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ABSTRACT
The aim of this study is to dcsign a wind lnwered watcr pumping set suitable for irrigation'ifr Bangladcsh.

First, considcring thc avcrugc wind velocity at Chituagong, thc bladc configuration of the windmill for twist and

chord is dctcrmincd by applying momcntum thcory and bladc elcment thcory assuming zcro drag and no tilting
or coning. Thcn considcring thc dcsigned power of the turbine, a suitablc piston pump has bccn dcsigned. The
bchaviour of the pump and also that of thc rotor couplcd with thc pump arc studicd.

LIST OF SYMI}OLS

a a,rial interfcrcnce factor
a' unscntial intcrfercncc facbr
A tur6inc disc area
B numbcr of bladcs
C chord of the blade
Cp blade elcmcnt drag cocf{icicnt
CL blade elcment lift cocf{lcient
C6 design litt cocfficoent
Cp Power cocfficicnt
Cr! torquecocfficicnt
CT- thrust cocfticient
C.) starting torquc coclficicnt
D- dras
q diaiictcr of thc piston
d' diametcr of lqrk hole
f friction factor
L lift force
P turbine oower
Plru6rohydraufic powcr
O' lorque
R rotor rudius
S stroke length of thc pump
T* numbcr ol'pumps
T tluust forcc
V6 dcsign wind vclocity
V- undisturbcd wind velocity

Creek Symbols

o anglcofattack

sT tilt angle

)d dcsign tip spccd ratio

p air dcnsity

p*, watcr dcnsity

8r pitching angle

o angle of rclativc wind velocity

rt efficicncy

4m.nmcchanicrl clfi cicncY

lvol
vs
o
o-
p

P,

't

volumctric efficiency

srrokc volume (fiDD2 Sl4)
angular vclocity of iotor
aurgular velocity of pump

coning angle

bladc twist angle

yawing angle

I. INTRODUCTTON

Modiiicd Bladc Elcmcnt. Thcory og Strip Theary
which is uscd for the prcscnt analysis is ihe modt
frequcntly uscrl l.hcory for the desisn 6nd pcrformancc
analysis of a horizortul axis wind lurbine. Ttrftghout
this .studv NACA 4418 airfoil.section has been"used
for the tilade scction o[ the windmill. If a numn is
coupled to a wind rotor which turns at a spebd slch
that thc mcchanical p<lwer o[ the rolor must be equal to
thc mcchanical power excrtcd by the pumo. The
working point can bc found oul. byintcrs&dori of rtre
roLor curve and thc pump curve.

2. CALCULATION SCHEME

The calculation schcme for the present study is as
follows I

a) Thc choicc of basic paramctcrs such as numbcr
of bladcs, thc radiusbf rotor, the types of airfoil
and the dcsign tip spccd ratio for the windmill.

b) The calculation of tJrc blade twist and the chord at,
a numbcr of sndons along thc lcngth of the blade
in ordcr to producc maximum powcr at a givcn
tip spccd railo by evcry scction bf tre btade.

c) Design of a piston pump.

2.I CHOICE OF ROTOR PARAMETERS

For the dcsisn of a wind rotor. a dcsisn tio soced
ratio is to bc chdscn. The gcncral rule isihat'foi the
lowcr dcsign tip spced ratio a higher number of blades
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ii;PnlttlJpirii[',*l',%n1'-'J#"rtg.l,H.$;?lf 
"?highcr numbcr of bladcs for hieh ctesi,ln tiD sDccd-raio

wrll le4d lo vcry smalland thin bladciwhich'rcsuls in
manulacturing problcms.

^ . To obtain thc optimum configuration each bladc
ot mc rotrJr ls dtvldcd rnto a numbcr ol radial slations.
Four formulas ilslam (1986)l will bc usCO tcr
dctcrminc thc bladc twisr and choid disrriburion along
thc lcngrh of rhc blade.

For local tip spccd rario

Thc local angle of attack a is dcfincd as

c=0*gr= h'-$,, -0, (2.E)

fA=AaF

Rclation for flow angle

1 _ sinO(2cos0-l)
' (l -cos0)(2cos0+ l)

where g z rI
= i,tan f

For twist angle:

0t = $ - a
For chord :

"_ 
8rr(l-cos0)

BC*

^^-.L19 glprcssions for .thrust,-torque and power
cocttrcrcnls arc givcn by IKamal (l9lt8)J

cr= 
*r*r'p*rtorrintT

2n R t., .2

T i(1,:) aF(r-aF)(r. !;*t)rd'do (2e)

EOt 
o = 'r*t: cos c' rcos 7"ostP x

T i u-.r'",Fo - "nrr- f 
o 1.- p,ae (2.t0)

O o r_Llillo

^ gQ2tr= 
ffi 

cosct, sinlcosaP x

2rR
J J v*r3a'F(r-aFXr - 

^9, .-t^r*u, (2.r1)
o o LL lano

3. DI]SICN OF A ROTOR COUPLED PUMP

. .Thcre exisb a large varicty of^watcr liiring
dcviccs. lhc spopc of 0ris srurly ii'confi,icn*i6 ourno,
that can bc drivcn by wind rotors with a focus'on thc

f','i|l',V'J3fi .Lll8i;i'l-i,,,|i"J8""1f 
"3f 

,3i,H[H
prpg drld a dcttvcry prpc. Somctimcs air chambcrs are
utrlrzc<l to smootr thc llow and to rcducc shock forces.

3.1 [lpressions of F'orce, Torque and
Discharge

Thc lorce on fic pisron is cqual to the weisht
of lhc warcr column acrrng upon it. ffibiprcjsffiT;;
this can bc writtcn as

F, = p ,cH"oD'o

(2.1)

(2.3)

(2.2)

(2.4)

The blade r{nt rorquc can bc clacularcd by Ill
Q", = jpu2.tla,rral90- pr(r)] r<lr (2.5)

The.rotor configuraLion is dctcrmincd usins the
9.ssumptron ol.zero drag and wirlrout any Lip'loss.
b,acn radtat elcmcnt is optimiscd.indcpcndcntfv bv a
continously varying choid and twisl dnglc ro 6Urain
maxtmum encrgy extraclton.

2.2 AERODYNAMIC FORCES :

. Afrcr a wind turbinc rol.or is oprimally dcsigncd,
!!g E"lo$*amic forces.and momcnis t"ai Ud
catcutatcrl. 'l hcse lorccs and momcnts arc obtaincd.by
Spplvi.qg the blade elcmcnt and momcnruin riieo.,cs.
.rnc olilcrcnt vcloclty componcnl.s acLing on a rolor
Dlaoc ctcmcnl ls shown rn lrgurc L

The components of rclative velocity W can be
exprcsscd by fKamat (1988)i - .----"J " -'

W^ = V-coslcosO. + V*sia ysin 0 rsin o,
- f)r cos B(l + a') e.A)

Wy = V*{sinTcoso+cosp(l-a)} +

sinpsin0rcosl- sinlsinpsincr + cos0. (2.?)

8

. -Hcrc H is the static hcad but latcr on thc exra
!t9a{ rcquircrt ro co.vcr rhc tosscs has ro-bc;riJ.d: Th;
tocat lorquc whtch ts 5lnqsoirlal car bc cxprcssc<l as

Qo = p.gHl Dto* ls sin rtt for o( Or ( r
Thc cxprcssion for thc avcragc brquc bccomes

Qo= tlp-gHlo'?r]s

(3. l)

(3.2)

Tr..n.1 powcr,supplictl Qy .thq rolor pump
combrnatron mu.st bc equal to tlic hydraulic p<lwcr tblift thc watcr.
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Velocity diagram for rotor blade element.

dlawing of a piston with a leakhole



i. e. Total rclcr-pump

Now

1ttn"r, P*r, =P;y6,

f- = t.t

powot = Hydraulic powcr

(3.3 )

Q.ql

(3.7 )

v=vE,, ' o{ tr,Co,

. . lt9.r C*, is the starring lorquc co-efficicnt
which is exprcsscd as

0.6
-Qrt - l,

d

(3.9 )

of
+ l--9-

8np

(3.8 )

(3. l0)

Since P,,*, = criPvt"rRt

So wc can wrile

I "* 
c rlnv'" rR2 = gp,gH . Ttrc $ta1ting wind spccd wilt usuaily be,hisher

man mc dcsrgn wind spccd. For the presint anal-vsis.
mree. t/pcs ot bladc shnpcs of rhe wiridmill havc Sccn
constoc.rcd rn ordcr to compare the startinq loroue.
f!99e ptao.cs. are oplimunf-cfoio opti iiiiim:r*'iiii
l lnear-cnord ltncar-twist. and lincar _ctiord zcro_tw isi
bladcs [slam (I986)ll.

3.3 LEAK HOLE

for t-t1c. dcsign wind velocity thc above cxpression can
bc wnLlcn as

r "* 
c,-,j evlnR2 = gp ,gl{ (3.5 )

(3.6) rwilv.r Ds!UrE,.dt.t uts _watuf Ula! COUIO De DUmDCd lS

:.#l1s^11y9:c,l Sj-l gl^g: l! f ,i 
mp I i cs rha r rfi c prbs sure

Pl$..-p.'^'l9.lA"gly,l9.* $q,^i a icsuli itii 
".riifig

be 
The discharge by a singlc pump can be found ro A small holc is drilled in rhc pisron of fte oumn inr to improve rhc srarrind cnaraclciilril's'oi

- A srni,ul notc ls onilco tn mc ptston ol the oumn in
or.de.r lg improve. rhc srarrinf inarillcnilli's'iji
wtnomlll equtppcd with a rcciorocatins nrrmn Thpwindmill eodinncd wi
effcct of rhi lclal< trolcJrltEl' li i],f; 3 ii?f f, # il ft.Ji:','i$i li3fi, SiSh Tilsrrer,r ur m9 lcaK note ls mat at very,low specds i,e.
X|E[:fUt':g.,JJl ,tlr_yolEt rrrat coriro-uc piinpco ide=r'l,as;oifrr

. In this study, dcsign wind vclocity has been
cho_sp,n to be 4mls which is trc avcraqc wind vclocirv
at Lhrttagong and $e highcst in Banlladcsh (Table'_
I). For a dcsrgn lip qtrcgd rario of 8, ihc radius of rhc
rotor is lbund to bi23.27.m. Fgr oprimum dcsign rlre
f l$i 9ryI i q,Ftwecn s rrote and d iin crm oirtre' p u mp
rs grvcn by lKarirssik ct all

lorq!9. rcquircd il-lgy. lf thc specd is hist\-iift
quantrty ot watcr lcaking rhrough'thc hole iI shali
comparco.to Lhe normal output of the pump and thepqmp bcnavcs.as a_normal piston- pumn. The
scncmatrc drawtng ol' a piston-with a'lcakhole is
shown in figure 2. -

. The exprcssion for lcak hole diamctcr can bewnttcn as

From this equaLion ir is found thal D = 0.35gm
and S = 0.425m. Thrcc pumps are ai:angcO ati phase " D1
diffcrence of 1200. Eachpump is of l0 flW capaiiry. d' = ,:

3.2 STARTING I}EHAVIOUR

. fh.q. starring bchaviour of a warcr numping
windlnill_is thc suric dcscription. in whic'h tlrc surrin!
torque of thc rotor is cqual [o thc maxirnutn torquc
rcquircd by thc pump at thc surtrng wintl spccd.

_ The starring wind vclocity is givcn by [Janscn(1917)l

10

^ ._Wirh pisron diamcrcr of 0.3g5m and a srroke of0.425m, rtr'c tcak holc diamCrci;iil # S.itrn"i.'

4. RBSULTS AND DISCUSSIONS

, Thc cftcct of pirch anglc on calcularcd powcr andnrus[ tor Lhc wrnd turbinc can bc srcn in figurcs 3 and
4. Incrcascd pitch anglc rcrluces maiirnum'noricr Uui
!_a.l 1nc.r9qsc lhc powcr availablc ar low iip spccd
rauos..At low tip spccd ratio [hc powcr coctficiint issrongly. rnuucnccd by rhe mixirirum lifi coctficicnt.l'rom llgurc 4, il. is found that tch rotor Lhrusi

Cr*l -o R'
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coefficient increases continuously with the increase of
[-o ideeO- iitio anO that the values grealer than unity
cin 6e actrieveA.

Radial distribution of power along the.length of
the blade is shown in figurb 5' It is noted that about
i5% ilowd is p-roduced 5y ttre outer 507o radius. This
is befasue the 

-blade 
swept area varles wl$ me square.

of radius and tlre efficiency of the blade is low at small

radii where the local tip speed ratio \ is small. On the

other hand due to tip losses there is a decrease of
power near tlre tiP of ihc blade.

Variation in starting torque for different blade
confisuraiions is sholwn in figure- 6, whcre
;""r"iimiiliv loz oiffernce mav oEcur between the
obiimum bldde and zero twist'blade. The strolg
idcrease in starting torque can be acnlevco Dy

increasing 0re pirch angle.

A series of rotor power curves are drawn at
diff;ar;t-wlnd ipecolrinTigure?. the working point of
iotilr-nuino conibinations It different wind.spceds can
tilib,ino,5ui-from ftia figrue. ttre hydraulic I'tput 9f
the oumo at dilfcrent wind spccd is shown -ln ltgure 6'
It cin be seen from this hgure that tleresulung output
curve is nearlv a linear function ot.the wlnd-spcco..
ftowe"er, thebverall efficiency varics sl'rongly with
wind speed.

5. CONCLUSIONS AND
RECOMMENDATIONS

The following conclusions can be drawn from the
present study:

i) To start a low speed rotor that has a high' internal resistance-primarily a high pitch angle
is desirable. The internal resistance decreases
as soon as the device gets started and
accelerated. So after the attiinment of certain
angular speed rhepitch angle is to be reduced
!o the optlmum value.

ii) The windmill powcr clrrve is scnsil'ive mainly' due to blade pirch ansle in the stalling rcgion.
To avoid too'much diop oft of the power after

stalling point a blade piah angle between 20 o
50 is seen to be more convenient than that ar

@.

iii) The hvdraulic Dower curve of the pump is seen' !o be'nearly h linear function bf the wind
speed.

Diaohrasm DumD can be used instead of piston
Dump becauie of siinpticity of dcsign^and lowcr
'manfifacruring cost L,ow caphcity (uptg l0 kw) pump
is also recommendcd fdr edse 

-of design and
manufacturins. The coupling of three pumps in the
same shatt m"av cause difficulties duiing starting.
Arrangement shbuld be made so ttnt each pump starts
in seqlence, one aftcr another.

l4

TABLE. I

Stations Potential month

for power

generarion by

windmill

Average

speed

m/sec

l. Chittagong March o
Scntember

4

2. Dhaka March toOctober 3.2

3. Khcpupara February o
Sentember

3.2

4. Cornilla March o
Sentemher

2.8

5. Teknaf June !o

Scntember

2.3

6. Jessore April to

Senlcmhcr

2.1

7. Cox's Bazar Mav o August 2

8. Hatiya End of April o
July

r.9

9. Dinaiour March to Ausust 2

10. RansamaLi Anril and May 1.9
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