ot

R

»—

-l

{(Advance copy)

FOR PARTICIPAN'S

- NY/ERD/%4%SH/6
23 February L976

ORIGINAL : SNGLIS

ECONOMIC At SUCTAL COMIISSICN 0% ASIA AND THS PACIFIC

EXPEHT YORKING CROUP ON THE UST IF SOLAR AND WIND ENTRGY
2-9 March 1976

OrLY

H .

Bangkok
THE DESIGN AND COMSTRUCTION OF LOW-COST WIND POHExkD
HATER PUMPING SXQTUMS—/
(Item 5(b) of the orovisional agenda)
o 5 047, 1978
LIBRARY
Internetional Referenca Centre
for Community Waier Sipply

x/ This paper has teen preparad by Mr, Marcus M. Sherman, consu
wind energy. The vievs expre Uved in this naper are those of
and do not necessarily reflect the views of ch WSCAP secret
the United Notions.,

1tant on
the zuthor
ariat or

-7
"
N

2373900E ) \

J



SN
232.3
Fo6DE

(ii)
Contents |

Figure 1 T T he ae se e s+ ee &
I. II‘;TROD'YCTION - DESIG}Y DDOBLEMS LI L L o ae .
II . m"’“}LII’IINAQY INVT‘:STIGATIONS s se e oo .0 .
A, Survey of local wind chaiacteristics e ee e s
« Survey of local water numpin; needs e e e
. Clagsification of wind rotors e e ae
. Classification of water oumps ce ee s s
IIX. DATA ANALYSIS AND CRITICAL DECISIONS R T
‘A, Determination of rated wind velocity and water demand
__B. Selection of rotor = . . e e e
C. Selection of pump s ee ee a
D, Determination of desired output rate -+ .. .. ..
. Determinatior of “rated energy requirement of nump .
F. Determination of need for orientetion mechanism .
IV, COMPONTNT DESIGN A'D MATCEING Ceh e ee e
A, Control mechénisms e ee ee .
B. kotor radius ~ e ee ee
C. Pump site’ ‘ ee ee ee s
D. Power tra-sfer mechanisms ' e es ee s
E. Orientation mechanism e ee ee s
F. Hub, mainshaft, bearincs v se se s
G. Tower V ee ee  se 4
H. Carriage assembly e s e e
I. Storege tank N «r se e e
. Jorkin_ drawings, model e es e
V. DESIGN OF 1 HYBRID ASIAN {JIND POWEXSD JATER PUMP es e
Referencéé . v . e ee  ee e
Figures ve es  ee e

L4 o e
[ s
e s )
A4 L)
. . a
* . s
. e o
. .e
. oo
. .ew
. oe
L4 )
. aw
. s e
0 ')
. ’e
. L)
. [}
- .
. L]
L4 ()
. ()
L4 "e
L e
. .
L e
. LY
. .e

Page

(iii)

D o N

10

10
10
10
10
11
11

11

11

12
12
12
13
13
14
15
15
15

16
19
22

int rnatioinzl Rolerence e )
for Community Watef SuppLy

¥:

*



ar

fall
-

-1 -

I. INTRODUCTION - DTSIGH PPORLEMS

 _Recent1y there has been an iqcreasing'demand for informafion'qn designs
of water puﬁpiné windmill systems suitable for comstruction with low cost locally
available materials and skills. Howevéf the -general unavailability of nroperly
documented technical information on‘indigénous wind vumps is a major factor

limiting more widespread implementation of wind numps in rural areas.

At each different 1oca1ity,becausé of the complex interrelationships of
the variables of wind characteristfcs; water supply, materialszand skiiléldeter—
mining a wind pumping system design, adaptationan low cost wind pumps to-new
areas without modification or redesign:has had limited success.  This paper is
‘an attemnt to.alleviate these problems by specifying the interrclationship of
the variable design factors and presenting the design process as a sequential

flow of information analysis, rational decisions, and calculations,

Ficure 1 (sequential flow chart indicating:design process for water
pumping windmill systems) is presented as a guideline to those interested in
the development of wind pumps. The following discussions wiil elatorate on

each component of that chart.,
II. PRILIMINARY INVSSTIGATIONS

Many thousands of locally constructed wihdpumps are in usé throughout
the world. Many of these designs arc”the result of many years of trial and
error experierce corfined to a single location. If effective windpumps are
to be used on an appfoprfate scale in a relatively shortvperiod of time it is
imperative that a rational desien proccdure including quantification of the
major design variables be available to development workers. Though surveys of

local wind characteristics and local water pumping requirements are best under-

‘taken by national or district autharities, it is. important that a survey of

windmill types and pump types be internationally'cbmprehensive.m This information

“on windmills and pumgs should be przsented in a format useful to ‘semitrained

technical workers.

/A
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A, SURVEY OF LOCAL TIND CPA?ACT”?TSTICS.

A reliable determination of local wind characteristics must be made,
especially for the period wher water numning is most needed. Summarized
average hourly wind velocities (figure 2) are required for preparation of
monthly velocity frequencycurves (figure_S), monthly power freqgueney curves

(figure 4) and monfhly,power duration curves (figure §5).

- The maximum wind velocity, and directioral distribution of winds

{(fizurs 35) shoull also be determined.

B. SURVRY OF LOCAL WATER PUMPING NEEDS

A survey of local water pumping nceds should nrimarily determine
the total pumning head and the daily water demand on a monthly basis for

each of geverﬂl avrlcu1tura1 and domestic uses,

C. CLASSIFICATIOF OF “INJ 20TORS

Several different tyoes of wind rotors are generally known however their v
constructiorn and worfarmance characteristics have not beer comprehensively classi-
fied into a format desxrable for desizn purposes. Comnlete information for com-
parative analysis of rotors should include, starflng Qelocity, rated velocity,
maximum operating Velocity; tip speed ratio, rated efficiency,range of diameters,
corstruction materials, rotor solidity (total swept area divided by total frortal
area of blades) root chord¥/tip chord;/tip angl,? root énglei/air foil section*
and velocity/power graph. Measurement of these narameters of the known low cost
wind rotors would have a major benefit on the design and develooment of new

hybrid wind surning systems,
A nowered
The relevance of different rotor types to wind”pumps is discussed below,

1., HYorizontal axis rotors

(a) The classic %reek tyne sail wind rotor is widely used in Gree cei/ Z{
- 2/ 4/ .5/ §/ mwered .
Thailand~' -9, and China= for wind pumps because of its high starting torque,
low starting speed, low weight and cost, and its ability to be easily adjusted to
higher wind velocities. It consists of 6-12 triangular cloth sails each attached
to a wooden spar along its longest edge and held tight by a rope leading from

the free corner to the adjacent spar tip or circumferential wire between cach

_spar tip. (figures 6,_7,8,9,1€gdia1 vires, lecading from the tip of each spar

to the tip of a central axial spar, brace the spars avainst wind pressure,
/Maximum

1/ When relevant.
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Maximum rotor colicity is about 48-£0j, Sail area can be reduced by wranning

each sail one or more times around its spar. This tyve of rotor appears to be

the most appropriate design for use in areas with limited resources of materials

and skill. It has been further develoned bty the Brace Research InstituTeZ/ 5/

(figure 1C) for use in developing countries and recently been tested in Sri Lanka,=

India24 Malaysialgl (figure 9) and.Ethiopialzz

(:) The steel multiklade fan rotor consists of 8-24 curved sheet metal
blades mounted on two conﬁentric steel rines sunnorted by 5 or 6 tensioned steel
sookes. Rotor solidity is 90-100% (ficure 11). Local adaptations of thls'desxdns
have been developed in Indla-n/ Syrxa-—/ Thatland-/and Indones1a1§4
It is characterized by a very low starting velocity of 6-8ky/hr and high starting
torque. It is always used in connection with a pisfon nump, This tyne of rotor is
most appropriate for industrial manufacture and use in areas.where the necessity
for lorg time durability and. reliable unattended operatlon can Justlfy the large

capital expenditure required,

(¢} A very simvle and durable_rotdr qon;ists of 4 rectangular curved
steel plate"blades twisted to low pitch at the tip and high pitcﬁ'at thé.root.
{(figure 12) Rotor solidity is about 355, It is commohly used in Holland and
Denmark for small scale drainage and cattle watering. This rotor type has also
been used on low cost wind pumps at some salt works in France for water pumping
(figure 13), Ontimization of this type >f rotor for use in developing countries

17/

potential for use in low cost water numping systems because of its simplicity

is in progress in Holland. . This type of roter seems to have considerable

of construction, cdurability and good aerodynamic efficiency,

(d) The Princeton sail wing wind rotor was develoned in 1960. It con-
sists of two sails, each of a double thickness of cloth supported by a rigid
straight leading edze, rigid tip and root sections and a'trailing edoe cable
stretched between the tip and root sections. The ratio of root chord to tin
chord is about 3:1. The saii is cut with a catenary arc tfailing edze which

allows equal chord tensions to he deVQIOped along the length of the sail as

a function of the tension at the trailing édoe cable (figure 14). The aero-

)t

——

- »

g

dvnamlc perfermance of this rotor is similar to conventional rizid construction
rotors, however the structural veight is reduced at least one half. Cost and
comnlexity of construction is significantly less. Detailed plars of the original
Princeton design are available.lg/\Detailed plans of an adapfed version used for

water pumplng are also avallable.lg/

(e) Hlahspeed prooellor type w1nd turhlne rotors are rﬂt usually con31dpred
for water numning btut they are successfully used for this purpose in Thailand

; / . . ‘ .
(figureflﬁ)gg’and they may be adapted to high speed centrifugal pumps. A turbine

/rotor
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rotor windpump design has been nropesed by Stamgl( These rotors are characterized
by high starting velocity, hich rotational speed and low startine torque. Most .
hich speed rotors are carved from wood though some 7re made from aluminium by
castxng or rib corstructlongl/ others are flbernla352§/ Any attemnts to uses
hich speed rotors for pumpine should be in conrection with numns requiring
low starting aﬁd constart onerating torque such as square pallet ﬁhaih oump,

centrifugal pump, chain pump, archimedes screw etc.

~ (f) The classic Dutch type of wind rotor consisting of ‘4 spars suvportlng

ha wooden 1att1ce covered with cloth sails is Lest acapted to very large machines

&

whcrc hish power ont put 2t low rotational speed and high +o*qne 2re r“th' ed.

Modetn usc of this type of rotor for water surping is rare and ;ts use in new

-hybrid.designs will be limited pfﬁmarily by the large ampunt of skilled wood

craftsmanship required- to construct the lattice structure.

(g) Several other horizontal axis rotors have .been used that incorporate

4-8 fixed rectangular blades of wood, or fibervmat construction; their cost,

'efficiéncy and durability is quite low. Gen@rally soedklng a rotor blade Can be

made from any flat thin material including metal, cloth, wood, nlast1c, bamboo and

fiber mats, with appropriate sunnorts.

2. Vertical axis rotors -

Many dlfferent varieties of ‘vertical axis wind machires rotating in a
hor120nta1 plane have been reported through hxsfary.gﬂ(~-The primary advantage.
of these rotors is that they can accept wind from any direction and thus do not
require any mechanism for Oriénting them towards the direction of the wind.
However their construction is usually very bulky and requires a large quaniity
of materials in relation to the effective collection area, These rotdrs have
maintenance difficulties as a result of all of their weight fesfing on one thrust
tearing at the base of the main shaft. Aerodyrawic efficienéy is low because thé
rator blades turn simply as a result of direct wind nressure whlch is a functlon
of the square of the wind velocity (V ), unlike horizontal axis rotors whxch
extract wind energy as a function of the cube. of wind velocity (V ). Also only
about 50% the rotor blades are doing work while the other 50% are feturning up
wind, Two classic vertical axis rotors which may howvever ﬁaye séme practicél
importance for modern applications, due to their light weight construction are.
the Chinese vertical axis wind pumps (figure 16)“aqd_the Turks and Caicos Islands
vartical axis sail rotors. (fipure 17) These;qétqrs may be particularly adaptable
to the Persian wheel and Mhote type of animal powered water lifts in additiorn to

continued traditional use with square wooden nallet chain pumps.

(a). Vertical axis wind rotors were used in the Turks and Caicos Islands,

British Yest-Indies for pumnine of salt water to evanorating nonds for salt nroduction,

/These
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These rotors consist of six triangularcloth jib sails suoported along their iong
edge by a vertical polz, and held by a rope tied from the 1loose corner tc the
adjacent vertical pole, Each vertical pole is supported by two horizontal
wooden poles which radiate out from the central, vertical main shaft. A similar

Jib sail rotor utilizing 8 sails has been proposed for use in Thailand (figure 18).

. ’ . 25/ .
(b) The Savonius rotor has been well documerted (fizure 19)——/1ts use

for practical water pumping has been generally discredited.

o (c) The Tarius rotor consists of 2 or 3 constant chord air foil blades
bent into a catenary curve and fixed at each end to a vertical axis which is
sunported bty guy wires at the top and connected to a power utilization dovicé
at the base (fi:ure ZO)EE( The advantages of this rotor are that, unlike other
vertical axis rotors a minimal support structure is required, the proportion of

materials to total swept area is very low (solidity about 5%) and efficiency is

‘high. The main disadvantage of this rotor is that it is not self starting ard

construction of the blades from fiberglass reinforced plastics or extruded

aluminium is quite expensive., Although it has only recently been developed for
electricity generationgz/if may have some notential for water pumpning. Exverimental

work with a Darius rotor powercd wator pump has recently been undertzken a2t the

“National Aeronautical Latoratory in India, The possibilities for constructing a

modification of this design using air foil tlades curved from wood should be

investigated.

{d) The cydociro vertical axis rotor is similar to the Darius rotor
in that it has a hich efficiency of about 60%, a very low solidity and minimal
support structure requirements (fipure 21). Thisé rotor copsists of two or three
straight symmetrical air foil blades ~upported vertically from horizontal support

arms fixed to the vertical central power shaft. Orientation ~f the blades is re-

) versed twice durlnﬂ each rotation so that maximum 1ift is achieved during the

full circle of rotatlon.—n/ High speed small diameter designs have considerable
vibration problems, however development work on larger diameter models with more
blades oncrating at lower speeds may reduce vibrations, surther development of
this rotor is currently in progress a2t Reading University, Cranfield College of

Technology, U.X.

3. Three novel cencents

Three novel concents for utilizing wind/power for water pumping have
recently teen proposed. Though these .idezs have not yet been given full scale
demonstration their simplicity of oneration and low cost construction makes them
worthy of further consideration. »

(a) The flanpinr vane wind,pump has been designed for use with deep well
piston water pumps, th,u sh it may be adapted to diaphram pumps, or to a crankshaft

e etam -1

/4 )
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flywheel drive to produce rotéry motion., This device consists of a long lever
with a cloth vane mounted on a horizontal axis at the end :of the long arm and
vertical reciprocating power rod at the fulcrum end. The vane can swing freely
about its axis within the range of an upper 2nd lower an,ular stop. Action of

the wind on tke vane 2lternatively depresscs and lifts the lever arm with resul-

.tant power anplied to the reeiprocating rod near the fulcrem, .The lever fulcrum

is mounted on 2 pedestel which can rotate on top of the tower in order to allow the
vane to automatically orient 1tself ) £o) tho direction of the wind (flturo 22).
This device is calculated to nump 100 m /oay from a depth of 40 meters with 2 wind
velocity of 16 km/h, when the vane area is 29 m2 and the lever arm is 20 m longgQ{
With increasing wind Qélocity‘thc amnlitude of the up and down m&tion of théklever
arm decreases and the fraquency increases so the system is sal re ulating.

(LY & tree nump hzs been pronosed that corverts tho or1ert 1 motion
of a tree trunk swaying in the wind to vertical motinn via cables and pullés to
reciprocating vertical motion of 4 niston pump., In this device the only cost is

for the pumn and nower transfer mechanism, The wind collector (leaves and branches)

-and the sunport structure (tree trunk) are free. Thisbmethﬁd ishlimited to sites

‘ thh tall unshcltered -trees.

(c) 4 parachute nump has been proposed by Dr. U, ﬁutter of the Uﬁiversity
of Stuttgart, Germany as a low cost method of supplying power to traditional
animal powered Mrote pumps (figure 23). This system is composed of a large para-
chute whose circumference ropes are tied to the 1ift rope of the Mhote bucket.

The force of the wind on the parachute pulls the budket to the top of the well
at which point a rope attached t» the centre of the narachute becomes tightened

and collanses the narachute so that it may be returned to the starting oint by

the operator upd th: Mhote can return down to the base of th: ww21l, The ~urachute is then

A cycle,

again 2115w ts £ill vith wing to begin enother 1liftingith this system the

only exnense is the wind ¢éollection device (parachute). The pump and transfer

mechanism are pre-existing and there is no need for a support structure.

D. CLASSTFICATION OF WATEW PUMPS

A comprebensive international classification of all tynes of small pumps

used for water pumiing is uruenilv needed, This classification should include the
followinz information regard1n0 each tyﬂb of nump: typical schematlc Hlacram,
rormal rance of 1ift, normal ranre. of output, construction mater1als and skills,

usual mode of power supnrly, efficiency, range of operating soeed ..The. f21lowing

_d1scu551on briefly reviews those water wumps ‘which’ may onerate with wind pover.,

1. Reciprocating pumos _
T Most recigrocating pumps have the dlSduvartaJG ‘that the torque load on
them is not censtant, thus requiring a higher wind velocity to start them ond higher

stresses on the system when in operation. ' " H(a)
. .



(a) The single acting cylindrical piston pump is most frequently used in
wind powered pumping systems, It consists of a cylinder with an inlet pipe ard valve
at the base, a leather sealed piston with one way valve and a water outlet at the
top. Mater is passed through the pump only on the liftins stroke of the piston,
this type »f nump is used to pump water from any depth, operating speed is un to

40 strokes ner minute,

() A square wooden single actinz niston nump is commonly used by
fisherm#n in Tastern Canada (ficure 24) and has recently been adapted to wind
powergg/A sqaure wooden oump nowered by the wind has been proposed for use in
Thailand.gé/ fleight of 1ift is limited by the amount of water nressure that can
6e held by the wooden joints, |

(c) The double acting piston pump is similar to the single acting cylin-
drical except that there is no valve or vassage of water through the piston,
rather water bynasses the piston cylinder throuch pipes and valves under pressure
of the niston during both the unward and downward stroke. (figure 25) The ad-
vantage of this pumn is that the load on the nmower source is much more corstant,
however it is not usually used in wind pumping systems because any compression
load on the dewn stroke would buckle the long piston rod leading o the top of
the tower: this oroblem may be avoided if a very short pistorn rod is connected
to an immediately adjacent rotary power transfer which is in turn poweced by a

long belt leadiny directly from the wind roter shaft,

() The diaphragm oump |

A diaphraym nump consists of a cylinder closed at the bottom end and with a
circular diaghragmof rubber or some flexible meterial fixed at the top end. A
reciprocating conrectins rod is fixed to the centre of the dianhragmand vnon
vertical movemert causes valumetric displacement in the cylinder. An arrangement
of valves allows water movement in only one direction throurh the cylinder (figure
26). The difficulty with this type of pump is the high rate of wear on the dia-
phragmat its connections with the cylinder and comnecting rod. A diaphr: "7 pump
has been developed Ly Brace Kesearch Institute for use with the oil drum Savonius
rotor design. o

(e) The inertia nump is a very simple and efficient device that depends
upon the vartical inartia of 2 body »f watér in a reciprocating nipe to expel
water at the end cf the upstroke nf the nipe (figure 27). A one-way fla» valve
in the nine is closed duvring the un stroke and inertia is imparted to a fresh
volume of water by some 1ifting force on the nipe. This nump must operate at a
constant frequency wbich is dependent upon the mass of water in the nipe and the
pipe itself. This recently nopularized pump has nrobably not yet been used with

wind power, /2
L]
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2. Continunus rotary motion pumrs are well adapted to operafion by wind

power becausc they demand a constant torcue.load and senerally operate at a

variable low speed..

{a) The square wooden:pallet chain pumy or "drarons bones" is comionly-
used in Chira ard South fast Asia for 1lift up R meters. This type of pump
consists of rectangular wooden pallets or paddles mounted on.a continuous wooden
chain that runs up an inclined square open.wooden trough. The paddles and

chain pass around a2 large wooden power :ear wheel at the top and around a

-small passive gear wheel at the base of the trough which is submerged in water

(fizure 26). This type of nump is commonly used with Chinese vertical axis .

wind pumning systems and with Thai hich speed wooden rotors and Thai sail rotors,

(b) The round steel washer-chain pump is used in conjunction with
human and animal power. Thris pump consists of a contipuous steel chain upon

which ére mounted steel discs with rubbter or leather washers. This chain

passes arcund an unper gear vheel, down the well, under the water cource,

around and then un into the bottom of a nipe with inner diamcter the same as

the washers. Yater is lifted up within the nipe and exnelled 2t the top

(figure 29). A square wooden adaptation of this pump is shown in figure 30.

(c) Large diameter slow speed centrifurzal- pumps have good ootential
for low 1lift pumping, the "Meadow Mills" of Holland are fitted with centri-
fugal numps 1 meter diameter, 0.20 meter high, having 4 wooden blades. Thcse
30 per cent efficient pumps have an output of up to 100 m?/hour in a strong
wind'(figpre 31).- Further design development and quér{ification of design

variables of these pumps should be undertaken.

Another type of centrifugal pump is the centrifugal reaction pump..

This pump consists simply of a vertical pipe with a "t" joint at the top

from vhich extend two pipes whose length is dependent unon the rate of

rotation of the assembly in oneration. A&n orifice at the end of each pipe
arm points 90° away from the arm (fizure 22). Yhen the assembly is filled
with water and rotated in the directior onposite to the orifices the water

is forced out through the orifices by centrifugal force and replenished by

water coming up through a valve in the bottom of the vertical nipe. This

pump is well adapted to variable low speeds and construction is simnle.
One of these numrs. connected to a 3 meter diameter hieh speed wind rotor, pumped

30 m3/h to a head of 4.5 meters.in a 29 km/h- wind.gZ/ff

/(@)
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(d)' Axizl £low pumps have good potential for low 1ift pumping beccuse
of their relatively simple construction and higH efficichqy._ The use of these
pumps with vwind rotors is unknown, however it has been suygzested that axial
flow numps would bj anpropriate for hizh volume pumping of sewagé wastes in

23

oxidation ponds.—~ Thecretical studies of wind powered axial flow pumos have

been carried out at N.A,L. Pangalore, India,

(e) Archimedes screws are very simple, un to 80. per cent efficient
devices that have heen used for larce -scale drainage up to § meter lift in
Holland with wind nower. Three basic versions of the archimedes numps

are knowngé{

(1) The type with a rotatirz cylinder made of strins.of wood apd
having a sniral partitibh inside; this requires a footsieo.bearing below thé 
water level and demands a fairly sonhisticated level of construction skillj
_“it‘caﬁ'pe_madé larve in diametér and so suitatle for sldw_sneed.operatioq. :_
(figure 35); the performance of such a screw 2,745 m (9 ft ) iong, 0.563 m
(22") diameter, liftine through 1.3 m (4.3 ft ) at a speed of about 3C
rpm - gives an outaut of 32.4.m3/h - (7,200 gél/ h);  ' »

‘ (2) The type.in.which the outer caéing is étationéry and the
helical rotor is supported on bearihgs at either eﬁq, attached to the casing,
so as tu rotate with a smell clearance beﬁﬁeen the edge of the 'Helix' and
the outer cylinder. This type of helical screw is madé‘by rolling'a flat steel
strip betweer rollers set at an incliination to_eacb.other‘to squeeze one edge -
of the strin and hence cause it to curl into;a helix} ;ﬁiéh is then welded to an
inner cylindrical pipe. These screw pumps are normally of émailer diameter and
run at. 2 higher sne=d tEan.type (1), e.g. 5" diszmetar at u-~ to 700 rpm,

16" diameter at up to 127 rpm,

An advantage of this form of Archimedes screw is that the casing and
rotor form a self-contained assembly which does not require‘exjcfnal bearings

but only simple supports to maintain it at the correct angls and axial position,

(3) A third method of constructing an Archimedes screw is to coil
a sectibn of nipe into a cylindrical hélix; A pérticular tyne has receﬁtly
been evolved for field drainave in which the‘tubing is cdrfugated with a fine
pitch to stren_then it and to allow coiling to a small radius. This couid
form the basis of a simple low-cost pump, since the most of the construction
: éould,be done 1o'cally. For example, a stout bamboo could serve as the main
axle and the coils of pipe could be held in place by lashing with rope, vire
or any suitable local fibré, usin: longitucinal strips Qf bemboo or other wood

to form a supporting cege on the inside of the coils.

/(£)
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(f) Tre meristaltic nump copsists of a2 flexiltle hose uron which a sories
of rollers is denressed and rolled along the len;th of the hose in order to
"squeeze" water through the tube (ficure 24). This type of pump has reportedly
been adapted to a Gréek sail wind rotor at the Malaysian jAsricultural Research

and Develoopment Institute.zg/

ITI. TATA ANALYSIS AND CRITICAL DWCTSTONS

A, DETERMINATION O% 21T%D WIND VILICITY AN ATWR DEMAND

Total duration of each wind v-locity based on hourly averacge wind velocities

should be summarized for the month(s) of greatest water pumhinge demand (figure 2)
and monthly velocity frequency curves (fizure 3) and power frcquency curves
(fizure 4) preparcd for determination of optimum rated velocity. A power
‘duration curve should he prepared for determination of the loaa factor (figure 4),
If continuity of water supply is most desired a velscity slightly less than that
of maximum velocity frequency should be chosen, however if maximum outnut is the
Soal the maximum velocity of maximum odower frequency should be chogen., A wind
nower rose indicating distribution frequency of wind directions should be pre-

pared (fizure 35). Daily water demand should be summarized on a monthly basis.

B. SSLECTIONY IF 20T0"

The'sélectiOn of a tyne of rotor is a most difficult orocess that requires
careful consideration of construction requirements, local skills and maicrials
and operating and nerformence characteristics. Unfortunately the precise charac-
teristics of the main tynes of low cost locally constructed rotors are unknown,
During :lection of rotors for economical water numpinc a reasonable comnromise
must be made betwean high rcliabili{y, durability and maintenance free operation
on one hand,and low construction cost on the other. Increased labour input

will generally result in lower capital innut.

Selection of a rotor is also denendent upon the tyve of pump to be used.
To maximize the efficiency of power transfer,the torque, speed and power charac-

teristics of the pump and rotor should be as similar as possitle.

C. SELECTION OF PUNMP

Selection of a type of pump depends on the total pumping head, the type
bf rotor and the local matefials and skills availatle for construction. The use
of traditional 1local oumps whenever nossitle will reduce the nroblems of intro-
~ducing a new technology of wind energy utiliiation.

D. DRTEPMINITION JF DTST¥ED PP OUTPUT

The starting, rated and maximum onerating velocity of the wind rotor must
be krown tn determine the load factor (figure 4). Division of the daily water
demand Ly the load factor will yield the desired out~ut rate of the nump, If this

rate is greater than the maximum output of the type of »ump selected, the need
for a nump with greater output, a reduction in water demand or the use of more
thay one »mum» is indicated.
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E. DET: QlIbPTIO‘ OF THS RATED SNSRGY RIQUTCEMENT QF PUMP

Determinatiorn of the rated ervergy requirement of the nump is calculated

accord1ng to the followine formulae:

' 3 . .
E (k) = M/sec desired output . 1.4 x 9.807

Pumn efficiency
E (hp) = U.S, oallonq/sec de31red output v fot head X .0151756

Pump efficiency _
F. DIi3 *\INATIJN OF TLE NEED FOR AN ORISNTATION MeC:ANISM

A figure 3
frequency of each wind direction.” In many tropical and especially ‘coastal

The need for ar orientatio mechanlg? is determined by analyzing the
areas the wind blows mainly in either of two opposite directions. In such cases
a use of fixed axis rotor can save considerable construction exoense, If an
orientation mechanism is required the choice of manual or automatic orientation

will depend on the frequency of change in wind direction.

IV. COMPONUNT DESISN AND MATCEING

Each of the many different types of wind energy conversion devices is
composed of a combination of individual components which serve 2 precise function
in the system. The primary factors determining the desien of each comjonent
are; its function, nhysical stress-as a function of wind velocity and energy
load, materials available and skills and tools required to work with these ma-
terials, The matching of individual comronerts intc a system should aim to
have all components able to withstand similar maximum stress loads and to have
2 minimum number of'Qiffeféhf materials, skills and tools nccessary for assem-
bly of the system, ' | o

Though many types of water pumping windmills are generally known, the
construction details and performance characteristics of each component of these
windmills is not documented, A'dgtailed éurvey of comnonent characteristics
should be underta:en on an international scale in order to nrovide a "catalogue"
of proven comnonants wh1ch could be used in the design of new hybrid wind powered

water umping systems.

. CJNTQOL HECHANISMS

Mechanisms to control rotor blade angle, blade area, nump stroke and

stop the rotor should be incorporated into the design in order to allow the
pumpihg system to operate under a maximum range of wind velocities without
_damagé. The attack angle of rizid blacdes may be controlled by centrifugal :
gOVernofs or blade coning. Attack anzle of non-rizid sail blades is controlled
by manual or spring adjustment of the trailing edge tension. Aréa of sail
blades is controlled by furling, Pumn stroke can te adjusted by changinz the

/B

fulcrum point of a lever (firure 7).
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B. ROTIOR RADIUS

The radius of the rotor dénends on the cube of the rated wind velocity,

rotor efficiency, nower transfer efficiency and the energy requirement of the
oump (%) zccordinz to the equation. . :
a N :
E = {(Xx 3,14 x 2% x V') x 0,8926 x ‘(eff'r X efft)

Where E = rated energy requireﬁént of the pump in kiiowatts
X = the constant 0.0000137 T
R = protor radius in meters
V = wind velocity in km/hr .
0.5926 'f theoretical maximum wind energy extraction by ideal rotor

effr = .efficiency of rotor assumir~ 100% eff. for ideal power

) eff‘,c

- The maximum size of the rotor will often by limited by the maximum

efficiency of power transfer

lergth of spar material available or by the height of tower materials, For
safety reasons the lowest noirt of the rotor should be at least 1.8 meters

"above ground.

C. PUMT SIZE
elicompter

The size of the nump is a direct function of the rated output, speed
C or power

of operation and efficiency. Materiais®availatle®will usually determine ihe
maximum pump size,

D. PONER TTANSTTY iTTCHANISHS

The funétion of the power transfer mechanism is to transfer the rotary .
retion of the wird_rotor to the pump,. The design cf the yower trensfer mecha- .
nism depends upon the type of pump used (reciprocating or rotary motion) and the
tyoe of rotor (horizontal or vertical axis), For rotéry pumps,'differeﬁces in
speed within a range of 4:1 between rotor and pump can be compensated for by single
. step pully or gear transfer. Additional transfers aré undesirable because of |
efficiency 1osses:’ RPotary motion of the main horizdﬁial shaft can be.converted.
to vertical rofary motion by rears and transferred to ground level by a fotafing
power shaft. A recycled automobile rear end gear differential can be‘éfficiently
and cheaply used for this nurpose, with the benefit of a 4:1 speed increase,
Horizontal rotary motion of the main shaft can be transferred to horizontal rotary
motion at the ground by the use of an upper and lower pully and a steel chain or
| cowhide bLelt, Several advantapges to this method are that corstruction is cheap
and easy, optimum pump speed can be obtained by careful calculation of pully
diameters and it is not necessary to have the chain or belt pass through the centre
of the turntable. Vertical reciprocal motion is usuvally created by a crankshaft
and nassed down through the centre of the turntable to the >ump by a steel or wooden'
Aconnectinq rodt'which incornorates @ swivel to prevent the rod from being twisted

when the carriage assembly and shaft turn in response to chanee in wind direction,

/Tt
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It is désirabie to keep the stroke of a crarkshaft as small as possible in order
to.nihiﬁize turntable diemeter. However with commonly available piston pumps

it is desirable to make the stroke as long as possible., The apparent conflict
between small crankshaft stroke and large piston stroke can be resolved by

multiplying the stroke with a lever as shown in fipure 7..

E. ORITNTATION ¥ECHANISM

The orientation mechanism allows the rotor to be pointed into the wind.

This can take the form of a classic tail vane for automatic orientation or,

where changes in wind direction are not frequent, a manually onerated ¥a%1 rope
rame

as in Thai wooden blade windmills, (figure 15) or manually shifted “axis sunnorts

as in the Dutch tjasker figure 23 and Chinesc diagohal axis rotor figurc 36.

. The furction of the turntable is to allow the rotor,malnshaft and carriage
assembly to rotate only about a fixed »oint in a horizontal plane on top of the
fixed tower and nrevent any vertical or horizontal movement. Vertical power
transfor usually passes throuoh the centre of the turntable, however conelderable
savingzs in turntable constructlon cost may be achieved by havinz the power trans-

fer outside thc turntable as in Thai wind pumps.

*
Multiblade windpumps incorporate a ball bearing turntable but a simple
creased circular steel ring has proved aceguate for Greek wind pumps. The Thai
wooden high speed rotor windpump uses simply a tapered wooden post inserted

into a wooden hole with the power goinz down outside the post (figure 1%).

F. HUB, ¥AINSUAUT, BEARINGS

Selection of hub, main shaft and bearines is most important because rofar

ibad stresses are-coﬁcentrated on these commonents, »
1. The function of the hub is to connect the root end of the rotor spars

firmly to the main.shaft, The hub must withstand the centrifugal force of
rotor, ané¢ bending loads of the rotor spar caused by wind pressure and rotor
tordue. By keepin; the blade weight and tip speed ratio low the centrifugal
forces on the hub will be considerably-reduced. These forces indicated in
figure 37 are quantified by the following formulae. v

(a) Centrifugal-forée (kg) = 0,0283 x ¥ x (E/V x 0,2784 x V)2

Hhere W = welaht of the tlade ir kg
U/V = tip speed ratio at the centre of prav1ty of the blade
V = wind velocity in km/h .
R = ;idius from centre of  hub to centre of _ravity of the
ade.,

/ (v)
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(b) Wind pressure P (kz) on a splnnlnp rotor = (0.0012 (kV) ) x (1.42 x R )
_Where P is in kg, K = constant 0.914, V = wind velocity in km/h,

R = rotor radius in meters.

(c) The wind nressure on non-sohinning rotor = 2 x P x solidity - p
where P = wind vressure on s»inning rotor, solidity = ratio of

" blade frontal area to total swept rotor area. ...

(d) Torque is the twisting force as a result of blade 1ift that is
apnlied a certzin radius from the cehtfe,of rotation, Torque (T)
L. s ealculated according to .the following formula:

T = 1210 x D x x¥ ' : .
P el
U/V x 0.9134 V

ahere T foot-oounos torque, D = rotor d‘ameter in meters, KW = power

: :outnut of blades at V U/V tinspeed ratio at tlD,VV = wind velocity in kn/h

' These forces . snould be calculated for the highest. wind vo1001ty beLow that at

which the control mechanism is actuated.

2, The main shaft nust bear the weight of the rotor and withstarnd the
torque and bendine forqeé applied by the power transfer mecharism, The shaft

may be made from wood, stcel rod or steel pipe.

3. Simple wooden bearings or steel boll or thrust bearings may bte usad.
If steel Learings are used adequate protection must be givern against dust and
rain, %Yooden bearings should %2 ~asily replaceable. Provision must be made

for lubrication,

G, TOWR

cm—

Determination of the tyne of tower is primerily a function of the materials

and skills available. The Yindworks octahedron module design (figure 10) has the

* highest strength 1o weight ratio of any non-guyed tower, however construction

is complex and must be nrecise, steel truss tovers (fizure 6) are very strong
and well proven but are quite expensive, single wood . 6ele towers (figures 8,
15, 42) are the cheapest but can only be used when 1t is not necessary to have
the power transfer down the. cantre of the tower, Mu1t1n1e wood nole towers

(fipure 7) are cheap, strong, and easv to construct. They are limited nrimarily

by their resistance to wood ants and termites. The use of quy wires when possible

will sienificantly increase tower strength at little cost.,

" The minimum tower heipht should be at least rotor radius (%) +18meters.
Efforts tp make the towver hirher thar this should be avoided because the increase
in cost of additional tower hcight is greater than the increase in wind velocity

with height except in locations with nearby wind obstructions,

JE.
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H. CA?RIAG™ ASS™VBLY

The carriagze assembly functions primarily to provide a2 firm foundation

for the main shaft.bearines. It may be buili of wood or steel. It must be
fastened to the turntable so that it may turn in resnonse to changing wind

direction, The tail is fastened to the carriage assembly.

I. STORAGE TINX

Maximum canacity of the storage tank is determined by multiplying'-

the longest neriod of wind below startinq'veloéity by the daily water demand.
Storagse above ground is uneéonomical unléss nressure sﬁpnly is imnerative,
A ground level tank is most inexpensively constructed of stone masonry.no
greater than one meter height, Possible multiple use of the storage'tank

for bathing and fish culture should be taxcn into consideration,

J. HYORKING DTAWINGS, MODEL

After vreliminary sketches of each component have been orepared.
The final working drawings. should be made, showing the details of and con-

nections between each comnronent.,

A 1/5 scale model should be made and tested in order to nerfect the
design and sto pain familiarity with the construction nrocess. Only after
a model has been tested te satisfaction should construction of a full scale ‘

prototype proceed,
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V. A HYLRIL ASIAF FTND PO”?5TD HATSR PUMP
The following discussion will zive an examnle of the design of a low
cost wind nowered water nump according to the sequéntial flow Cesign process
outlined.above. An =ffort has been made to base the design on conditions

common to many paris of Asia,

A. PYRLIMINAYY INVESTIGATION ; ' '

-1, . Survey of local wind charactnrlstlcs , :

The average wind velocxty at Inn Muang Airport, %annkok, for § minutes
of each half hour is rovtinely recorded by the Meteornlorical Department of
Thaitand., These data for the months of Mz rch April, M2y 197% have been sum-
marized in figure 38. The data are furthﬁr reduced for analysis in figure 39
(velocity frequency curve), fircure 40 (power fr-quencv curvey) and figure 41
(power duration curve). Data from Don Muznz Airpert were selected beczuse
of its exposcd locetion in a rice growing area 1nd its 0rox1m1ty to the
A51an Institute of Techrology 'and the nronosed Natlonal onergy “Administration
(N%A) windmill test location.

2. Survey of local wzate rwgggvino neéds - .

"March, April and MryTchosen as the period when 1rr1;at1on numwlng

is most required because the first crop of rlce_1s already harvested by

February and the fields are usually'unused ti1l the onset of the monsoon

- e

3. Claessification of wind rotors and pumps
Lacking 2 comclete clossification of wind rotors and numns, previcus

sections of this remort will be referred. to.

B. DATS AMALYSIS AND CRITICAY. LRCISTONS

1. ¥ind data anlysis

(2) A Study of velocity and nower frequency curves indicates an

709fimum starting velocity of 6 km/br and optimum rated velocity of 20 km/h

in order to obtain maximum dutput. ‘

(r) Study of raw wind data indicates that the lorgest period of
wind below optimum starting velocity of 6 5? :LG¥136 hours.

(c) Study of the wind power rose Windicates that an orientation
mechznism would be useful but not necessary, however for the benefit of -
other areas with more variaeble wind direction it is assumed that there is
a need for an orientation mechanisnm,

(¢) Analysis of the nower duration curve yiclds 2 load factor of 0.30.

2. Selection of rotor .
) Based on the widesnread success, low cost and light weight of the
Greek sail rotor, this conficuration was selected (figure 38). ' An alternative
configuratior that may be used in arees of hircher wind speeds is based on the

Princeton sail wing (figure 39).

/3.

4
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3. Selection of nump
- For generalized design purposes a total head of 10 meters is assumed.
Owing to its simplicity of construction and adantability -to variable low speed

rotary motion the steel disc .chain pump was selected (figure 29). The square

pallet chain pump may however be best for arees where this pump is tradiiicnally

videly used and only 2z lowlift is required,
4.. Determination of desired nump out rate _
Assﬁmin¢ a daily requirement of 6.5 mm/day for rice cultivation and
a desired irrigated area of 2 hectares the daily water demand is 130 m3/day
multiplication by the recinrocal of the load factor indicates that ratéd

canacity of the pump should be 18 m?/h.

1 3 . - 3
o35 X 130m £ 24 = 18.06 n"/h.

5.~ Determination 2f rated energy requirement of the nump

Assumm"I 70% pump efficiency, the rated energy requirement of the

. pumn is 0,703 kW,

E (W) = (,00502
70

x 10 x 9.807 = 0,703
C. COMPONINT DSSIGN AND MATCHING

1. Control mechanism
Assumin; frequent presence of the ozerator, furllng of the sails
w111 be the primary control mechanism, An emercency sail release mechanism
similar to that used on Thai saxl rotors will be incorporated (figure 38).
2, Size of rotor
' 0.703 k¥ = (0.0000137 x 3.14 x R

Hibere: 0,703 1is the rated energy requirement of the nump.

2

20 km/h is the assumed rated velocity of rotor

0.25 and 0.50 are the assumed efficiency of the rotor and
power transfer respectively.

Therefore : 0.703 = 0,02548 Rz
R2 = 27.59 ; R = 5.25 m
Rotor diameter = 10;5 meteré.
This size is within the range of bamhoo sparsg available in Thailand
and most Asian places. Sail rotors have teen onerated successfully up to
10 m diameter so this size is accentable,
3, Size of pump
Given the rated outnut of 18 m /h of a 707 efficiency chain pumn the

basis of cazlculation is 25 14 m /h. Assuming a rated rotor speed of 12 rpm

- with a 2:1 speed increase and a 0,5 m diameter pumn drive wheel, the size of

the pipe within which water is lifted by the washers on the chain should be
12.03 cm. The size of the pipe may be decreased by increasing the speed of
the chain which may beceffected Byigreafer drive speed ratio, or by increasing
the diameter of the pump drive #heél. The optimum speed of chain pumps is

unknown. (a)
. a3}

x 20 kph3) x 0.5926 x (.25 x ,50)



- 12 -
(a) 1.571 x 24 = 37.70 m/min chain travel, x 60 = 2262 m/h
\=725.714 ma/h = 2262 m/h = 0,01137 mz cross sectionalarea-~
of nine opening. : » o : :

Therefore: inside diameter of nipe = 12.03 cm,

4. Orientation mechanism

Orientation of the main shaft by manual relocation of an "A" frame
support structurc;(figure 42) supporting one end of an extended shaft is
sugcested because of its simplicity and proven feasibility on the Dutch tjasker
(figure 33) and Chinese diay.nal axis (figure 36) wind rotors., The opposite
end of the shaft rotates about a fixed, guyed turn post (figure 41),

5. Power transfer mechanisnm '

Because horizontal rotary mot{oh is-required 10 operate the chain wump
only a simple direct pulley drive to ground level is required. Pulley wheels
made of several laminations of wood boards are sucgested (figure 40). Chain
is suggested as 2 durable pulley belt. This method is widely used onsbath the
Thai high speed and sail rotors. _ ' ‘

6. Hub, main shaft and bearln 28 ~ B
; (a) 4 laminatred wcoden hub was selected (f1gure 44) because of its
simplicity of construction and successful use on Tha1 sail rotors.

(b) ‘An extended square wooden main shaft is successfully used on
Thai sail rotors and has been selected for this hybrid design (figare 44}:
The shaft is rounded only at the points where it rests in the bearing
" (figures 40, 43). ‘ o
(c) S1mp1e wooden bearlnos have been well oroven on Greok ‘and Thai
" sail rotors and Agstralxan "Comet" wind powered pumps. Av "imnroved version
of Greek &ood bearinps with increased bearing surface and provision for
1ubr1cat1on has been designed for both main bearlngs (fl"ur s 40, 43).
| 7, Tower o '

The "tower" in this case consists only of the Z legs of the movable
"Ai frame at one end of.the shaft and the turn post at the other end. The
turn post is guyed to the ground and the "A" frame is guyed to the base of
. the turnpost so that it is stabilized and still free,fo move,

8., Carriage assembly .

In this hybrid design the large wooden bearings blocks function also

as the carriage assembly.
9, Storage tank

Because the longest nerlod of wind below starting velocity is only
six hours a storage tank is not con51dexed necessary thouph 1t would be
ugeful for better irrigation control.

10. Final drawings -

An overall sketch of thzs hybrid desien (figure 45) is provosed as
the basis for construction of models for testing only. For further develow-
ment of this design, model test results should be evaluated and design
. modifications incorporated into final workine drawings,
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