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1 Introduction

The VIRYA -1.8W windmill is developed for manufacture in western countries as well as in
deweloping countries. Th¥IRYA-1.8W has a Zoladed rotor with woodeblades.The letter

W of wood has been added to the name to distinguish it fronBtbladedVIRY A-1.8 and
VIRYA-1.8Dwith 7.14 % camberesteel blades

The VIRYA-1.8W is meant to be used combination with the -pole PMgenerator
frame size 71 which is described in report KD 644 (ref. 1). This generator has an armature
with eight neodymium magnets size 80 * 20 * 10 mm and a stator with no iron in the coils
A 2-layers and a Hayer windingare described in KD 644. It is assumed that the simplest
1-layer winding as described in chapter 4 of KD 644 is chosen. In KD 644 it is assumed that
the generator is used in combination with thieléded VIRYA1.5 rotor which has a design
tip speed ratiof 4.5 and blades made out of one stainless steal strip. However manufacture of
this rotor requires a special blade press. It seems possible to use the same generator in
combination with a bigger 1.8 m diameter rotor with wooden blades if this biggehesta
higher design tip speed ratio. An advantage of using a 1.8 m diameter rotor is that now it is
possible to use the head and tower of the VIRY.8 windmill. Thephotosof thedrawings of
the head and tower are given in thédnual part 8 of the VIRYA-1.81 windmill (ref.2).

The blades of th&IRYA-1.8W are provided with the G6 623 airfair the G6 711
airfoil and rotors with thee airfoils are more silent than rotors with a 7 Zdcambered airfail
As the bl ades ar e ma dworking as avresorthtor like stairdessratae e r | &
sheet might do. Sthe noise production of théIRYA -1.8W rotor might belessthan that of
the VIRYA-15 rotor. Kragten Design has tested several rotors with waoblades which
appeared to beather silent.

The windmill is provided with the so called hingede vane safety system with anin
stainless steelane bladeThe rated wind speed for this vane blade is about 11 Thés.
hinged side vane safesystem is described in detail for a rotor with a828 airfoil in report
KD 213(ref. 3.

2 Description of the rotor of theVIRYA -1.8W windmill

Therotor of theVIRYA -1.8Wwindmill has a diameter D = 118, a number of blades 82
and a design tip speed rati@ = 6.25. Advantages of a-Bladed rotor are that no welded
spoke assembly is required and that the rotor cdralaeced and transported easily

The rotor has blades with a constant chaird50 mmand is provided with &6 623
airfoil over the whole legth of the bladeThis airfoil is described in report KD 463 (ref. 4).
In steal of the G6 623 airfojlit seems allowetb use the GO 7112% airfoil which has a flat
lower side over 97.5 % of the chord and is therefore easier to manufacture. Thisisairfoil
described in report KD 333 (ref.)5These airfoils have a maximum thickness oA af the
chord so the thickness is 18 mifrhe blade length is 800im. As the chord is rather large
with respect to the blade length, it seems possible to use 18 mmpwaieplywood as blade
material and still get a blade which is stramyg stiffenough. 24 blades can be made out of a
standard sheet size 1.22 * 2.44Bat massive hard wood can also be ugeblade is painted
by two layers of epoxy paint and two lagef aluminium paint.

The two blades are connected to each other by a 3 mm thick stainlesestestrip
with a width of 90mm and a length of 506hm. The overlap in betweestrip and blade is
150 mm, so the free blade length iS&mm. Eachbladeis comected to the strip by three
boltsM8 * 45 and sixM8 nuts.A 1.5 mmstainless steel strip is mounted in between the blade
and the bolt heads to prevent that the wood isadgaah if the nts are tightened. As theentral
strip is rather thin, it is raer elastic and this flattens fluctuations of the bending moohen
to the gyroscopic momenthe generator shaft has a diameter of 14, mriength of 30 mm
andit is provided with a 5 mrkey. The hub consistsf two partssize 15 * 30 * 90 mm with a
cental 14 mm holevhich are clamped around the generator dhaftvo bolts M8* 45.



The central stripis connected to the huly four bolts M8* 16 and some locking liquidThe
rotor is balanced bydding balancing weightander the bolts of the lightetiade. The
detailed rotor drawing is given in appendix 1.

3 Calculation of the rotor geometry

The rotor geometry is determined using the method and the formulas as given in E2g6rt K
(ref. 6). This repor (KD 664) has its own formula numbering. Subdin of | ¢ = 6.25 and
R=0.9m in formula (5.1) of KD 35 gives:

| ra=6.944* r ) )

Formul adés (5.2) and (5.3) of KD 35 stay the
b=fia (° 2

f =2/3arctan 1Vq ®) 3)

Subgitution of B =2 and ¢ = 08m in formula (5.4) of KD 35 gives:

Ci=83.776r (17 cod) 0 (4)

Substitution of V =5 m/s and c¢ = 0.ibin formula (5.5) of KD 35 gives:

Rer=0.90*10°* O(l # + 4/9) ) (®)

The blade is calculated for six stations A Ellwhich have a distance of @In of one to
another.Station F corresponds with the end of the central stiife blade has a constant
chord and the calculations therefore correspond with the example as given in chapter 5.4.2 of
KD 35. This means that the ke is designed with a low lift coefficient at the tip and with a
high lift coefficient at the root. First the theoretical values are determined,faratdb and
nextb is linearisedsuch that the twist is ze@nd that the linearised values for the outer part
of the blade correspond as good as possible with the theoretical values. The result of the
calculations is given in table 1.

The aerodynamic @macteristics of the G6 62&rfoil are given in reporkD 35 (ref. §
but also in report KD 463 (ref.)4The Reynolds values for the stations ealeulated for a
wind speed of Bn/s because this is a reasonable wincdder a good wind regimé hose
airfoil Reynolds numbers are used which ayimg closest to the calculated values.

sta r g f |c Citn | Ciin |Rer*10°| R*10° | aw | ain | bw | bin | Co/Ciiin
fon | m | @ | fm | Q]@|vesms|eeea| @ | l@l@] O

A 0.9 6.25 |6.1 [0.15 0.42]0.36 |3.14 23 -0.7 |-1.4 |6.8 (7.5 |0.041
B 0.77 |5.347|7.1 |0.15 0.49]0.46 | 2.69 23 -0.2 |-04 |7.3 (7.5 |0.034
C 0.64 |4.444|8.5 |0.15 0.5810.61 |2.25 23 06 |10 |79 (7.5 |0.027
D 0.51 |3.542|10.5/0.15 0.7210.78 11.80 23 2.2 |3.0 |83 (7.5 |0.026
E 0.38 (2.639|13.8|0.15 0.9210.99 |1.36 1.2 55 |6.3 |83 (7.5 [0.038
F 0.25 |1.736(20.0|0.15 1.261.09 ({0.93 1.2 - 125 |- 7.5 [0.122

table 1 Calculation of the blade geometry of iR YA -1.8W rotor

The theoretical blade angle, varies in betweei®.8° and 8.3 If a constantbladeangle of
7.5 is taken the linearised blade angles are lying close to the theoretical values. The
transitionpars of the central strip atevisted7.5° right handto getthe correct blade angle



4 Determination of the G-l and the G-I curves

The determination of the,& and G-I curves is given in chapter 6 of KD 35. The average
Cd/C ratio for the most important outpart of the blade is about 0®R3Fgure 4.6 of KD 35

(for B=2) and | opt = 6.25and G/Ci= 0.03 gives G = 0.£2. The blade is stallingt station

F and the air flow is disturbed within station F because of the blade connection to the central
strip. So only te blade length0.025 m outside station ks taken for the calculatn of G.
Thisgivesare f f ecti ve bl adre | ength ké = 0.625
Substitution of Gin=042, R=09mand bl ade | en gritihforrkula$.3&6 =
KD 35 giveS Gmax: 0.38 c:q opt= C:p max/l opt = 038/ 6.25=0.0608

Substitution of gpt=14=6.25in formula 6.4 of KD 35 givebun = 10.

The starting torque coefficient is calculated with formula 6.12 of KD 35 which is given by:

Castan=0.75* B* (Ri %K) *C*c*k/ pR® () (6)

The blae angle is 7.5 for the whole bladeFor anon rotating rotor, thangle of attacla is
therefore 90~ 7.5° = 825°. The C-a curve for large values d is given as figure 30 of
KD 35. Fora = 825° it can be read that|& 0.27 Duringstarting, the whole blade is stalling.
So now the redblade length k = 0.& is taken.
Substitution of B =2, R = 0.8, k = 0.8m, G = 0.27andc = 0.15m in formula 6 gives that
Cqystart= 0.0106 For the ratio in between the starting torque andogitenumtorquewe find
that it is 0.006/ 0.0608 = 0.174 This is acceptable for a rotor with design tip speed ratio
of 6.25.

The starting wind speeds¥tof the rotor is calculated with formula 8.6 of KD 35 which
is given by:

Vstart= O( """"""""""" ) (m/s) (7)
Coq start™ Yar * pR3

The sticking torque Qof a generatowith no iron in the coilgs very low becaus@o eddy
currents are generated. The friction is only caused éyuhber seals in the bearings and by
the extra oil seal on the shaftissume Q= 0.08 Nm after running irof the sealsSubstitution

of Qs=0.08Nm, Cystar=0.0106, r =1.2kg/m® and R=0.9m in formula 7 gives that
Vstart=2.3m/s. This is accephde for a 2bladed rotor wth a design tip speed ratio of25

and a rated wind speed of @lls. The generator is rectified in star and the aohal Gn

curve will riseonly a little at inaeasing rotational speed. ThenQcurve of he rotor for

V =2.6m/s will rise faster and the real starting wind speed will therefore be about the same
as the calculated value.

In chapter 6.4 of KD 35 it is explained how rather accurgte @nd G-l curves can be
determined if only two points of the, curve and one point of theg€ curve are known.
The first part of the gl curve is determined according to KD 35 by drawargS-shaped
line which is horizontal fof = 0.

Kragten Degin developed a method with which the value gfdZ low values of can
be deérmined (see report KD 97 ref). With this method, it can be determined that the¢ C
curve is directly rising for low values of if a GO 623airfoil is used. This effect hdseen
taken into account and the estimatedl Gand G-l curves for theVIRYA -1.8W rotor are
given in figure 1 and 2.
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5 Determination of the P-n curves,the optimum cubic lineand the RtV curve

The determinaon of the Pn curves of a windmill rotor is described in chapter 8 of KD 35.
One needs agl curve of the rotor and &V curve of the safety system together with the
formulas for the power P and the rotational speed n. THed@rve is given in figurd. The
d-V curve of the safety system depends on the vane blade maseaeflae vane blade is
made of Imm stainless steellThe rated wind spéefor this vane blade is about iri/s. The
estimated}-V curve is given in figure 3.

The head starts to tumway at a wind speed of alioki m/s. For wind speeds above
11m/s it is supposed that the head turns out of the wind such that the component of the wind
speed perpendicular to the rotor plane, is sgyonstant. The -R curve for 11m/s will
therefore o be val for wind speeds higher than fri/s.
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fig. 3 Estimatedl-V curveVIRYA-1.8Wfor a 1mm stainless steelane blade

The Pn curves are used to check the matching with thedA curve of the generator for a
certain gear ratio i (th¥IRYA-1.8W has no gearing so i = 1). Because we are especially
interested inhe domain around the optimal cubic line and because theWves for low
values ofl appear to lie very close to each other, the &urves are not determined for low
values ofl . The Pn curves are determined for wind the spe&d4, 5, 6, 7, 89, 10and

11 m/s. At high wind speeds the rotor is turned out of the wind by a yaw dagle therefore

the formulas for P and n are used which are given in chapter 7 of KD 35.

Substitution of R = 0.8n in formula 7.1 of KD 35 gives:

nd=10.610* | *cosd* V (rpm) (8)

Substitution of = 1.2 kg/mand R = 0.9n in formula 7.10 of KD 35 gives:
Pa=1.5268Cp*cossd* V3 (W) 9)

The Rn curves are determined fop @alues belonging tb = 3.25, 4,4.75,5.5,6.25, 7,7.75,

8.5, 9.25 and 10. (seefigurel). For a certain wind speed, for instance V = 3 m/s, related

values of G and| are substituted in formula 8 and 9 and this gives tmecBrve for that
wind speed.



For the higher wind speeds the yaw angle as given by figure 3, is itdkeaccount. The
result of the calculations is given in table 2.

V=3m/s |[V=4m/s |V=5m/s |[V=6m/s |[V=7m/s [V=8m/s |V=9m/s |[V=10m/s |V=11m/s
d=0° d=0° d=0° d=3° d=9.4° d=15.8° |[d=22.2° |d=28.6° |d=35°

| Co n P n P n P Ny Py Ny Py Ny Py Ng Py Ny Py Ny Py
O[O |pm) [(W) |(rpm) |(W) |(pm) [(W) |(rpm) [(W) |(rpm) |(W) [(pm) [(W) |(rpm) [(W) |(rpm) |(W) |(rpm) | (W)

3.25 |0.155|103.4/6.39 |137.9/15.15/172.4)29.58/206.6{50.9 |238.1|77.9 |265.4/107.9|287.3/136.9/302.8/160.2/310.7/173.1

4 0.25 [127.3]10.31169.8|24.43|212.2|47.71|254.3|82.1 |293.1/125.7|326.7|174.1|353.6{220.9|372.6| 258.3|382.4/ 279.3

4.75 |0.325|151.2/13.40/201.6|31.76| 252.0| 62.03) 302.0{ 106.7| 348.0| 163.4| 387.9| 226.3| 420.0|287.1| 442.5| 335.8|454.1| 363.0

5.5 ]0.367|175.1/15.13|2334|35.86|291.8| 70.04{349.7/120.5/403.0| 185.1] 449.2| 255.6/ 486.3| 324.2/512.3| 379.2| 525.8/ 409.9

6.25 |0.38 |198.9/15.66]265.3|37.13|331.6| 72.52)397.3)124.8/458.0/191.1{510.5|264.6|552.6| 335.7|582.2| 392.7|597.5/424.5

7 0.367|222.8|15.13|297.1) 35.86/371.4] 70.04/ 445.0{ 120.5|512.9)185.1| 571.7| 255.6|618.9|324.2| 652.1/ 379.2|669.2/ 409.9

7.75 |0.325/246.7/13.40{328.9|31.76|411.1|162.03)492.7| 106.7/567.9| 163.4/633.0{ 226.3|685.2|387.1| 721.9| 335.8| 740.9/ 363.0

8.5 ]0.25 |270.6/10.31|360.7|24.43|450.9)47.71|540.4/82.1 |1622.8/125.7/694.2/174.1|751.5/220.9| 791.8| 258.3|812.6/ 279.3

9.25 |0.145/294.4/5.98 [392.6|14.17|490.7|27.67|588.0/47.6 |677.8/72.9 [755.5/101.0{817.8{128.1|861.7/149.8/884.3/162.0

10 |0 318.3/|0 424.4/0 530.5/0 635.7|0 732.7/0 816.7/0 884.1/0 931.5/0 956.0/0

table2 Calculated values of n and P as a function afid V for theVIRYA -1.8W rotor

The calculated values for n and P are plotted in figure 4. The optimum cubic line which can
be drawn through the maximum of alhRcurves is also given in figure 4.
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The 8pole PMgenerator as described in report KD 644 (ref. 1) has not yet been built and
tested so measure®mecrn and R-n curves are not yet available. In chapter 1 it was assumed
that the version with a-thyer winding as described in chapter 4 of KD 644 is choEba.
1-layer winding has six coilso two coils for each phase. The two coils of one phasée
connected in series for 24 V battery charging or can be connected in parallel for 12 V battery
charging. At this moment it is chosen for 24 V battery charging.

The Rnectrn for 24 V battery charging is estimated andlso given in figure 4lt is
assumed that thenfern curve sarts at a rotational speed of®fpm. It is assumed that the
open battery voltage of a 24 V battery is 25 V and that the maximum charging voltage is
limited upto 27.6V by a battery charge controlleso the winding has tbe chosen such that
the open DC voltage is 25 V at 250m. The R-n curve is found by assuming a realistic
efficiency curvelt is assumedhath =85 % & 350 rpm and thah = 60 % at 69 rpm.

The matching is very good for wind speeds in betweand8 m/s because thenRirn
curve of the generator is lyingmyeclose to the optimum cubiaie of the rotor. The matching
for wind speeds in between 3 afdh/s and in between 8 and 11 m/s is acceptable.

The point of intersection of thexRrn curve ofthe generator with the-R curve of the
rotor for a certain wind speed gives the working point for that wind spdesl electrical
power R for that wind speed is found by going down vertically from the working point up to
the point of intersection witthe Ri-n curve. The values ofeFfound this way for all wind
speeds, are plotted in the-F curve (see figure 5).
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fig. 5 PerV curveVIRYA-1.8Wfor 24V battery charging

In figure 5it can be seen that theH¥ curve stars ata wind speed 02.6 m/s. In chapter 4 it
was calculate that the starting wind speed is 20d/s, so there igo hysteresis in thesPV
curve. The maximum power i3@ W which is highfor a windmll with a rotor diameter of
1.8m and a rateavind sped of 11m/s.

If a prototype of the generator is availgbteshouldbe measured for a constant voltage
of 26 V which is about the average charging voltage of a 24 V battery. It should be checked if
the measurediRcrn and R-n curves are about the sa@®the estimated curves as given in
figure 4. The generator shoulalso be measured for shaitcuit in star and in delta
Shortcircuit in delta will give the highest maximum torque. Skortuit in delta is the same
as shorgircuit in star if the stapoint is shorcircuited too. The Rectrn curve of the generator
for shortcircuit in delta should also be drawn in figure 4 and if this curve is not intersecting
with the Pn curve of the rotor for V = 11 m/s, it means that the rotor can be stémpedery
wind speedy making sbrt-circuit in delta
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7 Appendix 1 Drawingof the VIRYA-1.8W rdor
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