3157 12.96 1.14
160 3.60 0.90 0.2816 10.75 1.12
180 3.43 1.53 0.2081 5.32 0.61
200 3.03 1.00 0.1535 6.07 0.89
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{ [~ T o =& {
A15199 4.8 ANUS WHAINULAANTLAUN 2

BUNA (input) 1910 A (output)
paluianyuasy 1 500
' . oL Aoy ,
ITUTN AT UM (s) . ASIAN
‘.5 B 4 T ,
uhasfuia | umae naAeNAY
; $4 | 24| £d , UIAU (V) | DIzua (A)
ay (cm) poudenz | ATIN | ATIN | AN . (soudIn) dene
nae
60 6.90 291 | 235 | 247 | 214 27.99 1.00 6.46 0.100
80 6.30 219 | 222 | 219 | 220 2727 1.10 5.60 0.092
100 5.57 238 | 240 | 244 | 241 24.93 1.07 5.25 0.085
120 5.47 243 | 248 | 250 | 247 24.29 1.30 4.76 0.087
140 5.00 272 | 268 | 270 | 2.70 2299 0.97 455 0.073
160 4.8 282 | 280 | 296 | 2.86 20.98 1.10 438 0.068
180 4.4 328 | 317 | 3.05 | 3.7 18.94 1.33 4.48 0.062
200 4.27 343 | 332 | 320 | 3.17 18.09 1.17 438 0.063

Aaruausuryudeawes lildnszes 280 cm
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TR B ) " usanlznz F
v e ANUIIIAN 8. — e
e ' anuwsan | maalvih - Cp= 7 ;
. L F=2pA—2—1— — pAv
(cm) Inagvay P=IV 2 .
ene (m/s) | qlene (m/s)
60 6.90 1.00 0.6460 51.36 1.46
80 6.30 1.10 0.5152 39.89 1.36
100 5.57 1.07 0.4462 2392 1.03
120 5.47 1.30 0.4141 25.65 1.16
140 5.00 0.97 0.3321 23.96 1.29
160 438 1.10 0.2978 20.19 1.18
180 4.4 1.33 0.2777 13.90 0.97
200 427 i 0.2759 14.17 1.05
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BUNA (input) 191734 (output)
nanluvinnyuasy 1 50
' . . auslane
FEHTHI A Fu (s) = A IaN
—yr 3 Tusia ,
urasiuiia | Qumay NABTa
. . & ol B , UIIAU (V) | Aszua (A)
ay (cm) | Nowdsmz | ATIN | AN | AN P (50UABMIN) 12
nae
(m/s) 1 2 3 (m/s)
60 8.00 198 | 190 | 210 | 1.99 30.10 1.33 6.81 0.103
80 7.70 2.15 2.17 2.12 2.15 27.95 0.93 5.85 0.095
100 6.83 237 2.17 2.12 2.22 27.02 1.07 5.60 0.092
120 5.93 248 | 228 | 232 | 236 25.42 1.13 5.35 0.085
140 5.83 255 | 247 | 2356 | 252 23.74 1.00 5.98 0.081
160 517 274 | 261 | 259 | 265 22.67 1.00 4.76 0.078
180 4.87 276 | 2.65 | 260 | 2.67 22.47 1.10 4.65 0.070
200 430 2.86 | 279 | 290 | 2.85 21.05 0.97 4.60 0.067

navausuryudeawes i 1dnszos 300 cm
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dulszansusaga

T . “ . usanzng F
e A5 AN L o
T . anwstan | maslvh N Co= 5 .
masneu S F=2pA—2—-11 — pAv
() Mawnas P=IV 5 2
znz (mvs) dznz (m/s)
60 8.00 1.33 0.7014 65.63 1.39
80 7.70 0.93 0.5557 67.61 1.54
100 6.83 1.07 0.5152 48.94 1.42
120 5.93 1.13 0.4547 33.99 1.31
140 5.83 1.00 0.4276 3441 1.37
160 5.17 1.00 0.3712 25.65 1.30
180 4.87 1.10 0.3255 20.96 1.19
200 4.30 0.97 0.3082 16.35 1.19
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Abstract

The aim of this study was designed and tested the vertical axis wind turbine (VAWT) with four
blades. The VAWT was tested in the laboratory at wind tunnel speed of 2-10 m/s. The cut in speed was
studied at the main function of angle of attack (0—900). Two types of blades (flat and curve plates) were
chosen for testing. It was found that the turbine with flat plate cannot be rotated by itself; it required an
auxiliary system for starting. The average cut in speed of turbine with curved plate was 3.0 m/s at 0’ of
initial angle of attack with 16 RPM and 0.00171 N-m of torques. The cut in speed would be decreased
when the initial angle of attack increased until the initial angle of attack greater than 45" then the cut in

speed was increased and at 90° of initial angle of attack the wind turbine was non rotation.

Keywords: vertical axis wind turbine, angle attract, wind tunnel
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Renewable energy generation in the urban environment has been receiving an increased attention over
recent years due to the proximity with the point of use. Building integrated wind turbines are an
interesting option in this respect. However, due to technical as well as architectural barriers, the uptake
of wind energy converters into buildings has been rather limited. This paper analyses the oldest known
form of wind energy converter, the Sistan type windmill, and discusses modern adaptations of this drag
force type energy converter for building integration. It is shown that design improvements can lead to an
increase of the theoretical efficiency of a drag force type rotor to about 48% (conservative) or 61%
(optimistic). Initial experiments with a scale model have shown that efficiencies higher than 40% can be
achieved, The integration of the proposed design into buildings is related to current building integrated
wind turbine types and demonstrated architecturally.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Wind energy has firmly established itself as a major renewable
energy source over the last decades. One potential area of appli-
cation, however, the integration of wind energy into buildings, has
- despite several efforts — not advanced at the same pace as
conventional wind turbine technology.

Of all building types high-rise buildings have the largest
potential for wind turbine integration. They offer an increased
resource compared to low-rise structures, as well as proximity to
electricity users. One of the main reasons for the lack of progress
appears to be the difficulty to integrate wind energy converters
architecturally into the building structure. Furthermore, turbulence
and wind shadowing effects represent a risk for uptake of the
technology in the built environment. Building integrated wind
energy converters for high-rise buildings appear to be the best
solution to overcome such risks. However, as Bahaj et al. | 1] point
out, care is required when estimating annual energy yields for wind
turbines in the urban environment.

Ideally a wind energy device for buildings would have a compact
shape, making it easy to add to or integrate into a block-type
structure whilst also permitting a certain architectural freedom for
the building designer. This is hard to achieve, in particular with
horizontal axis turbines which need to be tracked to face towards
the direction of the wind for best results. In terms of architectural
integration, vertical axis turbines, however, appear to have been

* Corresponding author. Tel.: +44 (0)23 8059 2442; fax: +44 (0)23 8067 7519.
E-mail address: g.muller@soton.ac.uk (G. Miiller).
URL: http://www.energy.soton.ac.uk

0960-1481/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.renene.2008.10.008

underestimated in their potential for building application. More-
over, they are believed to be better suited to the urban environment
due to their better function in the turbulent wind conditions found
in built-up areas [2,3]. In particular, drag force based systems can be
expected to be less sensitive to turbulence. This paper analyses the
oldest known form of wind energy converter, the vertical axis
resistance type windmill, and discusses modern translations of this
design principle for integration into buildings.

2. The Sistan vertical axis windmill

It is not known when exactly the first windmills were built but it
is most commonly agreed that the origin of windmills is likely to be
in the area of Sistan and Khorasan in eastern Iran on the border to
Afghanistan, where windmills were recorded already in the 9th
Century AD [4-6]. These first windmills had a vertical axis and
relied on drag forces in order to function. They can be expected to
have been similar in their basic design to the mills which were used
in the region of the Sistan Basin and Greater Khorasan well into the
20th century (Fig. 1).

The construction of simple mills relying on drag forces is possible
in this region as it has steady winds from the north during three
months in summer with wind speeds in the range of 10-30 m/s [7].
Such windmills, termed Sistan windmills in this paper, are typically.
A typical Sistan wind wheel is about 6 m high and 6 m wide with
bundles of reed on typically six wind catching surfaces [4]. The
construction is rather simple with a direct transmission of the forces
from the vertical axis onto the millstones which are housed in
a chamber below the mill. The mill's side walls have a shielding and
a certain wind guiding function. The north side facing the wind has
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Fig. 1. Vertical axis resistance type windmill of the Sistan Basin in the border region of
Iran and Afghanistan (picture taken in 1971 near Herat, Afghanistan, copyright: Alan
Cookson).

a wing wall leading the wind towards the wind wheel, whilst the
side and back walls are curved in order to facilitate the airflow
through the machine as well as its outflow on the south side.

Very little engineering information appears to be published
concerning the Sistan windmills. In the wind energy literature, they
are sometimes briefly mentioned either in the historical overview
or in the chapter on vertical axis turbines.

3. Energy conversion in the Sistan windmill
3.1. The vertical axis resistance type converter

Vertical axis resistance type energy converters such as the Sistan
windmill absorb the wind energy with their individual blades,
which move slower than the wind. The differential speed generates
a force which drives the blades. Such a machine is usually analysed
by assuming the rotor blades to constitute flat plates with a height
to width ratio a/b of less than 5 and a drag coefficient of Cp= 1.2
[e.g. Ref. [8]]. Fig. 2 shows the principle for the determination of the
power generated by one blade. The available power P, for an area A
is given by Eq. (1):

Pa = 543 (1)
The force F acting on one blade becomes:
P 2

F = CozA(vo — 1) (2)

And the output power P, can be calculated as:

Wind speed v,

[T
I

Blade area ‘A’

e

Fig. 2. Principle of operation of the Sistan windmill.

Pout = CD%A(VD — )%y (3)

The velocity v, for maximum power output can be determined
from:

dl = DA%(UD —4!)01»’1 +§U]) =40

d 2
o (4)
" = ?
4
Prnax = CDA% ﬁ“?) (5)
With this, the efficiency n becomes:
Pmax - 4 o —
n=—p_= Cgf = 0.18 (Flat plate,Cp = 1.2) (6)
a

The maximum efficiency for a flat plate rotor (excluding the
potential effect of wind pressure acting on more than one rotor
blade) therefore only reaches 18% for plate aspect ratios of less than
5:1. This rather low efficiency is usually the reason to dismiss the
vertical axis resistance converter as an inefficient concept [8].

3.2. Improvement 1: the infinitely long plate

Tests with acylindrical body (Flettner rotor) showed that the drag
coefficient can be improved by adding disks at the top and bottom of
the body; this increased the drag coefficient by 60-90% |9]. The disks
effectively change the finite cylinder into an infinite one (minus
viscous losses near the disks) by ensuring 2D flow patterns. In the
context of the proposed wind energy converter, it can be expected
that by closing the rotor off at the top and the bottom by a disk which
protrudes over the outer rim of the rotor, the drag coefficient can be
increased from 1.2 to 2.0 [10]. Taking the drag coefficient as 2, the
theoretical maximum efficiency increases to 29.6%.

3.3. Improvement 2: effect of overall geometry

Although theoretical efficiencies of 29.6% bring the proposed
energy converter into an area where it deserves further consider-
ation, the active surface areas are small when compared with those
from propeller type turbines. For the vertical axis resistance
converter, therefore, higher efficiencies are required in order to
generate an appreciable energy output. Here, it should be noted
that the pressure distribution on a plate or a square body subjected
to fluid flow consists of a high-pressure acting on the side of the
obstacle facing the flow direction, and a low-pressure zone on the
lee side as, for example, shown by Cowes etal. [ 11].In the context of
resistance type energy converters, this effect can be utilised by
regarding the assembly itself - i.e. rotor, walls, top and bottom disks
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- as an obstacle. Then, high- and low-pressure zones can be
expected to develop (Fig. 3).

Simplifying, the energy converter could be regarded as a block of
width ¢, with a channel of width t/2 which is blocked by a moving
blade 'B’, and an outlet at point ‘2’ (Fig. 3). If the blade ‘B’ is standing
still, maximum pressures will develop upstream (stagnation pres-
sure) as well as downstream. Assuming an overall Cp factor of 2, the
sharp corner ‘D’ and the flow separator ‘S’ generate a pressure drop
downstream which obtains a maximum of —1.2 p v?/2 when the
blade stands still. Once the blade starts to move, air passes through
the rotor and the upstream as well as the downstream force will
reduce. This leads to a gradual reduction of pressure with
increasing blade velocity at *S".

In order to analyse this situation, some simplifying assumptions
have to be made:

1. If the blade stands still, a stagnation pressure of p; =0.8 pv?[2
and p; = —1.2 pv?/2 develops at the wind and, respectively, the
lee side of the converter [11].

2. With increasing blade velocity the Cp factor reduces linearly.

3. The pressure difference between points ‘1" and ‘2" generates
a flow velocity v; which acts on the blade ‘B’ with a drag
coefficient of Cp, p= 2 (infinitely long plate).

The fluid flow problem is characterised by the fact that the
pressure difference between points ‘1' and ‘2’ — and therefore the
velocity of the airflow - reduces with increasing blade velocity v;.
Two scenarios are considered:

a. Conservative: once v, reaches v,, there is no pressure differ-
ence between points ‘1" and ‘2.

b. Optimistic: half the cross-section of the body is solid, so that Cp
factor gradually reduces from 2 (v; =0) to 1 (v; =v2).

The pressure difference between points ‘1" and ‘2’ is:

%
4p = Cop) (7)

where Cp is a function of vy and vp:

Vo
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- DPmax = 0-8:p_v12 /2
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Fig. 3. Idealised vertical axis resistance type wind energy converter.

Cp1 = 2% (conservative) (8)

Y0~ (optimistic) (9)

CD,Z =1+ ™

The pressure difference generates a flow velocity of:

v2 = /Coiavo (10)

With a Cp factor of 2 for the blade of area A, the force F becomes

2
F=2pA(U2_y1) (11)
2
And the power P can be determined as:
P = Fu, (12)

The point of maximum efficiency lies at vi/vo=0.25 for the
conservative, and at vq/vg = 0.35 for the optimistic scenario. With
these velocities, the theoretical efficiencies increase to 48%
(conservative, min Cp=0) and 61% (optimistic, min Cp=1). In
Fig. 4, the efficiencies for both scenarios are shown as a function of
the ratio of average blade and wind speed.

Measurements of flow velocities on unobstructed air ducts (i.e.
ducts without a turbine) indicated Cp values of +0.38 to +0.59 at
the inflow and —0.8 at the outflow [ 12]. With a total minimum Cp
factor of 1.18-1.39 it appears therefore that the optimistic scenario
considered earlier on (min Cp = 1) is the more realistic one.

4. Initial experiments
4.1, Experimental set-up

In order to test the theory, it was decided to conduct a series of
initial experiments | 13|. For this purpose, a simple box shape model
was built (Fig. 5). This ‘box’ had inner dimensions of 600 mm
(height) x 800/900 mm (width/length). The vertical axis was made
of a 15 mm steel bar. Four 300/580 mm blades made of 6 mm
plywood were fixed to the axis with a clear distance of 50 mm
between blades and axis. At the top, a 200 mm diameter friction
wheel was fixed to the axis. The power take-off was conducted via
a Prony friction brake. A friction belt was run around the friction
wheel and over a side wheel, where a weight was attached to the
belt. At the other side of the friction wheel, a scale was fixed to the

0.8
= = = Optimistic
Conservative
0.6 1 2 el X =
— / b
hait ¥ N
= / N
\
& 0.4+ ,’ ot
o y \
3 N
= A\
W g2 %
5\
A
”
0.0 ——— : —
0.0 0.2 0.4 0.6 0.8 1.0

Speed ration v, /v, [1]

Fig. 4. Theoretical efficiencies of the vertical axis wind energy converter as function of
wind speed ratio,
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belt and a hook to the ‘box’ itself. The weight and scale were housed
inside a wooden box to prevent interference of the wind with the
weights, and the scale reading.

At standstill, the scale indicates the gravity force created by the
attached weight. Once the wheel starts to turn under load, friction
reduces the scale reading by a friction force AF. Due to the size of
the model and the unavailability of an appropriate wind tunnel, it
was decided to conduct the initial tests in open-air. This was
thought a more realistic scenario since boundary effects typical of
a wind tunnel can be excluded; the main disadvantage being of
course that the wind speed cannot be controlled. The experiments
were conducted at the beach in Milford-on-Sea, UK, where
reasonably steady wind conditions were encountered (i.e. the wind
did not change significantly during the measurement period). For
the tests, the model was set on a wooden frame 1.5 m above the
ground. Wind speed was measured with a hand held anemometer
directly before the test, Ten revolutions of the wheel were timed
with a stopwatch. The tangential speed of the friction wheel
multiplied with the friction force then gave the power.

4.2. Experimental results

Unfortunately, this type of open-air experiment does not allow
conducting regular test series, so a specific weight has to be chosen
for the friction brake and the resulting power determined for any
given moment. In the first experimental results it can be seen that
the measurements follow approximately the 50% efficiency curve
for a kinetic energy converter (Fig. 6a). The efficiency for the highest
measured power output was 42% which is significantly higher than
would be expected from the 2D blade theory (view Section 3.1). The
highest measured efficiencies reached 63%; these, however,
occurred for smaller power readings and the experimental error
(estimated at 0.25 Nm/s) needs to be taken into account. It should
be noted that the highest efficiencies are reached for speed ratios of
0.28-0.33: this ties in reasonably well with the theory (Fig. Gb).

5. Building integrated wind energy converters
5.1. Background for building integrated wind turbine concepts

The first modern concepts to integrate wind energy converters
for electricity generation into buildings were put forward in the
1930s and 1940s in Germany by engineer Hermann Honnef who
proposed gigantic multi-rotor wind power towers of a height of
more than 400 m with rotors of a maximum diameter of 160 m [ 14].
In urban areas these towers were supposed to take the shape of
gigantic skyscraper buildings. Based on his calculations Honnef

a -+ 900 >
Flow separator —_, 1 -1-?0
] R — —
==
e 300 I
rTL:;‘
L Inflow { R =350
0 Blade 300/580 | J
- = 800

YW

|
i J
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believed that a 160 m diameter rotor would have a rated power of
20 MW at a baseline wind speed vp of 15 m/s. However, these
utopian designs never got built.

Since the mid 1990s, probably also as a result of the success of
stand-alone wind turbines, building integrated wind energy
generation has become increasingly debated and pursued in
research projects [15,16]. In addition, in the European Union
national regulations basing on the EU Directive on the Energy
Performance of Buildings [17] deliver incentives to integrate
renewable energy generation facilities into buildings since the
positive influence of such systems shall be taken into account for
calculation of their energy performance.

5.2, Types of building integrated wind turbines

There are several possibilities of wind energy converter inte-
gration into buildings which essentially can be classified into three
different categories |2,3]:

a. building integrated horizontal axis wind turbines,
b. building integrated vertical axis wind turbines,
c. building augmented wind turbines.

Whilst horizontal and vertical axis turbine integration are fairly
established for small-scale turbines and easily possible as a retrofit
solution, building augmented wind turbines require careful design
and planning as they are integral part of the building. One method
is to shape the building in an aerodynamic way as a concentrator in
order to enhance airflow towards the turbine, thus increasing its
efficiency [2,18,19]. A second method is to create a duct that utilises
the pressure difference between the windward and the leeward
side of the building [2]. This pressure difference can also be
exploited by small-scale, stand-alone ducted turbines installed at
the edge of a roof [12,16]. Without doubt, from an architectural
perspective building augmented turbines are the most fascinating
form of turbine integration.

To date the majority of building integrated wind turbine
installations is in the form of add-on small-scale micro-wind
turbines, which are now commercially available for building inte-
gration as horizontal axis as well as vertical axis Darrieus and H-
rotor types [1,3].

Large-scale projects for high-rise buildings with a clear focus on
providing a major part of the building's operational energy by
building integrated wind power have mostly remained at the
concept stage and, to date, were mainly focussed on building
augmented wind turbine designs. First design ideas of such high-
rise buildings have been developed within the framework of

b
Flow separator | Friction wheel, R = 100
| a .
P o ———— o e .. -
---------- S Friction
belt
600 300/ 580

Weight

Fig. 5. Experimental model of the resistance type wind energy converter. (a) Plan view. (b) Front elevation.
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Fig. 6. Experimental results, resistance type wind energy converter. (a) Power out as function of wind speed. (b) Efficiency as function of speed ratio.

research projects [15,19]. The first high-rise building integrating
a building augmented wind turbine design to be built was the
World Trade Centre in Bahrain which was recently completed and
incorporates three horizontal axis wind turbines of 29 m diameter
[20]. This building consists of twin towers facing the prevailing
wind direction in order to concentrate the airflow on the three
turbines between the towers.

Building augmented wind turbines are certainly a fascinating
option that will inspire further architects for premium develop-
ments. Realistically, however, it cannot be assumed that such
projects will become the standard. On the other hand standard
micro-wind devices for building integration may not always be
visually appropriate and hence not be put forward by architects and
designers. Therefore, a turbine design is required that can be
integrated into buildings without altering the complete building
design, yet avoiding a bolt-on wind wheel effect. Ideally this should
be a simple box or module design that is not tied to a specific
position in the building in order to allow for a maximum archi-
tectural freedom. Such a solution can potentially be provided by
a modern adaptation of the Sistan wind wheel as detailed below.

5.3. Design and building integration of improved vertical axis
resistance type wind turbines

Fig. 7a shows the initial concept for the basic appearance of
a modern adaptation of the vertical axis resistance type wind

energy converter. The proposed design appearance is based on the
theoretical considerations discussed in Section 3.

As with other vertical axis turbine concepts the main advantage
of the proposed design is the simplicity of its components. In
addition, its clear cylindrical form facilitates architectural integra-
tion (Fig, 7b). The more solid appearance of such turbines lets them
appear as part of the built structure which is often difficult to
achieve with other more filigree turbine designs. Furthermore, the
simple drag force based energy conversion system permits realising
turbines of different proportions and scales at relatively low tech-
nical cost which can be seen as a further architectural advantage as
it allows a greater design freedom.

Whilst the original Sistan windmill is directionally static, the
proposed modern turbine design will require a yaw system in
most locations. The turbine is envisaged to turn into the wind
by revolving the shielding/side wall on the bottom disk, with
the central axis functioning as load bearing and stiffening
structure.

The authors feel that the suggested design has further devel-
opment potential due to its simplicity, its low sensitivity to
turbulence, its architectural advantages and the promising results
from the initial theoretical and experimental investigations. Due to
their comparatively small exposed area, the actual power output of
the vertical axis turbines is, however, limited. Taking the building in
Fig. 7b as an example, the rotor would have a blade area of 5 x 8 m.
With a design wind speed of 15 m/s, a converter efficiency of 50%

Fig. 7. Artist's impression of the integration of a large-scale resistance type vertical axis wind turbine. Image created with ArchiCAD educational version [21]. (a) Basic design

concept. (b) Integration into a high-rise building.
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and a mechanical conversion efficiency of 85% this would result in
a maximum power output of 36 kW (el.).

6. Discussion

The theoretical and experimental works described in this article
are exploratory rather than providing an accurate description of the
technology. The agreement between theoretical and experimental
values regarding optimum working point and expected efficiency
ranges do, however, indicate the validity of the approach. The
aerodynamics of the vertical axis resistance converter has not been
investigated in detail. Currently, it is still unclear what actual
magnitude of pressure drop exists between front and back of the
windmill, and what effect, e.g. the flow separator or the actual
geometry of the outer hull have. Details of in- and outflow (for
example, funnel-type inflows) need to be investigated. The
optimum number of blades is not known; simple geometrical
considerations, for example, already suggest that an increase in
blade number from four to six blades would give an additional
6-7% efficiency. Furthermore, the effect of blade shape is unclear.
Despite the many unknowns, the authors feel that the initial results
are promising, and that the vertical axis resistance turbine has
significant development potential.

7. Conclusions

The integration of wind energy converters into buildings, and
here in particular into high-rise buildings, is a challenging problem
which is still largely unsolved. A modern adaptation of the vertical
axis Sistan type windmill was investigated looking at its efficiency
as an energy converter and its possibilities for architectural inte-
gration. Theoretical development, employing geometry changes to
induce a 2D flow field as well as flow separation to induce a low-
pressure zone at the leeward end, indicated that maximum
converter efficiencies of 48-61% can be expected. Model tests were
conducted to test the theory, and efficiencies of 42% for the highest
measured power output were determined. The simplicity of the
proposed design will allow for cost-effective construction and the
optically solid view means that the machine can be integrated
architecturally. This is felt to be a significant advantage compared to
many current wind turbine designs which often appear out of place
if installed on a building.
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Abstract

This research was aimed at studying Lift coefficient and
Drag coefficient of a Rotor in Autogyro Mode. The rotor
consisted of two blades Clark Y airfoil of the 0.06 m constant
chord and the constant pitch angle throughout the whole length
of 0.375 m. Test run in wind tunnel were conducted. Combination
of following parameters were selected in this study, i.e., the pitch
angles of blade between 0° to -150. the tilt angles of rotor shaft

between 00 to 450 and the air velocities within 9 m/s.

Experimental results showed that the Lift coefficient and
Drag coefficient were increasing when the Tip speed ratio
ascending correspondingly. Lift coefficient and Drag coefficient
are equal to each other at 45° tilt angle, of which, both
coefficients were measured at 2.97 at 6.2 tip speed ratio.
However, at 150 tilt angle, the Lift coefficient and the Drag
coefficient were at the lowest values, iie. at 0.38 and 0.1
respectively, with the tip speed ratio at 3.8.

It can be concluded that, for the best position in Autogyro
Mode, the tilt angle should be positioned between 150 to 30O

while the pitch angle should be set at -2O
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Abstract

This research presents the study of blade length of the wind machine which effect to the Power.
The blade length of 3.9, 4.1 and 6.8 m. which incoming wind speed of 5 m/s, pitch angle 3 degree on the
same blade profile phenomena were used for the study. The investigation uses commercial Computation
Fluid Dynamics (CFD) named CF Design V.8. The lift and drag coefficient (Cl, Cd) also studied and
investigated. The results were used to compute the power of wind machine at varies parameters above.
Additionally, the results also applied to scaling up wind machine of 1.5 MW for the comparison purpose.
Resulits from the study shown that extending blade diameter of 5 m. increasing 20 % of power which high
lift and drag coefficient of 1.90 and 0.091, respectively. The power shown the reasonable results compare
to power curve shown by company which errors of 9 %. The CFD technique was shown the promising

results for the performance investigation of the wind machine.

Keywords: Lift coefficient, Drag coefficient, CFD, Turbine Design

ENETT8-XXX
1/6



The 8" Conference of the Energy Network of Thailand

2-4 May 2012, Maha Sarakham, Thailand

1. un¥
o « o A ol ol
davnnanuhesuadslwiuwifiddnonan
1 J R &
vaslsznalng ddnadodszenn 5 mis dkunty
J “ - - L L - I
m:ﬁ'ﬂmh:annmwumnmuauNﬂﬂ'lviv'hgwu
- ol J J- -
Aninfisuly fanisveistrennusiiluves
- v “ o~ o W
noiuay Iinanzaudunssanuresauiiidnan s
’nﬂﬂ:ﬁ-ﬁ’aga-uaqlmunﬁ'aua:unné‘né"m’mﬂ“rm
g7l wudanmimidsz@ninawniseneauae
dszEnTamwnisuandrvaslunavuay a91iu
maluladindruasufaeaflddnrranly
a3 uasiidszlomiiflvadrsuindanas
- « v - w - v
Anmsitlywimeswisanssy 'hsﬁ'mnungnna
windr Isunsumsdwasmanamandussvag
na (Computation Fluid Dynamics) w3a CFD an
nlflumsiwmedifymwidne g usunamaad
ol x ol - ‘

789784 Ma ﬂ'lmmu;ﬂnwnuquamn
o v o -
Fudanld emmasauluglasdausis g anaday

v i ] J
Iz oz0an u-a:aﬂi’mungemn CFD %3

P - o P » a v
natsduinFasliand i ud i nusuntadau
FnInnazm A TERMInamaatuarading
_~ o .l‘ [ 3

nwitsierlsldsunsunawamaasvasveslng

Bl s 4
e TsiuRsIsuAsusadsenit laainly
b . J- J 1] o J L
nvuaundwian Ny luiuandrenu tiaily
Urslomiuazuuamalumsfarsanfanswaly

v » w - L e e r
Tiiwanzau dmiumIAensnavuauywialngly
Uszina'lnosa'ly

2. ngufiiieatas

2.1 MTINAYDINTIEN WALUSIHAND (Lift force
and Drag force)

WIINTERIFaUN KON A (Alrfoil) LBZUTY
é’ansi"ni"iﬂg’luﬁﬂ‘?'nfumnﬁ'umﬂnm:gm‘t‘un'ﬁ
“WSEN” (Lift  force) unudanfyanwal “L" ws
Lﬁﬂﬂmuﬁtﬁﬂ{uuuﬁ':ﬁmmﬁﬁwmu.wummﬁ
Hafinananuidwdouiian URZLTININAIATIY
m"uuﬂnehaﬁagluﬁﬂﬁ'wmuﬁumﬂma:gn

(38N “UTHAN" (Drag force) wnuedaudaydnwol
~ ol
‘D" fsumaslugun 1

Lift force

/

Chord

-l - -
TN 1 MAfauTanuas WRIHANUW Air foil

fuTsenuazusInan w2 ld9nn1inasauuny
[ ‘ d a '
a'm'mmna"n'luthﬁnu BIINIZUFAIAILTILN
e - ‘
ua:umnmmgﬂuau'uﬂmuﬂszanmmun C_ uax
wr o o v
FUUTERNTUTINGN
[ - LL -t v o
Fullvsinmmemasvsdonldiiu

ol = '
Co lauffiuruvada

L

L S (1)

- ;“PAU:.'

TN @
EMUNf

s €, = dulszinTusonn
Cyp = furlszimTusansn
L = wsaun (Lift force, N)
D = usiuan (Drag force, N)
£ = AMumMWIbiKIaIa M (kg/m’)
A = Ruiisswurasunuaine (m?)
U, = a0udauduing (m/s)
2.2 aasdmaraniaatsly (Tip  Speed
Ratio)

FUTTOULUBIAIRUANAFBIRI TN R 9
furlsAniigs fadratonmanuduiuiveg
MRl ENTAAI C, MU SR LG
Usely (Tip  Speed Ratio) WUFAINUFUR 2
dmiuidandandmanuiualy (Tip Speed
Ratio) lwlddn c, §Iqa Foufwnaminlufoiu



~ - (] (= ] [
ﬂ’lTﬂ?:‘p"U'J‘ﬁ'lﬂ']'ﬂ.ﬂTﬂ‘!l'\ﬂﬂﬂdd’]uuﬂﬁﬂﬂmﬁ‘lﬂﬂﬂ'idﬂ 8

et 4 s e
TUN 2-4 AOBNIAN W.A. 2555 TIRIAUMIRIIATY

v o~ -~ 4 1]
m;umnu‘lﬂﬂ::ﬂmn'mﬁqﬂn TSR ivila gy Leosd +Dsing
aandmannTdansluidudarainszndag

- L - -
anuiiaelunitusuduaaumiiay las
sunsndwinldnnaunis

v s
A=—=— (3)
0 UG
U (i-a)
e A = famdmanudiasly
Q = anTuTYN (radls)
[ ~ A o ol o & v oA P =
r = failunaiuay (m) 3N 3 uniifatwuwmihaagy airfoil 1aaly
U, = A115983 (m/s) NIRUAY [1]
AIITMILTIIINLINLG a‘fmu;{ﬂﬁ 3 a:le
0.4 | e
o ‘ ANUFUNUT
'
03 |
. , )
fl F, = Lsing - Dcosg (4)
oz} /
II
/ F, = Lcosg + Dsin ¢ (5)
)
0.1 M
’f
! - =
g . . ‘ tan g = (I-a) _Uy(l-a) (6)
i 6 9 12 15 All+a") rQ(+a")

Tip speedradio  RQIY,

- u ' o
JUN 2 MadauTToUusAMUANLNUKEY a
v t de a = ulnwaianugyidsluuwauny
a' = urlaatanugyiisluwa i

.
2.3 Q] Blade Element Theory NMEred Betz  AvRuauaziitzantaan

el A L= s
> ¥ - ' i A o v ' -
tﬂummmmmu':anm.ﬁ'muiunmuiu gogaiile @ fdidy 13 dmdu @ et
[ : - L ] bt v; -l : = 4 - -
ANHURDIIA URIIRITIMAN B Iz 9N whiuguditasnnlifiamadanisasvesane

o A A . e J
NﬂﬂUhJﬂ-.‘l'Huﬂll VW WTIen wnNan Miduus (Wake Rotation) ﬁifutﬁﬂﬁﬁ?im’lﬁdﬁ‘%ﬂu

-
- : : J - e A i
Wyl uazanaiay fawnlsansnmgega azldauniai [1-g)

A - ol W e = . [
Wadarmdludsiuauluudazdan (Blade
J - : 1 [
Element) anuiiiiiaduazutialdiiuanumsaly

. dmtasnt e 7)
UWIUNY ua:n’num'luumunmqu : 3
U ~—-‘/(—2§f")2 +(ra)’ 8)

ENETT8-XXX
3/6



The 8" Conference of the Energy Network of Thailand

2-4 May 2012, Maha Sarakham, Thailand

rhé’qrmﬁ‘lé’mn'luﬁaﬁuauﬁw’mﬁ‘maums
P=%p4q’(cot¢)(1+co¢’¢)(qsin¢-chos¢)B (9)

o a [
Wa P = mdarwninludaiuay (Watts)
a il
C, = sudszimdussn
3 ‘ L3
C, = dulsrinTusinan
. (3 a
£ = ANUARILUNTEIEINIA (kg/m’)
& o 2
A = NUNTEUYBILNUEINIA (M)
U, =838y (m/s)
B = dmwamludaiuan

3. ABANRUNIINY

Tunrsdnfiunisidodl azld¥nszuaunas
AnTzinmanamaniuoslua (Computation Fluid
Dynamics) wia CFD antaslum ity doax
nmareunulurainaduan 3 wwia Aidu
dngudnarslufiuandein s 72, 77 uas 82
was lagvimsdedmlunmuaunda g
HARYUIA 1.5 MW RINNAIBNIATIEIN 1 68 9.15
nnuwaiailludud 375 was s uflurmaiad
lu 4.1 was dedulussandrsurasdiu 5.88
nnuwadadlufiiadn :newna 40 was il
1aiadl 6.8 was uazdadmlusivadrouian
8% 8.97 nuwiaiaillufianss snnvua 35
was yntlwwwiaiadl 3.9 was uasvinImanigs
sudldnnludmiuauudszama

Wiad Toanel

|- 8olve the model nolution | [ Z52iution Process |

(o] [FPerocrs)]

E:Jﬁ 4 90 AUMTIAIWITL [4]

3.4 msdssnaanavasllsunsu
TUA BUMIAIMITIEUE NATUEIU 89 L1 sUn Ty

il 3 fuﬂauﬁagﬂﬁ 4 fin

- Pre-processing \{wiuaaulunisiadey
'ﬁ‘agm‘fwmtmmm Y MR uAYa ULTAT DY
tlgyw1 (Boundary Condition) MIAAUA A UTITH
ﬂﬂdi‘ﬁ'q (Material Properties) 439n3:¥11 (Load)
MIMMUARIANNGY uszgoannil udn

- Solution MIFIUIMMINALAAE WIDWN
fdrmavarnnisldauniineadamandlay
witlywrindwlneandiamaaiiuyle

- Post-processing NMIUEAIHARWEIINANT
fua m'luzﬂuuu%unw?a NTIANNIaMIAILTILRS
Tuwudeng
3.2 myaiegduuumsiiassing

TuaaRM TR HR L NI N s

mynasmaniveslua (CFD) dail

- Building the Mathematical Model (&314
JuusumIneadiamand)

- Building the Computational  Fluid
Dynamics Model (731431 wuUTuEuda)

- Solving the Computational Fluid
Dynamics Model (aF193tunumsuizuns)

- Analysis the Results (NMTIATIZWHE
LDan)
3.3 manmuatayauaraiulseng g

1. AmuaanumRIn T IuIT Y A Y
5 wadaiuf

2.imualdglasdauiinnue 30 was

3.Amuanuausiaanaingluaday
whiugudamaawn

4.dmuafaveslunmiuilonmiSusu
nnfians XY Z wiiugud

s.amualdemailuriiavasinadasn

1ai'lé" (Incompressible Fluid)



- P - § .
m‘:ﬂ‘sz-qmmmnma'muwmnmmoﬂ's:mﬁ'lﬂaﬂ'sm 8

ar J e ot
TUN 24 WOHBNIAY W.A. 2555 WHIAUMIEITANY

J - -~ -
3N s uammmnm:rﬂunmumsluqlmffﬂu

gﬂﬁ 5 unsusssliidunmsiinmsiludaiu
muluglusday drulusunau CFD muddneg 7
Tadmualidradu ihﬁi’u;ﬂﬁ' 6 wiludratine
AN Y BINTIAWETIAGTUIINUTION LauTINSN

o = o
nlﬂu”ﬂ”q'rlﬂquﬂ:ﬂ: URENIMITIRUNLYIUN

UM 6 ansnzusaninsziAulunsiuan

3.4 Mydwanmamasi ldenlufaisan
nmIdmmmIA s mAed nanlufawuay
mmmﬁnmm’ld’munum;ﬁ' 9 ﬁdﬁﬁaanmqu
anaTIRuding ilodanunsdnluguns 49
anTam Idannm i Power Curve 183w uay
29 1.5MW indemediununmanuduiug
vavnnuiiravvaslsiaefividinda (ldan
mamasauvadlTsuguia)

Power Curve
1600
1400 2
100 yd
£ - z
T P S
H v
3 600
£ W V.
200 >
Py
REREEEEEHEE R L
Wind speed (m/s)

- o o N
JUN 7 Power curve fvuauwia 1.5 MW

“ ol a_ a
fmivauTauRITnfen 5 mis  37n
"R of v a~
Power curve 183MadUay AR 7 9¢ldnnay
HEA 140 kW
o o “ . -
aumitevreslneadnuddinda m:ugﬂ'n B

wazIINNITINA LR U WU YD

[ 3 “ -
Bman:nqumun‘nmﬂmum:mm 10 rpm

=
17l

—
ey

Rev (rpm)
1
3%
1
1

il
{

0 J,a_g T 1 ; J\ ‘.'_l':'_:jk;ui ‘-4"
0 200 400 600 800 1000 1200 1400 1600 1800
Power (ki)

J o a « . 7!1'7--“._'"‘—‘77
3UN 8 nmanuduiuirasanuEITauTas
TswmasAuidinda

tﬁaunuéwauquuﬁmhma{ finansaau
5 mis FunIadwIBIIIA IR T8
lunsiwldmuaunsf 7 Tawd oL waz co 16
IMMIAMIMANTUNITA 1 1Az 2 auday oo
flusen (L) ussusanan (D) aldurannuavas
myazdaasllsunty CFD auwavasly
NIRURNUARZYMA

ENETT8-XXX

5/6



The 8" Conference of the Energy Network of Thailand

2-4 May 2012, Maha Sarakham, Thailand

4. HAMTIY
- J o w L= [
NnmMIeTziLsIfnTeiAulu A uasudas
wwaeolUsunsy CFo arlduavasniTiiase
-~ o " ol
AInaaIlua T 1 dMmIuUN 9 vzuaasniaef
-l [ o~ o
vosusennTzinuludvuay

ol - W v
AMTIN 1 URRIHAMTIATIZW 16970 CFD

vwaly 39m | 41m | 68m
Fy(N) 0.83 1.14 4.23

Fz (N) 2216 | 2858 | 88.06
Centroid (m) 1.55 1.64 2.67

J J - L -
UM 9 nawmairasussinsziAuluduay

-l oy v -
TN 2 uﬁﬂﬂ”ﬂﬂ"ﬁﬁ']“qmn1-ﬂ?'1 nﬂ"ﬁ?lﬂﬂ:?{

vwialy | 3.9 (35m) | 4.1 (37.5m) | 6.8 (40m)
L (N) 22.18 28.60 88.16
D (N) 0.83 1.14 4.23
g 1.820 1.866 1.907
Gy 0.068 0.074 0.091
P(kW) 12.97 16.64 31.24
Scaling 8.97 9.15 5.88
P(kW) | 116.34 152.26 183.69
% -23.59% - +20.64%
5. dylua

A v - v
nanldainnisiarsiaaaldsunsy CFD
v o o oal | - ¥
wudnvwievaslunawuiaouulasly duade
3 b J > L. “ ] A
Araseruildonlunsvusy usasliifiniaa
ANITIaN 5 mis wdRuvwaluniiusa v

vwadidmgudnaludfiadu 5 was mname
77 waT W 1we 82 was Masaunnaille
nnlufaiuanssfuduinlszanm 20% wiaman
ﬂﬂﬁuwlu'lﬁﬂﬂmmﬁumuguu’nma'lmé'nm
5 wat Aavuildanlufawuanfiavanaq
Uszunn 20% viwin Uszinalnodulsaimadis
anurauadsdantios AU TIIa T
dugudnanlusshoiudssiniawlunsuda
I irunsiuauldnndu lumsaasafanuay
waa i mwalngiearsRinsanumannue
luasin aliminzauiuanmiauassly
Uszina'lng

6. NaAnITNlsEN @

:&'ﬁuﬁumﬁiuuwauwnqm YARINT
Wi 81 TIszynd wisauay W uas
ussefiad amzimanisuaiaand un1inondy
maluladnmnnaiyy’ Adwsusauazean
luna93dadoil 1ruds 8191 Tdnnviaui 1w
dTnmlunsdniinn 39y uszsarinanans
tlnatnag

7. l@nasaude
[1] J.F. Manwell, J.G. Mcgowan and A.L. Rogers,
(2009) Wind Energy Explained, John Wiley &
Sons Ltd., West Sussex, UK.
[2] S.N. Bhadra, D. Kastha and S.Banerjee (2005)
Wind Electrical Systems, Oxford University Press
[3] Francis M. Vanek, Louis D. Albright (2008)

Energy Systems Engineering Evaluation and

Implementation, Mc Graw Hill.

[41 ®i19 T@nas, 337 TsauIund (2553).n3
3mﬂ:ﬁu-::ﬁn?:mmaumwhmuﬁuqmrao'lu
nanuaundalWiivwa 20 Alavae, mTszyy

-y a ' ¥ d
ATINITLATIVIHWAIITUURIU TN ﬂ'lﬂUﬂT\?'n?

el e

TnINTIY3



Vertical axis wind turbine

From Wikipedi'éi,- the free encyclopedia

Vertical-axis wind turbines (VAWTSs) are a type of wind turbine where the main rotor
shaft is set vertically and the main components are located at the base of the turbine. Among the
advantages of this arrangement are that generators and gearboxes can be placed close to the
ground, which makes these components easier to service and repair, and that VAWTs do not need
to be pointed into the wind. Major drawbacks for the early designs
(Savonius, Darrieus and giromill) included the pulsatory torque that can be produced during each
revolution and the huge bending moments on the blades. Later designs solved the torque issue by

using the helical twist of the blades almost similar to Gorlov's water turbines.

A VAWT tipped sideways, with the axis perpendicular to the wind streamlines, functions
similarly. A more general term that includes this option is "transverse axis wind turbine". For

example, the original Darrieus patent, includes both options.

Drag-type VAWTs, such as the Savonius rotor, typically operate at lower tipspeed

ratios than lift-based VAWTs such as Darrieus rotors and cycloturbines.




General aerodynamics

The forces and the velocities acting in a Darrieus turbine are depicted in figure 1. The
resultant velocity vector, H is the vectorial sum of the undisturbed upstream air velocity, C ,
and the velocity vector of the advancing blade, —W X R.

=0+ (—ﬁ % R)
Thus, the oncoming fluid velocity varies, the maximum is found for f = 0 and the
minimum is found for = lSUV where 7 is the azimuthal or orbital blade position. The angle
of attack, C¥, is the angle between the oncoming air speed, W, and the blade's chord. The resultant

airflow creates a varying, positive angle of attack to the blade in the upstream zone of the

machine, switching sign in the downstream zone of the machine.

From geometrical considerations, the resultant airspeed flow and the angle of attack are

calculated as follows:

W =UvV1+ 2\cosf + N2

T sin 6
& = tan e
cosf + A Jm
whi
Where U isthe tip speed ratio parameter.

The resultant aerodynamic force is decomposed either in lift (F_L) - drag (D)
components or normal (N) - tangential (T) components. The forces are considered acting at 1/4
chord from the leading edge (by convention), the pitching moment is determined to resolve the
acrodynamic forces. The aeronautical terms lift and drag are, strictly speaking, forces across and
along the approaching net relative airflow respectively. The tangential force is acting along the
blade's velocity and, thus, pulling the blade around, and the normal force is acting radially, and,
thus, is acting against the bearings. The lift and the drag force are useful when dealing with the
aerodynamic behaviour around each blade, i.e. dynamic stall, boundary layer, etc.; while when
dealing with global performance, fatigue loads, etc., it is more convenient to have a normal-
tangential frame. The lift and the drag coefficients are usually normalised by the dynamic
pressure of the relative airflow, while the normal and the tangential coefficients are usually

normalised by the dynamic pressure of undisturbed upstream fluid velocity.
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A = Surface Area

The amount of power, P, that can be absorbed by a wind turbine.

1
_ 3
P= 5 P AV
T
Where P is the power coefficient, M is the density of the air, A is the swept area of the turbine,

and I is the wind speed

U\

Forces and velocities acting in a Darrieus turbine for various azimuthal positions



