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. ABSTRACT . *
u x

‘The aim of this thesis is the optimization of Multibladed

Water Pumplng Systemé%; THe optimai sizing ofAthe storage"

tank is determlned u31ng Rlppl 'S mass. curves and behavlour

analyses.‘ The effects of some of the input’ parameters ‘on -

‘the storage tank were also examined.

Three wind speed distribotions were used to calculate.the

°Storages reéuired ét-given demand leveis. Only da11y and

monthly w1nd 5peed dlstrlbutlons are con51dered.

From. comparisons of the storages’ealculatedrhsing‘the me-
teofological'data of‘Otfawa‘International Aiipbrt it” was

found that the storages calculated u51ng the actual w1nd

speed dlstrlbutlon were smaller than those calculated u51ng

elther the Welbull or Raylelgh dlstrlbutlon.

A computer model ;written in. FORTRAN IV, was developed.L

For flex1b111ty purposes, varlous options are ‘included.

s
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NOTATION

A roto;'swept-area
hl formation lbss coefficient ' !
7 ¢ " storage capacity
tHw'-_Hézen~Wi;liams coefficient

Cy well loss coefficient

coefficient of performance {mower .coefficient)
-] . "

Com . Maximum power .coefficient

. Cq  ‘torgue cqe%ficient

Canm . maximum forgue coefficient

¢ Weibull scaleAféctdrr ' S

D rotog.diéme;gr ‘ ' ! v
bp  internal diameter of pump |

D, reservoir release at period t. .

.d ° internal diameter of pipe
AV wind speed interval
e absolute roughness of pipe

e, initial absolute roughness of pipei

-

f pipe friction Factor

L E(V) cumulativé,diéfributionffunction

‘fi(vc) calculated cumulative probébilitiesu

f,(v,) .observed (actual) cumulative probabilities

G, gear ratio oo . *
. b
g' gravitational acceleration

LY . «*

- xii - -



" hydraulic power

pump stroke

,‘ ’ - } .l ...
total dynamic head.

head loss due to pipeffriction

&

étatic.height

- Weibull shape factor

pipe length" ~
exponents}in Hazen—williams‘equation

total number of wind-speed observations

_extrac;able power from the wind

i

‘mechanical power P

power in the wind

probability of failupe

' probability.denéity function

flow rate

reservoir inflow at period t T -
resistance coefficient in Hazen-Williams eguation
Reynolds number

.F

reservoir reliability | -

occurrence-based reliability
- . ]

quantity-based reliability

time—based“reliability

Al

%

initial storage
storage at beginning of period t

storage at beginning 6f period ‘t+l

.well drawdown . - —

total time peridd -
»

- xiii -
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‘average water load torgue’

" mechanical efficiency of pump

total-number of years
number of failure years'

rotor torque .

time

duration of a single time period .

Wduﬁa;ipﬁ'qf a single failure period

rotor tip*speed

wind speed.
average wind spéed =

-

wind speed at i-th period
average\vélocity in pipe
quantity of water not delivered durihg a singlg

5 i

n

failure period ' ‘ /
density of sair
density of water

specific weight of water | ' .

‘gear efficiency o

volumetric efficiency of pump

tip-speed ratio (TSR) . L e - ; ‘m
design TSR . ' ' '

max imum TSR

TSR at maximum.torque coefficient >

. . o ’

rotational épeed of pump shaft
ratelof.growtﬁlof pipe rpughﬁeéé element

standard deviation of wind speeds

e xiv -
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root-mean-sguare (rms) residual error

gamma function .

summation: sign
co%ﬁficient of viscosity of water:
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GLOSSARY OF- TERMS

. Anemometer instrument ‘used for measuring wind
) . ‘:,!,.-:.:‘ i \ . .
- speed.
Aquifer _ a water-bearing stratum of permeable

L
v

rock, sand andlor‘gravél

-

-

Cdt—in-spegq o ‘the lowest wind speed below which a
wind'turbiné produces No power. .
Cut-out Speed"‘~‘ the highest wind speed above which a

.b

wind turbine produces no power

‘Gear ratio

ratio of rotational speed of windmill te
3 - - . "

that of pump shaft .
Mass curve ~a cumulative plotting of net reservoir

; ' . inflow and draft

" »

Power coefficient the ratio of the power extracted by a

wind turbine to the power available in

v
the Find_stream
;L Rate wind speed  the lowest wind speed at which wind-

turbine output power reaches maximum
value L,

Rated outpuf : : output'corresgpnding to the rated wind

. s . - . speéd ' ) T .‘,

Rotor o the blades and associated rotating

&

. %  members of the wind ‘turbine

- xvi -




o

Solidity
|

TSR

WECS

‘Wind turbine

1

ratio of the blade area to the swept
area‘;f'the'rpfor
tip—gpe;&_ratio,‘rétio 6f tip4spegd of
ropéf to wind speed

wind energy conversion system

"an individual wind powered machine
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1.1

2fthe water.

4 d = Chapter I

« . INTRODUCTION,

-—,--.

WIND PUMPING srs"ram- AS A SOURCE OF WATER SUPPLY ™

In order to meet the water demand of our modern soc1ety,

varlous sources of water supply which 1nc1ude surface, sub- -

-—

' 7‘surface, and raLn water are currently belng ‘used. All these
‘:7fesources of water .1nterrupt the natural hydrologlc cycle at

fsome po:nt and then collect, treat, store and distribute

VﬂostfwaEE} supply systems involverumping.. The most com-

mon method' of pumping reguires tHe -use of eleotricity or

dieaei:fuei_to drive the'pump._ But wlth the cost of energysni
jrising, other methods are currently belng 1nvestlgated.
. These methods, which include w1nd and solar pumplng, “are

commonly referred to as renewable energy methods.-

-

The extraction of groundwater requires the. drilling of

wells below the water.table -and a pumping method. “Well wa; .
terscare ‘generally of superlor quality compared to surfacer

waters due to percolatlon through the ground. From the as-

sessment study’ conducted in ref. [49]), (wol. :);‘it has been

found that‘w1nd-pumps_are economlcaliy competitive with oth-

£



pistbn-pump;

SR -.fbf’ p

er pumping dev1ces if the minimum monthly average wxnd speed-

is greater than 3 m/s.

_Wind pumping systems are con51dered econom1ca1 because of

the following reasons: o : _' o o .

-

1.. The wind 1is a freely: aﬁaiiable#'renewab;e ehefgy
- source. | ‘

-

2. Generally mlnlmum malntenance 15 requ1red.
-3, Little or no treatment is usu ly requ1red if well -

¥
water is used.

4, Small installations c&msbe financed atia_modest cost.
Wind pumping systems may -not be gable to meet all the wa-
‘ter requifementS'of'a community'l In Such a situation, other
methods of water supply can be used to supplement the supplya
from w1nékpump1ng system, Xfurthermore “ratlonlng ‘can’ be 1i'm-

plemented_

‘Wind pumping._systems are'used worldwide;‘ especially 'in

‘the rural areas of developing ¢0untries._

f

1.2 oUTLi.NE: OF A WIND PUMP'ING SYSTEM . A .

Fig 1 111ustrates the key water pumplng terms for a . mul-

tlbladed water pumplngzw1ndmll; coupled ;o a rec1procat1ng

~
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1.2.1 Extractiocn

?*‘,The hydrolégid cycle is iﬁtercepéed=by drilling. a Well.
' Extraction is a&coﬁpliéhed-by usiﬁgfa thd.energy conéersion
system (WECS) _lcoupied to a pumpl-tollﬁft the .water to the
surface. A remote WECS cahialso 5é used to pﬁmp surface wa-

‘ter if an electrical connection "exits between the WECS with

.,‘

-electrical geherator aﬁd‘the pump.

1.2.2 Storage

]

Due to the‘ﬁariability of the<_wiﬁd: if.wafer isf to be
‘duaranteed during low wind or calﬁﬁbefiéég, it becomes nec-
essary to provide a storage fac&iify. The form of storage.
k ;onsidered‘in this thesis . is an eleﬁated storage reservoir. -
”The heigﬁt. of.the‘sﬁorage tank is determined from'zthe.hy4
'drauiiC'and'economib factors. it is the “~determination of
 Tthe!optimum'size of this reservoir which cohstitute the main
goal of this'thesis- y _ _ |

h1.2;3 Deliverz( '_ ) ) .

‘If.hydrauiicf and tapdgraphic conditions are favourable,

_gravity distribution is used from the reservofr; This means.
thaf the reservoir éhohid.have sufficiept.eléﬁétion SO that-
E water could be supplied to all 'parts of the distribution
system';ithoué%additidnél pumping. |



17274 Quality of Ground Water Vi S

'Physically,_‘ground weter is generally‘cleari, colorless

and with little or no suspended netter_ Chemlcally, ground

water may contain large guantltles of, dlssolved mlnerals due

to the contact of the water with the mlnerals that make .up

- !
W an .

the earth S crust.

Calcium and magnesium are the main causes of hardness

while iron 1is responsible for the discoloration of ground

water. If these or otherrunwanted mlnerals are present'in

excess amounts, then treatment may need to be applled to re-

f—

‘move the undesirable minerals,

Ground water is-generally;freeJ from bacteria if the well
is not close to pollution sourées, such as prlvles and ces-
spvols. Thus ground water is usually con51dered to be of su-

per1or quallty compared to other sources of water,

1.3 * DESIGN OF A WIND PUMPING SYSTEM

o=
—_—

In order to determine the optimal size of'a reservoir in
a w1nd\5ump1ng system, the following lnput information[d
-ehould be. known: " , B . i |
1. Wind.characteristics;l wind speﬁd patterns, frequen--

" ‘cies, duration and gusts. = . : l .
2. Pumping.peraneters..

3. Pump characteristics,

a*



- {
. 'Wlndylll characterlstlcs.

4
5. wWell characterlstlcs.,dlscharge versus drawdown
6

. Demand pattern.

~J/f\;he-most variable and.unpfeéictable factor is the wind.
Wind behaviour is gerrhed by a combinatibn_of_globai, ‘re=
gional, seasonal and diﬁrnél.wegthar patggfﬁg. In some pérts
of tﬁe world, l‘especiallgﬂin the less dévelobed éountriés,
wiﬁd'data are not usually é;ailable.‘ Also the cost of col-
lecting énd proceésing'wfﬁd:data'.hay be prohibitive if wind.
monltorlng is done over an éxténdedrpefiod‘of timé;. There-
'fore- statlstlcal distributions are sometimes used to ap-

.proxlmate the actual wlnd reglme.

In order‘tO'rectify this_situation, an anemometer is usu-
ally set up at the proposed site and height “that the wind-

y o o
mill wlll ‘be 1nstalled and‘wiga data.are collected over a

- certain perlod of time.

'The ch6jce.of pumpiﬁ&fpérameﬁers‘ is imporﬁant and 1is dgf

pendent ﬁﬁonf choosiﬁg t?e most eéonomicala_éommercial pipe.

- The mdst difficult task is.tO'propgfly;mé£ch “the wfnd tur-
‘bine to both the pump and.thé.wind regime.

Pumps and windmills have opﬁimum charaéterigtics for a

giueﬁﬂoperating,rangei‘ If any 'of.these comppneﬁts_opeﬁates

outside i?s operating nvelope, i;s efficienéf w;11 be re-

ducedwponsidérably and useful péﬁer-wopld be wasted. Previ-

-

A
i




i ' 7
ous wogk"oe thef.matching’of ﬁumbe"andrwindmillsféﬁaé‘been,
done byEﬁfagg' and Schmidt [3] and in ref. ISO].” Also the
‘procedure of matching the windmill to ‘the wihd, Eegime is

given by Park [38].

1f water is to be pumped from a well, the ground water

potentlal should be 1nvestlgated Testlng for well yleld is

normally done with pumping’ test units con51st1ng of a SUbT

- - -

mersible pump and measuring devrces for dlscharge and water
level or drawdown, . ' F -
1.4 = STATEMENT OF PROBLEM TO BE SOLYED -

£
-

[

™ A storage -model for multibladed water pumping. windmills
coupled to reciprocating piston pumps wiflwbe'developed for
use od computers. The model will simulate a w1ndm111 that

has already been matched to the given wind reglme ‘and pump.

i3

éﬁ optimal'size d% the storage tank. would be determlned,
at a panticular reliability lewel fd?ba given set_oﬁ.lnput
parame;ers. If the tank.ls too small, it will cost lees but
water will be wasted by overflowlng. On the other hand if.
the tank is too large, céﬁg§%ueglon costs w1ll be exce551ve-

ly expen51ve.



1.5 QUTLINE OF THESIS

- Ty . T :
~Chapter II. deals with the ' literature review of WECS with

emphasis‘on water pumping windmills. Variouys input data and

parameters are discussed. References are made,to the work

of other researchers. -

In Chaptér 111, - the equations wused to deVelop the.
-, WINDPUMP storage model “are presented. All the ihput“daﬁa

and parameters reguired are-ciearly statea. This storage

modélfis based on Rippi's_:method and the behaviour analysis

of McMahon and.Mgfn'[33].

e_metéorblogical'data used to test the storage model are

discussed in Chapter IV. Methods useg to Caiculétélthé.ré€

_-quifediparameters as well as the results of the tﬁfee‘yind

speed distributions cohsiddfed are presented.' Testing of
. . !

!

the WINDPUMP storage model is done in this chapter. Values

of all the input data and parameters used in the computa-

tions are indicated. Results are either tabulated and/or
graphically presented. Results of sensitiviﬁy analyses on -
some input parameters are discussed. o e

-

-, Chapter V contains the discussions and ‘conclusion of the

work done, .including the list of fu:ther'wofk that might be

conducted in this field. -

-

a
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Chapter I1I

LITERATURE REVIEW

2.1  WINDMILL CHARACTERISTICS .

2.1.1 Types of WECS

The most common WECS are cla551£1ed according to their
.axis of: rdtatlon relatlve to the wlnd dlrectlon. Cheremlsl-
noff [7] listed the major categorles of WECS as follows:,
I Horlzontal—ax1s QThd turbine (HAWT)ﬁ
'7:2; 'Crose—ﬁind horizontal-axrs rotors.
3,_ VertiCalrakis wind turbine.(VAWT)
4, e,Thermoelectrlc type machines.

Loa

5. Translational wind machines."

HAWT. and‘VAﬁT are the ﬁost"common ones in use, and both .
types’ of machlnes are used for water pumplng Howeter, Bur-
ton and Pinilla 5] p01nted out’ that wlndmllls of hlgh sol-
1d1ty are usually used for water pumprng The HAWT machines
are further cla551f1ed as 51ngle bladed, double bladed tri—'
| ple- bladed or mult1 bladed rotors (pp. 59-60 of - [7] and PP,
66-67 of [4]) | Bragg [4] stated that the fundamental advan- .
tage of a VAWT is ‘that the usual vertlcal axis’ dev1ce is 1n—‘
dependent_of the w1hd dlrect}on; therefore, the&w1ndm111;
dpealnot need_tO‘be_oriented‘into thé wind stream.

- -

N f
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ieres {ZBITpointed pug that two types of installa-
: nailable:. low-speed wind turbines driving piston
pumps‘andrh%gh—speed_ wind nachines driving helical _of tur-
bine pumps. . Because of the high stafting torque,requifed by
piston pumps, = the most. suitable windmills to use afe the
multibladed windmills. | Multibladed ‘windmills operate effi-
cjentlykat low wind speeds’(p. 151 of [28] and p. 68 of
(41 |

4
- ¥

s

2.7.2 WECS.,Performance

According to Pennell and Miiler [39], tne most commonly

available information'.on wind.turbine performance is the’
steady-state performance characteristics. It gives the re-

1at10nsh1p between the mechanical shaft power and the wind”
speed in a steady homogeneous Elow. .
)

From rotor theory-and experimental observations, Justus

[24] and Koeppl [26] stated that the coefficient of perform-

ance (power'coefficient) C, . depends only upon the tip-
égeed ratio (TSR) and the blade pltch angle. " Pennell and
M111er'[39] ‘added that G, is also a functlon of blade air-
f01l shape - and blade angle of attack. . )

: : i ;

However, - Cﬁ can be expressed as a function of wind speed

only, as suggested by Pennell and Miller (39]. Jus%us et

al. [22] and Justus and’ Mikhail [23] developed Cp models for

constant and var1able speed machlnes.



 tical analysis of wind pumps operating in low  to moderate

. v '

" The- preceding Cp models were developed for ‘high-speed

wind turbines having cut-in, rated and cut-out wind'speeds.

AMultibladed windmills are not high—speed‘windmills;u conse-

/\/:EEEntlyﬁ the models are ndt applicaole for these types of

machineq.

Carothers and -Bragg [6] Lysen [31] and Wyatt and Hodgkin

..M
I53] developed performance output models for multibladed

w1ndm11151u51ng the'average load torques ‘of the pump.and

windmill. A linear relationship between the torque coeff1~

LF

‘c1ent Cqr and TSR is assumed However, the startlng condi-
_t10ns of Ahe w1ndm111 cannot be predicted with this assump-
“tion because the -linear relationship ig not valid for low

values of TSR.

Carothers and Bragg [6] tested their model using statis-

wind regimes They compared the predicted reéults with field.
measurements taken at a 51te in the Sahellan reglon of N1ger'

and ‘found reasonable agreement ' Wyatt and.Hodgk1n [53]
Y

tested their model by comparing'the predicted'results to -
field test results for a Démpster windmill installed in Hon-
duras and found good agreement.

~ Other researchers (Burton and Pxnllla [5], Pallabazzer'

"k

-.'[37] ana Pinilla et al. [40]) assumed a parabolic relation-

shxp between Cp and TSR

£
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2.2  WELD, CHARACTERISTICS ¥

.-'F

-..p. . . _. e ) 12

=

In order to investigate the groundw%ter potential,’ a se-

. - ' - [y . A
ries of pumping tests have to ‘be done. Pumpifg tests are .

" normally carried out to determine the aguifer properties’

namely, permeability, coeffieient of transmissibility angd

coefficient of storage._ _ | | | 3

P\(L_/ -

-y S
If the aqu1fer proﬁéRfles are already known,' it may- not

be necessary to perform ang pumping tests 1in order to- deter—'

mine the relationship between dlscharge 'and' drawdown.

"McWhorter and Sunada [34] and ref. [19] have plotted the .re-

lationship betweén the percent of maximum yield and the.pe?sﬁ’
cent of maximum drawdown for water- table well in a homogene;
ous unconf;ned aqu1fer The precedlng situation is only
valld for an unconflhed aqulfer. However, there are other
types of aqu1fers that may ~be encountered

2.2.1 Theis Solution N o 'Q

N
The Theis - formula for a non-equilibrium well is widely"

-used in aquifer_analeis. The assumptions used to derive the

®

. C T . ; : ped
Theis formula aré summarized in- [19] as follows:

1. The water-bearing formation is uniform in character

with qual permeability in both horizontal and verti-. .

cal direct'ions.

>
e

2. The formation has uniform ﬁhickness.f“

3. Thé‘ﬁormation has infinite afeal extent. s

b
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The formation receives no.recharge from any. source.

=

5. The pumped well oenntrates and refeives water fron
the full thickness of. the water- bearlng formation.

6.  The water removed from storage is discharged 1nstan-
Eaneously Eith ldwering of the héadr

ot

The Theis solution not,oniy predicts the drawdown in re-
sponse ti

;\f

zero to'QPat time"t,"but it can be used to predict'theﬁdraw—

”a_step change in pumping rate from.zero at time
g .
down due ' to varlable and 1nterm1ttent operatzon of wells,
E \////'"\QfWhorter and Sunada [34] pointed out that the incremental
L o . : ' I"\L .
response to a change in pumping rate is ‘independent of the

previous hlstory -of dlscharge and that the computation is

equally valld for a reduction in discharge.

0 2.2.2 Jacob Solution

. The total drawdown is considered by Raghunath [43] to be

made up of:

-
‘i-

l. Hedd loss regult;ng from laminar flow in. the forma-

Ction (formation loss).

T - 2. Head loss resultlng from the turbulent flow in the
ione close to the well face. 'wt“m_ |
3. Head loss through‘the well screen.’ h

. . : ’ . >
4, Head loss in the well casing. |

Jacob [17] expressed the well d"awdown, S, 1in terms of the
formatlon loss coefficient, B, and the well loSs coeffi-

gzent, Cy, as:



1 4

o

sy.= B1Q + ;0% o L (2.1

wher% Q = d1 scharge E

Wlth the values.of By and - Cy ‘known, the complete zelation-

ship between sw and Q can be determlned

e Ok

From the economic point of view, Raghunath [43] suggested

that three to f1ve different rates or steps, each step ing

of the same 'durat1on, say 60 or 90 ‘minuteégare sufficient

fhr the analysis of wells. From the measured s;, the Sp§

cific drawdown, s.,/Q, can bé elotted against Q. The slope

_Qyéfthe intercept on the s#/Q, axis yields Clwand B, respec-

count the type of aquifer, the effect of boundaries in the’

'solutfon is egually applicable tO'noh-uniferm aquifers.

tively. - : | . S

Jacob [17] pointed out that é; already takes 1into ac-

vicinity'and'the partial penetrdtion -of wells. Thus, the

i,

N2.2.3 Yield of an Aquifer - = B
After constructlng a well, it should be ‘tested for its
yleld and the correspondlng drawdown Raghunath [43] sug-

gested that the well should be pumped et a slightly‘higher

.rate than-the - maximum design pumping rate, though\not too

much as’ thlS may adversely affect the aqu1fer framework.

&

iy

o
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Bear [2] stated that the yiel@l of an aquifer is not nec-

essarily a constant value, It'may vary from time to,time,

T

e 2] . ‘e o 15

depending on the state of the aguifer and also on the hydro- -

“logic constraints 1mposed on 1ts operatlon There are dif-

ferent def1n1t10n5 of the safe yield in the literature, but
Bear [2] defined it as  "the maximum annual w1thdrawal.which

will not produce uridesirable results".

a—

2.3 - PUMPING PARAMETERS. R

The pumping * parameters are con51dered to pe essentlally

R

the static height to which the water has-to be raised and

the lengths,  diameters and the absolute roughnesses or Haz-

en-Williams coefficients of the pipes. The static height is

‘defined as the distanée from the initial grouﬁdwatet level

Y

‘to the level .in the storage reservoir.

: ervoir, the static height may be constant or variable. The -

| flttlngs,_dlscharge and the type of flu1d

w o : o :

Depehding on the type. of inlet used for the.storage-res-

variability is due to the fluctuating water level in the

d;torage tank.

. The ‘system—head is 'pbtaihed by coﬁbén;;b the ‘statit

helght”'the frlctlon head and the well drawdown Head loss

is a functlon of pipe 51ze, plpe length, number and type of
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2.3%1 Head Loss - - \ -

. . . .
B : | ! - : . -
There are two wwoely used “o:mulae for calculating.the

‘head loss due to pipe fric tlon.

2.3.1.1 ‘Darcy—Weishach Forﬁula{n /
‘ o ’ . . ' (M

Simon [46] considered the Dafcy Welsbach formula as sci-

. entific and more satlsfactory from a conceptual point of

view, - The reason 1s‘thab che frlctlon factor f, was sub- |
. 3\ o
ject to theoretlcal and experlmencal research ', The head
" loss is given ;as a function of: f, . the velocity  head,
A . . _

02/(2g),-the'iength; "L, and internal diaheter,d d, of the .
pipe. ' ‘ ' |

‘:"{

_ The ..rlctlon facto? is dependent upon the " Reynolds ‘nurn+
ber, Re,‘ and the relat1ve roughnessl‘ Moody [351 derived:a
chart for the. determ1nat1on of f for new and clean commer-
cial bipes. Moody 5 dlagram comprlses of four zones

1. JLaminar zone': _ﬁe is less than or equal tO‘ZOobiand7
l varles ;nversely w1th £, _;"". ‘fii | '0
‘2{, Cr1t1cal zone - Rg is between 2000’and 3000 or 4000
: _and f is undeflned in this reglon
131 °Complete turbulence zone.' on one hand fis only de-
pendentnupon.R-' ~ the smooth pipe zone, and on:the
other" hand f is only dependent upoh the relative

roughness -‘the rough plpe zone.,
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4..'Tran5it10n‘zone- f is dependent upon both R, and the

17

relatlve rouahness.
" 2
2.3.1.2 Hazen-Williams formula

w

Thelcﬁazen-WiIliame fotmula was deriveg”‘empiricaliy
(Daugherty and Franzznl [lO] Hwang [16], Prasuhn [42] and
‘Simon [46L), It was developed for water flows .in pipes with
diameters:gteater than or equal to 5 cm and at veloc1t1°s
less tﬁan.o' egual toh3 m/s;"‘ But Prasunn [42] stated that
it has been well: verlfled over a wide range of pipe sizes,

It ignores the viscpus efiect and this corresponds to the

assumption of fully rough flow g Consequently,‘ the Hazen-

LWllllamS coeff1c1ent - Cyu 15 independent of R*:-v The value

of C ranges from 140 for very smooth and stralght plpe to

.w

90 or 80 for old | unllned turberculated plpe For average

conditioneiithe-value of 100H1s:generally usegd.

'Stteeter and Wylie {48] and Vennardfand Street [521 de-
‘r1Ved a relatlonshlp Detween £ and CHw. For a given C and
4, f decreases w1th 1ncrea51ng MR, Also f is neither
'strongly dependent upon d . nor upon the average velocity.

Streeter’ and Wylle [481 concluded thaw'the"two equations:

e

fDarcy ~Weisbach’ and. Hazen Wllllams used for calculatlon .of

'losses in a pipeline can be seen to be 51gn1f1cantly dlffer-.

i‘ent, addlng that the Darcy Wweisbach equatLon 1s probably

‘more ratzonally based than other emplrlcal exponentlal for-

mulat1ons and has recelved wide adceptance."



2.3.2 Minor;Losseé'
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e
Unlike the friction losses, “minor ldsséﬁ are dui to ex-

pansions, contractions, bends,. valves and any other types of

‘ ‘pipe fittings. The general rule is that if L/d is‘grfhter

_than‘df'equal'to 1000, then minor losses should be ignored.

However, Streeter ahd Wylie [48] suggested that minor losses

—

can be included if expressed as équivalent‘piﬁé‘lengths.

2.353 Aging of Pipes

.o [
As stated previosly, the,MOody‘diagram.was developed for

~‘new, -clean pipes. ‘A pipe deteriorates with age Hue to the

» &

growth of the roughhessuelement. i Dake [9], Moody (35]) ang

Streeter and Wylie [48] concluded that the rate of deterio-

ration depends upon both the pipe ma;erial‘and the fluid be-

-ing conveyed. |

Tar

The ‘absolute rqughness increases linearly with time ac-

cording to Egn. (2.2). Dake [9] stated that the growth,

rate,’ ;, of the pipe roughness element ranges from 0.0254

mm/year for slighf attaék to 0.762 mm/year for severe attack

by ‘domestic water supply.

e = €0 + at B . - _ S {2.2)
wvhere e =. absolute roughness
ey = ihitial absolute roughneéé
time l

~+
n



2.4  PUMP-CHARACTERISTICS

Various -kinds of pumps are useé_ with winémiiis_‘(Bfagg 3
[41): but the kind of pump considefed in thislthésiéfgéfthg
reciprocating pisEoH pump. Bragg fé] pointed out'that.tﬁe
advantage of'the piéton pump is its élow-c}cle raée;ﬁ which

corresponds t6 hthe low rotationall spéed that is ;reqﬁiréa
for ﬁigh-solidity windmills. Iﬁdiviaual ﬁumps.operate ﬁést
efficiently wiﬁhin'a :ang¢ of heads gnd flow rates.. The op-~
éEating'knvelopes for sevérai types. of pumps are ,givéﬁ'in'
Figs. é and 4 o§'[3]. 'Eurthérmore,ﬂBragg and Schmidt (3]
Stated”thaﬁ within each opeféting range, Eﬁgre_is a ‘point at
which‘éll similaf pumps have -a maximum efficiency.

- To select the besp type oftpuﬁp teqﬁireé the determina-
tion of the specific spéed and Lthe specific diameter of the
pump.. Ailhthe_éa}ameters that appeér in;5oth fh; Spécific

‘ speed and the'specific.diameter  equations are measﬁred-ét,

the most efficient operating point bi‘the.;pump. : HoweVer;f

Bragg and Schmidt [3] pointéé out:'thétithe concepts .of spéf ='

cific speed and specific diameter are not so versatile.for
windmill design.

W -

g
ha




. ._ A. T o . ) ) | -' -' -- . 20

2.5 WIND CHARACTERISTICS

L]

2.5.1  Speed Dufation and Frequency Curves

The‘speedaduration.curve-givee the time during which the
:wlﬂd speed exceeds a given value, while the speed-frequency "
curve glves the t1me during which the w1nd speed falls with-

in a partlcular wind speed 1nterval

P
Apart.“ﬁrom yearly ‘wind speed duratlon and frequency
'curves,‘umonthly and dally curves can be constructedjfrom
R moubhly'and daily wind data respectiuely; ~i'The fregquency .
f“curve is used to calculate the'energy output of a windmill
'by mu1t1ply1ng the tlme‘;n each 1nterval with the power out—_-*e
u_put Fha? the w1ndm;11 generates at that §1nd speed~1nterval

“(chapter 9 of [311).

'2§5l2- ‘§tatistical Distribution

\

" .In most instances the actual_ wind speed data are not

‘Qavailable, and statistical distributidns are ‘used to geher—
ate the curves. The Welbull and Raylelgh dlstr1but10n5 are

‘the most common d15tr1but1ons used n w1nd power evalua—

tions. The WEIbUll d1str1but10nsls a two= parameter d1str1—

°but10n whlle the Rayle1gh dlstrlbutlon 1s a 51ngle parameter

d1str1but10n.

"Justus- [24] preferred -to use the Weibull . distribution
L o { e . .
~ with the United 'States National Weather Service_ .wind data.

: R .
J e . o ‘ T

- . . e
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Cliff [8] recommended the use of Rayleigh .distribution with

"average wind -’ speed greater than or egual to 5 m/s. Park

[38] added that- with wind speed below 5 m/s, the Rayleigh

distribution has.low reliability. ’ .

Hennessey [15] compared theé Weibull and Rayleigh distri-
butions using the Natienal A€ronautics and Space Admihistrae7
tion‘(NASA) ‘100 kW and the General Electric (GE) . 1500 kW
aerogenerators. = He found thet if the‘aberage.wind speed is
less than about 8 m/s in the Case of the NASA 100 kW or less
than about'lo m/s in‘the cese'?of the GE iSOO kﬁ,: the error
in us1ng the Raylelgh dlstrlbutlon w1ll ‘be less‘than 10%-of

the full rated power den51ty level

Before the Weibull dlstrlbutlon can be used two parame~
ters - the shape and scale parameters ‘must be known f-These
two parameters are normally estlmated from dctual w1nd speed

data. Stevens and Smulders [47] presented flve dlfferent'

‘methods of estimating these parameters and recommended only

two fot wihd'-Qpergy'evaluétioq.studies. Jpstus L24] gave

six methods, and his Table 4—2Seeh7be used to find these pa-

rameters if only the averaép wlnd speed and the variance are

"‘known._ ' . o N . " .l_

: . . .
) . - \ - . .

Jc-\\. - - l ’ + i .'
. From the study of w1nd'speed\gea£#;D'm level af 140 sites

LAy et e

- 'across the continental United'StateSQ‘ Justus [24] 'gave the

“

..reference distribution statisti;s.fpr the shape parameter,

k, for average variance, high (9Q:percentile) and low (10

v c . ' @ - ‘o
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percentile) wvariance "in terms .of the" average wind speed"

(Egn. (2.3)).
1.05/V 1ow-vafianée
k =‘0.94{V ; average variance o : o ﬁ2:3)

‘high variance

-

0.73/V

where V = average .wind speed in m/s

o

2.6

STORAGE RESERVOIR. . . - -
2.6.1 Demand =~ - 7.
Therdesign_capacity of a storage reservoir. is determined
~if the éstimatéd_demand which'will' be plaééd upon the stor- .
age. is known. " Linsley and Franzini [29] have discussed_the7_
B . . K

various methods of estimatiné the deménd.“

"Thg rate of water usage yﬁrieS'ffrom ciéy tsgéiﬁy‘dependw
'ing orn' the water=chafé¢teris€ics'of‘the citf. Typ&cal water
demand in the deveidp}ng an&‘industrialized countries aver-
ages'ébout 30 and 500 litres/%ép;ta/day rééﬁeét;Qe{}...

Because of the hourly, daii} andﬁseasonal'flUctuationé in
the rate of water usage, ‘it becdmes necessary to prbvide a
storage facility'to store the thé-unused water_dufing low

demand periods-ﬁor us2 during peak demand periods.

_ The term "demand” is.considered by McMahon and Méin [331 -
‘ o.méan.the séme as the yield]'releasé, draft, outflow and.
regulation.. Demand is often. expressed as a percentage of.

PR
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" the aVerage inflon'(KIemes [25] and McMahon and Meln [33])
and rarely exceeds 90% (p. 15.of.f3§]) with a well de51gned-

system.

-+

Demands are controlled in varibus ways known as release
- dr operating rules. Uniform

_or constant demand represents N
w the srhplest release'rule..

In this case, McMahon and Meln

[33] c0451dered all the water demanded to be supplled and .

the;demand,1s*1ndependent'of the reservoir content and:s%a—
_ o . o . . .

son. '

2.6.2

Reservoir Reliability L

L

L1nsley and Fran21n1 [29] deflned reservoir reiiahility

L as the probablllty that it wlll dellver the expected demand
. '

S . throughout its 11fet1me WlthOUt 1ncurr1ng a def1c1ency. The
i T
' S llfetlme is usually taken as the economlc llfe

Three dlfferent rellabllltles commonly

I

used in teservoir

4

analyses are:

1. Occurrence-based reliability, R,
. 2. Quantity (volume)cbasedyreliability, Rq.
';' ) . . . 3. Time-based reliability, R;

‘.RO = _1_-— '_Tn/Tm

: o . (2.4)
Ry = 1 - IAW/(TD, ) (2.5)
CRe= 1 - Lat/T

(2.6}

- \) .



- where D; = demand at 'period t

g \\

T = total-tjme period. -_ Lo
. Tm =-totalrnnmher of.years
H - _ :
" T, = number of failure years
- Aty = duration of a 51ngle failure period
AW = guantity of water not dellvered dur1ng a_

51ngle fallure period.

t

"Klemes [25] stated that in general R, < R, < Rd'and only if

there are large seasonal fluotuat1ons .in demand may it hap- -

pén that Rt”>qu.‘-HoweﬁFr,'if the value of one of the reli-
abilities is 100%, then all three will be equal to 100%.

-

L1nsley and Fra21n1 [29]" stated that rellab111ty analyses

are used to compare the COoSsts of achlevlng various levels of

rellablllty and to determlne if an 1ncrease in reliability

is necessary.

2.6.3 Storage-;guatlon' ] : - -

Klemes [25] outllned the procedures to follow 'in order to

' flnd the relatlonshlp between reservo1r storage; demand and

i

,_rellablllty The determ1nat1on of the storage for a glven-
-draft and 100% rellablllty represents the 51mplest case, and_

the storage is found " using the mass or the . res;dual mass.

‘curve technique. Fiering [13], Klemes [25] and Loucks et

l.'o[30] stated that the solution exlsts 1f the draft ﬁs

less. than or equal to the average 1nflow o : k: '

5] E . . o ‘ 24 ) l
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Other cases involving the determination of reliability,
i <

storage or demand (at different teliability levels) are

-

solved using an iterative procedure. Behaviour or'simula-

- 5 B . - .
~tion analysis used by McMahon and*Mein [33] can be applied

to determine the reliability at a choSeg.demand‘gevel.

5

With the mass curve mathod,_alsb called the "seguent peak

procedure”™, §t is assumed that the reservoir 1is initially

_ fu11ué§g/;haE the_data are fepresentative~of ﬁuthre inflows.

Furthermore, Fiering [13] stated that the solution reguires

~only two cycles.  However, . Potter [41] introduced a method,

in which the-two—cyéleﬁresults can be obtained from gne cy-

‘cle only:



a

"a given'wind speed.

’llablllty of operat1on. oo

® .

by

Chapter 111

} EQUATIONS USED TO DEVELOP THE WIND PUMP STORAGE
: MODEL

] o

tL

3.1 APPROACH - ‘ - ;;J,

The basic approach is to generate a pumping curve .and in-

_tegrate this curve with the  wind histogram*to “compute the

total water pumped over the period of the histogram. The

pumplng curve glves the relatlonshlp between the 1nstantane--

%
ous dlscharge and the wind speed.The wind hlstogranacan be an

: actual or statxstlcally derived hlstogram, and . gives the rer

1ationship-between‘the:amdhnt of time that the wind blows at

, S
With the given.demehd'level (less than or egual to the
average inflow), theﬂstqrage—yield.functidns are computed
d : e 2 . ; ‘

fer different levels of reliebiiity. These functions Een

then be used to size a reservoir for a given demand and re-

»
[
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3.2 PUMPING CURVE

ga

By equating the.averaggﬁlbad:torqueqaue to pumping to the
torque provxded by the WIndmlll ~ the wiud speed can be cél—
culated for a given dlscharge From the literature review,
torques are normally used :for: hatthing'windmills {ith reci-
prdcating piston pumps (Bragg and Schmidt [3], Cargthers and
Bragg [61, Lysen [31] and Wyatt and Hodgkln [53]) Torque

and power are related as given in Egn. (3 1):
Power = Torque x Ro}ational speed - - (3.1) .

Carothers: and Bragg [6] and Wyatt and Hodgkin- [531 found .

that when the windmill is runnlng, the average rotdt-output

torque eguals the average pump torque : But, the start up

performance of. the windmill can only be descrlbed by the

starting or peak load torqué.

3.2.1  Total Dynamic Head

. .The total dynamic head, H, is considered by Le Gourieres
(28] to be made_up‘bf the well drawdown, Sy, - the static
' ) L + ) . ' .
height, hgs, and theé head loss, h;, according to Eqn. (3.2).

o

H='s_+hg+hy | . (3.2)

W
The Darc¢y-Weisbach or Hazen-Williams egquation can be Speci-
fied for the head loss calculation, given the pipe parame-

‘ters; IR _ : " ST
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3.2.1.1 ‘Daf;y*Wéﬁsbach Equat%on
-~

The Darcy-Weisbach equation is expressed as:

"
v

‘where d finternal pipe diameter

'f - “ f friction factor

.g =-gravitational acceleration °

L

]

pipe length - o N
The friction factor is calculated from the following
lae depeﬁding on the type of flow:

2

. sl. Laminar flow, R, £ 2000:

»

f = 64/R,

2. smooth pipe flow, 3000 < R, < 100000:

Wt . . rs
7
£.= 0.316/R0° %

3. The'transifion zone:

1//f = -2.0 logle/(3.7d)+2451/ (R, /£)]

[

1

where* Re = vd/v

LR

' : . & = -absolute. roughness
Re = Reynolds number
v = average velocity in pipe

- -

o, = dénsity bf,wgtér e

. . - . a ' . ‘ ' ’ "ﬁ
. u = coefficient of viscosity of water

i

{3.3)

formu-

v =u/p,, kinematic viscosity of water *

Q
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©3.2.1.2 Hazen-Williams Equation -

' L . o . .. g

\ -

» -

Jain le}\;ohéIUQéd ﬁhat Egn. (3.6) 1is valid for all.three

- zones of‘tdtbuleht.ﬁlbw; For véry large values. of R,, Ean.

(3.6) reduces to Eqn. (3.8) and fgr smooth pipes, Jain [18].

suggested that if e is assumed fbrbe zero, ,thenﬁﬁqn.‘ (3.6)

will ;educé to Egn. (3.9). - 7 : -
1/t =-2.0 logle/d) + 1.14 - . | (3.8)
1/Vf = 2.0 log(R,VE) - 0.8 - o (3.9)

-Streetep and Wylie (48] .represented the Hazen-Williams :

-

eguation-in the followiné empirical form:

N

hy/L = RQ“/&™ - . (3.10)

€.

\.' - I3 : ' a ’ ’ i - :" a » . . I [
R 1s defined as a resistance coefficient and it is consid-

ered to be a function of pipe roughness only. ' For water at

ordinary.temperatures, R is given in [48] as:
n T 3 :

R = 10'675/CHW (3.11)

where C,, ‘= Hazen-Williams coefficient

n and m are 1.852 and 4.8704 respecively

C3.2.2 Wind Power

, .The'power available in the:wind, P,, |is calculated”from

Egn. (3.12) which is knowﬁ;as'the fgube‘law?..
B, = (¥/2)p, AV’ (3.12)
s



N

"rotor area

where A

It

\ wind ‘speed

p

a = density of air

Some of the power'avaiiable in thé wind is lost because of
. . - ' . . kel

conversion efficiency, and the extractable (shaft) ‘power,

Pe, is gi&en as:
Pe = (1/2)0,aC, o . (3.13)

- where C, = power coefficient o = -
| > e — .

‘The average tq;qUe‘p}ovidea by the windmill is given by Egn.’
(3.14), after accounting for the gear ratio and gear effi-
‘ S o _

ciency (Wyatt ahd,Héﬁgkin [53]). For a direct drive system,

-

Gy = ng =.1.0.

1]

Td': (1/2) P AV Z(D/Z)CqGrl;lr_ ' (3.‘14I)>.

I

where D rotor diameter

Cq = torque coefficient

L o _ ‘ .
Gr = gear ratio = o ~
n_ = gear efficiency

/
/

3.2.2.1 Power and'Tc:que'Coefficiéhts"

A parabolic'felationéhip between Cﬁ and TSR ([40]) and a

linear relationship betweeq Cq and TSR ([53]) are assuhgd.

¢ . : : ! s U~
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o _ ' o 2 :
Co = Fpm—gpm[()‘_')‘d)/.("}m‘ld)]', ; A‘qm_s}‘ 5 Am'.ﬁ {3.15)
. l\l & ) . X } . ) . H . \‘ .:"-"
. where "'\‘ v / o
. ‘I N - . . -
Am = VLA (2rg) ] < (3.17)
. -; -—‘ A ‘ " . )‘ )\, 2 ) ‘. . - ". .
Cqm _‘ 2C pm[( in‘—Ad)‘/( m- d)] ) ‘. | (3.18)
“ épm = méX{ﬁum power coefficient - L
Cqm”='magimum torque coefficient .

U = rotor tip-speed’ .
. - . 3 '
AT = U/V, tip-speed ratio (TSR)
A, = design TSR co

Am = maximum JSR

A, = TSR.cortesponding to C,

The 'maximum poueL coeff1c1ent for American multlbladed wind-"

m1lls 'arlgs Erom 0. 30 to 0.35 [38]

- )

3.2.3 - Hydraulic and Mechanical Péwer

‘Egn. (3.19) -gives the hydraulic _power requ1red to llft

'the ‘water through a total dynamlc head H., <

-
T

Py S Y HQ o T (3.9

~where vy, =p,9, specific weight of water



o

J?he power neéaed to drive the
-¢mechanca1 éfficiency,;nm; is
stated that n_ can be - assumed
. erating conditions are known.
& . ' o : . . ‘
. Pn =-'-Ph/nm | o o o (3.20) .
' . 1
“where P, = mechanical power | :
\ . ' - - . o ‘ )
The rate of water pumped 1is directly proportional to the
sﬁroke;rate:and hehcg the rotational speed 'pf'fhe:windmill
{Bragg [4],.Lysen [31] and Wyatt and Hodgkin;[53j),
: e, 0 = n (n/)Dls(a/2m) 3 ' (3.21)
.f“ whefe-.. |
® = 2va/(D6;) 322
. 1Q‘¥'ro£ational speed of pump_shaf? . _' 3 | _
Combining Eqnéé (3{20)._and (3.2i), B, is giveh mby Egn.
(3.23), which.‘is "simillax; to Ecjn. l(3.1). | |
Po=Ta L | S (3.23)
S . Ly
wvhere e s _ _ _
T, = ny Yo SHZ;(S.-;n‘m) - | (3.2%)
| Dp“'= pﬁmp'diamefer‘: |
S ='pump_stroke )
‘f;,%'averagé water load torque -
41 . ”_i ny = volbmétrié effi¢iency ?.. , .

4
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3.3 - WIND HISTOGRAM  ° = X

.Y

S An actual wind histogram or a hlstogram derlved from--the

Weibull or Rayle:gh d15tr1but10n5 can. be entered in the mod-

el. The s1ng*e parameter Raylelgh dlStrlbUtloﬂ 1s the‘sim-
&

' plest case® sznce it requ1res only the average ylnd speed in

order to define the d1str1but10n Accordinb-to Justus [24],h

'the WeibUll and the Raylelgh dustrzbutlons become useful

1f a transfer of measured w1nd data from one site to another,

is requ1red Carothers and Bragg [6] found that a low'Wei—

bull shape faotor is more suitable for low wind speed in the“

‘Sahellan reglon

a

3.3.1 Actual Wind Histogram' °

If historical ‘meteorological data -are not available or

;nsuff1c1ent - the actual wind speed frequency d15tr1but1ons
'can be derlved fron w1nd speed measurements, usually at the'

same locatlon and height that'the @Wlndmlll w1ll be 'ih-

stalled, - | ’ . K .f\'

.Measurfng-the actual wind-speed 15 normally done w1th an

_anemometer. Golden [14] and Park [38] have descrlbed a . num-

ber of”ways of taking .the requ1red_read1ngs’and?how the-data:

can’ be ppoceSSed. What is needed for this thesis is the

rwlnd speed and ‘the correspondlng time that the wind blows at

that wind- speed o : , ' ,fl- -‘,“
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13.3.2 Weibull-Distribution L o %

-

The probab111ty den51ty functlon (PDF) and the cumulatlveﬁ‘

dlstrlbutlon function (CDF) are glven reééectlvely es;_:‘”

p(VIAV = (k/c)(V/c)k‘ exp [-(v/c)¥ ]A/ L 3.25)
CEW) =1 - exp [AV/©) ¥ k50, vs0, 1.0 . (3.26).
where c = scale’ parameter o e

o = wind speed’ 1nterva1 L
. f(Vj = cumulat1ve‘dlstrtbut10u-:» . ‘
k - -f Shape factor L e T

p(V) ' probablllty den51ty

iForuk greater,than 1.0, p(V) becomes zero at  zero wind

'cut in w1nd speed.

[

% _speed, and théff (3 25) and (3.26) cannot flt a wind speede

- frequency curve at Zero, wlnd speed because the frequency ofﬁ

calms is always greater thanazero (Johnson [20]) ‘ However,-;

" Johnson [20] p01nted out that th1s~ ig” not a ser1ous problemﬁ

because the output of - a w1ndm1ll would be zero below the‘_}

e

3.3.3 _Rayleigh D'i.str'i'bu__tioh

Le
~

" The PDF. and the CDF are glven by. Eqns. {3.27) aﬁd'(BﬁZB)”

respect1vely
B(VIAV = (n /2)(V/F°) exp [-(z/8)(v/T)?Jav ~ “ | (3_.‘2_7-')'. L
EV) = 1 - exp [-(o/0) (W/B21 | @ (3.28)

a5
RS
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| Cl1f£ [8] derived a generallzed wlnd characteristrcs using

- -

Raylelgh d15tr1but1on and 1nvestlgated their effect on w1nd
turbine output The percent_ down time’ and the percent time

T running at rated wind speed)here included in the analyses,

3.3.4 Period of Wind Histogram

Because of the execution time and the availability -of

data and memorYWSQace,. daily and monthly wind histograms .

: " Lo . e ' —_
were used .in Ehls thesis 1nstead of the hourly hlstograms.

»

Wlth hxgh speed\and large memory malnframe computers, this

i
may not present a problem, but memory llmltatlons may be .en-

l'\

R
countered Wlth micro- computers. ) Yearly wind hlstograms do
not prov1de any detail on the seasonal _varlatlons and they

are mostly usgdeto obtain an estlmate of - the yearly outout

of a wlndmlll operatlng in a glven w1nd regime,

HourIy or daily wind speed histograms can be t¥fansformed

v

to give monthly histogréms-with a computer progrem." The

" storage model developed in this thesis does not handle this
¢ transformation because various. methods and/or devices are

- " available to handle and store wind speed data.

‘Klemes [25] and Kuiper [27] defined'the average month as
I ' equal to 30.5 days. Because of computatlonal reasons, all

months of‘@he year are assumed to be equal to 30 days.
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3.4 VOLUME OF WATER PUMPED - ‘

"By eqdating the average load totque‘due,te pﬁmping te the

-térque provided by the windmill, the windtspeed can be cal-

culated for eagh;éﬁécﬁarge; The‘ discharge is assumed to be

instantaneous. .The volume is calculated from the product of

‘,the dischérge‘and the time at each wind speed in the given

~

'L'w1nd reglme ([49],.vol 11, p. A61).

leur im@ortant“characteristic-wind' speeds that should be
considereaf'yhen1Carrying out this piece-wise integration
methed;'are given in-[49]; (vol I; p- 5)_aéﬁfollows:

t 1. The cut-in wind{gpeed‘ whenfthe,‘hinémill‘ﬁegins to

o produde pewer. | |

2. The'dééign ﬁind speed when the windmill ‘reaches ité

max1mum eff1c1ency

: umakimum“power.

4.”3The furling (cut-out). wlnd speed when the wlndmlll is.

‘shut off to prevent damage at hlgh wlnd speed

Below the cut in. and above the cut=-out w1nd speeds, the out-

'put is zero.,

3
! -

Varlable speed w1ndm1lls allow the output and the ;otaf7

tlonal speed to vary with the wind speed unlike constaht~f

speed machines. The advantage of the Vaciable4speea'wind—

mills is given in [12] .as being méfe-efficient_ at higher

wind speed because it can maintain a favourable TSR through--

oo Py

’Bfl The’ rated w1pd speed when the w1ndm111 pfpduces its



out the entire range of wind speed, thus following Eqn. .
(3.12) much more closely than in the case with constant-
Spéed machines. . o . e

3.5 STORAGE CALCULATIONS _ -

c-

The purpose of a storage resefvolr as outlined by Rlppl‘.
[45] is to equallze the fluctuatlons of supply and demandl
dufiﬁg;an 1nf1n1tely long perlodrof time. Various methods-
of stozage calculatlons have b:én 1nvest1gated by different
researchers ([21] [36] and [44]) The methods used in ‘this

the31s are Rippl's method and the behaviéur analysis' of

McMahon and Mein.

3.5.1 Rippl or Mass Curve Method

‘Accofdiﬁg‘to Rippl‘[45], flrst thellnflow to the - reser-
voir and the outflow from the reservoir are estimated fo:_
'supcegglve equal periods of time (usually one month for
'stfeamflow‘analyges) and for'tﬁefﬁhole period of fime to be
cOnsidered Almass curve can be constrﬁcted using the proce- 
~dure given by McMahon and Méin {33]: . ‘
1;'°P10t the cumulatlve 1nflow'versus tlme
271 Superimpose on' tﬁe.mass curve the cumulatiVeudraﬁt

- line for the reservoir such'that it is;tangentiai‘to

each peak of the mass inflow curve. - s

o
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3.5.2 ,Se%gen-t Peak Procedure ‘ -

The sequent peak‘ procedure is a modlfled version of the -

curve and the cumulatlve draft line.

The major advantages are that the procedure is. S1mp1e and it

is easily understood The storage calculated by th1s methodr'.

is at a 100% rel:ablllty level,

mass curve teennique. Loucks et al. [30] glve the foliowlng
algorichm: ga.
1. Let S& be the storage capacity required at the begin-
ning of periodmt;.
- 2. Let &%}ﬂmbe the storage capacitf:required at the be-
ginnihg of period t+l. |
3. Let D be the requ1red constant release in perlod L.

4. Let Q . be the 1nflow in period £,

5. ‘Byrsettlng‘the 1n1t1a1.storage,‘S0 = 0.0, the proces

dure involves calculating St;l osing Egn. (3.29)fcon—w7_ﬁ_“

e secutively for 'up to twice the total length. of re-

cord.
6. The maximum of all Se, is the required storage ca-

pacity for the. specified releases, D .
Ses1 /BT = D - Q. * S¢/0t 3 Sp4q 2 0.0 . - (3.29)

where st = duration of a-single time period

3. -Measure the largest intercept between the mass inflow

Ya



39

0 3.5.3 . Behaviour or Simulation Analysis

Since th; m‘a:ss.‘ curV’e-ahd' tﬁe seque;'xt pe_a}; procedures can .
not Eé used"to cémpute the éto;age size for a-gi?en ﬁrob-
ability of fa::.'lure,, . the .. simulafion analysis 1is w‘ad'opted.

"ﬁcﬁahon and Mein [33] give the steps in cbnStructing a be-
haviour diagram as follows:

I. Arbitrarily choosé a reservoir of capééity,‘ C, and

assume that it isfiﬁifiﬁlly fuil, that is, S, = C.

2. Apply Eqn. (3.30] period by period for the whole

record, Dg,béing assumed to'bg ;ohstant. '

3.. Compute the probability of failure using Eqn. (3.31)

by dividing the total'time,-zﬁtf for'whicﬁ the reser-
i ,. voir is empty by the total fime, T. |
4. 1If fhe probabilitfﬁof féilufe'is unaépeptable, choose .

a new value 6f C and repeat the steps.

)

Spap/8E =S /Bt + Qe - Dy ; 0ss4; SC 0 (3.30)
Prob = IAtg/T o ‘ “3.31) -
- Rel = 1 -.Prob - . - . (3.32)
where Prob = probability o
- ' -"Rel =

reliability .

Instead of- computing'“the 'probabiiity of failure, Egn.
(3.32) is ‘'used- to compute the reservoir reliability. ;Dif?
ferent ;evgls of time-based reliability considered are 80.0, .

85.0,'90.9, 95.0.and 100.0%. 1In caculatingiﬁhe storages, .

v
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"
-

3 the reliabilities were determined to one percentage differ-

ence, o _ _ - .

,ﬁaily, moﬁthly or yearly time peridds‘caﬂ'bé used for be;'
_‘haviour_storage-calculations. From tha'literature review,
monthly time iﬁfervais are recommended fdf behaviour storagé'

- .calculations: ([21],1 [32], [33] and [;5]) for river flows.
Aceordingrto.féf. [21], the édvantagé bf using'the monthly
:bghavioﬁral storage is that it naturally takes into,account:

the effects of_mohthly serial correlation and seasonality.

I TE

S

>
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\ Chapter IVe
' |
- SIMULATON MODEL AND RESULTS R

A;coﬁputer program wae'written in FORTRAN IV and operated
with «the UniQersity of Ottawa's Amdahl 470/v8 VS/FORTRAN
Veompiier, which-is eqdipped with an IBM VM/SP-R3 operating
systém, using.the Conversational Monitor System (CMS). In
order to invoke FORTRAN, the LANGLVL(GS) .option was used;
The flowchart and a complete listihg.of‘the coﬁputer program;

are given'in appendices A and B respectively.

5 - - . »

BASIC CONSIDERATION

In_developfng the storage’ model, the fpilbwiné:points‘
were con51dered | ) d
di;' The model should be 51mple, o keeping in mihdlthat‘it
| can be used by a maximum number‘of people |
2. The model is wr1tten so that it can be ea51ly updated
o and modified. Different subroutines are included to
handle dlffereht phases of the.computatidns'
3. For convenience, the model 1s developed 1n such a way
’ that once the requ1red data are entered in the cor-
rect’ format_ _the computations proceed 4to the edd

= w1thout any 1nterrupt10n. - -
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4. All input parameters .are in SI units except the de-' " GF—
mand (m3/day)’, and the time (hours) during which the ™'

gind'speéd'blbws.at.a pértiéuia: wind: speed .interval.

In developing-this model,jthe ppmp‘rod and:ineftiaulqads,
and the wiﬁd directioqs were,not‘considered: ‘therefore, the
model méy”tendrt6 §veréstimaté tﬁé Qﬁndmfllboﬁtpﬁt. ‘Lysen
{31] hé§;pointéd Aout that in practice the‘ windmill is sub-
jeéted ;6 both varying'wind.speeds and wind directions,"réj
sulﬁing‘in lowet:outppts. He also noﬁedtthat both the in;
stantaneouleiﬁd‘ spegg‘énd QuEput are not well correlated

-

because of the inertia of the system. Therefore, during a
short incfease in wind speed, the output is still low, ‘but

when thel.ﬁind is already slowing down,~ the' windmill has

. . . oo | .
gained momentum and produces more output, even when the %ind

speed at that same moment is low. This.creates a.hyéte:%sis,:

and

; v , _ S \
Oldenkamp [51]). ‘ ‘ : R

'.;wyatt and Hodgkin [53] incorporated the hysteresis region

region in the lower end of the pumping curve (van Meel

in their model by estimating the probability that the wind-
mill will continue to run down to a minimum wind speed, but

will require a higher wind 'speed to start. The hysteresis’ o
region is neglected in this research work in order to com-

R . 3 ‘
pensate for the overestimate of output.
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is situated at latitude 45% 19' and longitude 75° 40'.
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4.2 METEOROLOGICAL DATA . S - ,

\

-.Summary of.h0urly wind\speed-‘daté were obtained from the

Atmospheric Environment Service [1] for Ottawa International

Airport, which is assigned the station number of 6106000, It

-

- The daily record of hourly values yields 24 entries, rep-

resénting the observations taken on the.hou:s 0000-2300 for”

32 years were put on a magnetic tape. - The wind speeds were

recorded in kilometres per hour as integers at a site eleva-

tion of 114 metres above sea level.

4.3 QUALITY OF DATA | A .

- . -

The hlstory of the statlon }s nOt known' regarding instru-
ment cha;ges and statlon relocation during any expansion and
or upgradlng of the alrport for the duratlon that the W1nd
sgeeas were recorded; | However, the recoraﬁwae cheeked\for
missing and estimaﬁeg values,‘e bu® none- were found to be
missing or estimated. This therefore means that'the'etation -
is equipped with coﬁtinUopeifeeefding'anemometers.
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4.4 WIND SPEED AVERAGE VALUES

zero w1nd speed occurred more than once.

b

.Computef Programs were written to analyze the-hourly-w;nd

speed data from the magnetic tape. Parametérs required for¥

the'winﬁ speed distributions were tomputed., -Ail‘ﬁind speed

data were used in the computatlons The-ﬁyerage;wind spéed

A

was caculated using Egn. (4.1).

Vo= _ll/N - S 7'-'?%?f5‘._(§‘l)~

ﬁhere,N =» the total number of wind-speed observations

Vi = the wind speed at i*th;periOd _

Taﬁle 1 gives a:brief summary of the statisticsi of the

data for the 32-year record.

" TABLE 1

Minimum, average and maximum wind speeds in m/s for Ottawa
Internatlonal Alrport 1953-1984

MINIMUM ' AVERAGE . MAXIMUM
0.0, S a0 T L 2807

Observations were taken on the hours. The maximum wind ‘speed

was recorded at 0900 heurs on July 27, 1954. The.minimum of

44



Month—to-month var1at10ns of average wind speeds are

-~

shown 1n Table 2 and plotted i 'Fig. 2. .As it ean.be-seen,
the windy months are between the months of NOvemberjand.May

inclusive.
N TABLE 2
u _ ] ‘ o , o
Monthly average wind speeds in m/s for Ottawa Internatlonal
i ' - '.Airport 1953- 1984_

__.___...-.__—-__—...__..__—___.____._____—..._____—._-—...______-.__..__..___

JAN ‘FEB- 'MAR APR MAY JUN 6 JUL AUG--SEP OCT NOV: DEC

4, 4z '4.42 4,584, 66 4.03 3 63 3.27 3.15 3.54 3.83 4,20 4.29

. ,&““; | |
Pl . . - . -
4.5  THE CANADIAN CLIMATE S o
As‘ shown 1n Table 2 and’ Flg , ‘the windmill nill give a

! greater output between the months of November and May than
‘between the mgnths of’ June and October However, between
.«November and May the temperatures ;sometlmes drops below the
free21ng p01nt and the w1ndm1ll may not be able to operate
efflczently because 'of 1ce build-up on ‘the blades. Also
istorage tank and plpe free21ng due to 1nsuff1c1ent 1nsu1a-
tion of the storage tank and plpes - may prevent the smooth:

et <. B T

flow of water
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4.6 -,COMPARISONS leWIND SPEED:DISTRIBUTIONEI:.

In. determ1n1ng the Welbull parameters Eén? (4'5)' (Eqn.
"(4.45) of [241), was used to determine k. after computlng the5
~average ﬁina, speed and the standard dev1at10n from Egns.

(4.1) and (4.2) respectlvely.  The value of_; yas then cal-
cpla;eé qsing Egn. (4.4), (BEgn. (2.38) of f20])-’ For values
of k eﬁd o outeide theAgiyen ranges, Eqne{: (4.5) and (4.6),_
(Egns. (4.255 and (4:27)'bf_{24]) .were‘used to 501ve‘ior'kf

and c.

K .=.':'J.[z_(vi.—ui?)z/:(N_—'l.)].‘l . o - | f ’_('4'.'-‘2)

Y ke k<10 '.'-.'05(_4‘_.3)

g;j;i;lz v 1.5.sek <3 | h?}4l4)

V/ic = P(l;l/k) | B lN-' ' - Aé{;s)

(0'/‘_”2 = [T (1+2/k)/ rz(_,l'#_l/k)']-_lg . f‘(.4\'6)

where o eletandard c'.ievi‘atien“_“. B | )
T = gamma function: | ‘. | /

Table 3 and Fig. '3 show the monthly var1at10ns of the Wei-

%

~ bull parameters for Ehe 32 years of data‘ Lysen [31] stated

w

that 1if monthly k and c values are requ1red thén the use of

1dentlcal«months of subsequent years Wlll glve more rellable

- . B,

LA results.
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TABLE 3 o .

-

Monthly Welbull parameters for Ottawa Internatlonal Alrport
1953-1984

JAN FEB ~MAR APR MAY JUN JuL  AUG SEP OoCT NOV DEC
k 1.84 1.87 1.85 2.0 1.89 1.85 1.84 }.7¢' 1.82 1.83°1.83 1.79 .
C 4.95 4.94 5.14 5.2 4.51 4.06 3.79 3.53 3.97 4.29 4.70 4.81 -

Table 4 shows the percent of tlme the wlnd blows at the

L giveh'wind speed ranges for _the Ehree- dlfferent dlStrabU‘

\

'ticns'considered in this the51s wh1le Flg 4 dlsplays ‘the -

,‘same 1nformat10n graphlcally ' Wlnd speed 1ntervals of 1 m/s:
were used for all computatlons, and the 1ntervals shown in
Table 4 1were chosen w1th the understandlng that'.the upper
boundary'isﬂexclusivel ' |

-

The'3§—year average values'of k and.c were computed to be
1 87 and 4.49 m/s respectlvely ' These values “were used in

Eqnz (3.25) to deflne tHé W 1bull dlstrlbutlon . The 32ﬁyear

average wind speed of a m/s was .used 1n Eqn. (3{%?)'for_rhe
Raylelgh dlstrlbutlon L (-'2 . c l
It can be seen in F1g 5that winde~berweeh i and ‘5 m/s

are observed more often than wlnds out51de thlS speed range

Graphically, it can.not be determrned 1f.rhe We;bull‘or‘Ray—

leigh distribution closely apprqximate _rhe‘actuaieQistriba—j
;~£ienr* Ain order to determiae thrs:$ the;rbot-mean-squagg

.
[l ' !

__ "._ . ‘k
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- FABLE 4

50

Actual,f'WeibulI\;}B Rayleigh wind speed distributions for’
: Ottawa International Airport, 1953-1984

Mid- Actﬁal
point :
v ;;
(m/s) p(v)  £(V)
8.5  4.28 97 15
9.5 1.22 -98.3?
10.5  0.72 99409
11.5  0.53 99.62°
12,5 0.12 99.76
13,5 0.13  99.89
14.5° 0.049 .99.94
15.5. 0.026 19997

L, 14011

.. 17,091, 38.09
90 55.99

71,28
82.80

190.60

95. 38

" 98.06

99.44

100.09

100.37
100. 48 -
100.52
'100.54

70,005

“Weibull ﬂ?ayleigh
k=1.87 b:q-m/s
-c=4.49‘m/s ..
 pv) £(vE p(v) (V)
. 6.07  6.07 4.85  4.85

26.18 13.19 18.04

18.06 '36.10"

' 18.83 54.93
0 16.35 71.28

.12.23 83.51

8.02 91.53
. 4.65 96.18
2.41 - 98.59

1.11° 9%505

0.46 100.1§
0.17 100.33)

0.0BE‘100;39}

0.02* 100.41.
100.42
0.001 “100.42
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-y

(rms) residual error, e, (Egn. (4.7)) sugqested by Justus et

al, . [221, was uséd_as ar measuré of goodness-of-fit of the

distribution.

R

2' N ' 5 .
B o= igl[ft?(vi)‘fc (‘Vi)]-, : T T ‘ (4.7)
: ] ‘ N . oo
where £ (V;) = calculated probability R
Eolvik = Obsérved prébability
@
From Table 4, _ the ﬁms residual errors were found to bé™

7.4% and 9.7% for the Weﬁbqil aﬁd~Réyleighﬂéiétributions::e;
spectively. Theréfofe, .the Weibull distribution f{ts the _
aétual distribution better,' thap'is,< it produced s@éfler f.
value. | ' |

: For this wind regime, Weibuli distribution should,be:usea_-‘
if'the aétual'distribution is not known and thervalugs.of ko
and c.aré known. Howgﬁer, the Rayleigh distribution can be

‘used if only the average wind speed is known.

4.7 MODEL "TESTING -

4.7.1 Wind Characteristics

o . . B ' "
The model developed 1in this thesis was tested using the
meteorological data of Otlawa_interna;ional Airporf; ;iftwas

T

assumed that the windmill is installed at'thislldcatiOn and

at the same elevation as the anemometer tha; was used to re-.
cord the wind speeds.r If this assumption is not true as re-

gards to the windmill elevation, phe.height1 prbjéctioﬁ of

A}



w1nd speed dlStrlbUthD should be applled ~ This process'is

dealt wlth by Justus {24]

4.7.,2 Well Characteristics

tion, Egn. (2;1),‘was used to predict Q vs. s, curve. The

~constants B; _-'78 éec/m3 and C, = 2340 seCZZm5 were taken
Ffom pp. 178-180 of Raghunath [43] and were assumed to rep-
resent the aquifer propertles at the w1ndm111 1ocat10n o If
the O wvs. -sw characterlstics_ were ainlable from pumping
tests’, they:would have'been-used directl§ without resorting

to mathematicalTEpperimatlon. '

- | W

4.7.3. Winémiil and Pump Characteristics ~

A Dempster windmill [ll] conpled' to a .-reciprocating pis~

tdn pump "having the parameters glven in Table 5 were used 1n

the wind pump storﬁge model " Howd r, “ref. [11] gdia not"“

'glve thE\ values of fE;; and the efficiencies of.- the pump.
Values that. were‘not glven.were taken from Park [38] and
~Wyatt and Hodgkin: [53]. Lysen [31] gave estlmates ‘of the

»_mechan1ca1 eff1c1ency to be between 0.50"and 0. 85

. . . . . ? ‘.‘ ‘. ’ . "‘Q
Due to lack of Q vs. S, data for the site, Jacob's solu-

A
o
¥
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S - “ TABLE 5 o |
”Windmilr‘aha;éumprﬁharéctéfistias,
CWindminy ¢ oL
Type: mulfibladed "" S
Moaei: § 12 f" B |
Diahéter =‘3.# m
e Gear ratio = 3:1
) 4 of blades = 18 _ -
.‘Cut-in speed =.2.2 m/g‘
" Rated speed = 8.5 m/s i
”Cut-out’speed = 22 m/s .
L f%m‘= 0.30; ref. [38] .
Ay &A =1k 2 féspectively;.ref. [53]
n, = 0.90; ref. [53] '
/ ~ Type: piston Hj-”
' Diamete: = 0.10.6 Bl
Stroke = 0.30 m o ‘
n_ &an, = 0.60 & 0.90 respectively: ref. [53]
’ SN
VU e .

4.7.4 _ Other Parameters

"The length lof pipé'used wés' 30 m with a diameter eqhal o

to that.. of the pump. Hazen-Williams coefficient of 100
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. was assumed. 'The%static height of 25 m'was used and the de-"~
mand rates were calculated as a'percentagé~of the avefage"

flow. E

4.8 MODEL RESULTS

For éoﬁparisqn purposes,--difféfépt computer runs’ were
‘made for tHe three wind speed diétribﬁtibns, a;ﬁual, We@bull
and Rayleigh, at 1003 reliability level, using-the daily and.
monthly wind histograms. .Behévibur and sensitivitf analyses
were done using the acfuél ;ind speed “(daily) distributions."

@

4.8.1 Pumping and Power Curves

A

. The pbmpiné.and power characteristics are inde@epdent of
the type of wind’speed distfibutién' used. figs. 5 and 6 )
Show the'pumping and perf ;haracteristics g;r the;wiﬁdmilf
chbsen; Bel@w the cut-in ﬁianspéed of 2.2 m/s and above the
cutfoﬁt wihd sbéed' of 22‘m/s,' the output is zefo. ‘At.the
rated‘windaspéed; thg‘oﬁébut remains‘cqné;agt until the cut-

out speed is.reached.

- -From Dempster‘{llj-data'shéet, the rated 6utput is given-
as 8.1 m/h at 10 m head. This is equivalent to 9 x 1074
m3/s at 25 m head. Compafing this-ﬁalue to the value of 9.33

SN 10 "4 m® /s given by the model, (Fig._S), an error of less

o

-than 4%-isuobtained.

Voo

R
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4.8;2_ ;Voluﬁo of Water Pumped

The hotal volume and Ehé averaée\floy, - using'thgmdaiiy
~and mon;hly‘"hiSfbgrams‘udériued from the h321 yeata (384
‘monthéi of data, _'for. thé th;ee;wino'speéd_aistfibutions
(LQO%‘reliability level) are shoyn in -Tahla 6. It can be
'séén'that the output computed usfhé fhé daily and ﬁonthiy
_w1nd hlstograms are approxxmately the same for this wind re- .

. glme The maxlmum dlfference obtalned was. less than 3%

) TABLE 6 T

.- —

Model output for Oltawa Internat10na1 Aarport 1953-1984

e e R e e e e — e e —— —— - — —

__...___.._-.__.-...._____..____...________-..._........._

| S0 (aly) C(mly) (dly) o (mly) (dly) (mly)
“Total voll. (m )'faozsﬁs 302081 290680 284582 273055 281076
- Mean £low. (m3/d) 25.90. 25.85},t?5;23‘ 24.70 23,70 24,40

‘Using an average wlnd speed of 4 m/s, thé disbhargé-fﬁom':
Fig. 5 would be 2. 74 x 10-4 m3/s, that s, 23, 67 m/d. Thls,.

would glVe a dlfference of less than 3% when compared to the

average flows obtalned u51ng the Raylelgh dlstrlbutlon Thls ‘»“"

close’ correspondence, u51ng only the average w1nd sPeed for-

: calculatlons, occurs only when the w1nd reglme is fa;rly

fal

" uniform in nature.
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‘4.8.3'f Stotage—Y{eld-FunCtions

Figi 7 compares’ the storage yield functlons calculated

o

u51ng the sequent peak method, at 100%. rellablllty level for
the three wind sPeed (dally) dlstrlbutlons.‘ Tbe stotage ca-.
pac1ty ‘increases dramatlcally as the - average ‘flew. istrap-
proached. ‘Kuiper [27fﬁ who did his %tudies"ﬁith reServoire

for large river systems, argued that thlS upper part 'of the

- L

‘curve’ loses some of its meanlng because a full reservoir 1s'

;requ1red‘at the beginning of the period.

-
:

However, in wind pumping sYstems, the. size of the reser-
voir requ1red will. not be as large as that requ1red for %uge
river. flows. In any case, this upper part of the curve con-

firms the fact that if demand. becomes too large and exceeds
A | 5 a . e
. supply, the demand cannot be met no matter how large the

tank may be. ;
| J

_Behaﬁiour'analysis 'was applfed to calculate ithe storage'
requlred for a given demand level for the five. dlfferent re-
' 11ab111ty levels us:ng the actual wznd speed—idally) distri-

butzon The results are shown in Fig. 8. The‘storage‘capac-

1ty requ1red 1ncreases as the rellabllity level inereases

for a given demand’ level; . T



4.9.1 Discussion-

4.9  SENSITIVITY ANALYSES

In order to investigate the effects of some of the input -

: parahetsrs on the model durput sensitivity analysis was -

done-using the actual wind speed (da11y) dlstrzbutzons Pa-

5

"rameters altered were the maxlmum power coeff1c1ent, geat -

ratio;V mechan1cal and volumetrlc ff;czenties of the pump.

The results are shown in F1gs. 9, 10, 11 and 12; jincluding

At{e-values of the parameters altered, < :

=~ Fig. 9 depicts‘§the.bariations of the storagessrequired
for a given demand level'for three values of Cpy ThEVEff

‘fect.of7inp'ﬁm‘and' n, on the storage y1e1d functtqns are

shown in Figs."O 1l and 12.

A . larger storage’ s1ze is requlred as Cop (Flg 9),

(Fig. 'li) and.h (Fig. 12) decreases, 1mp1y1ng that less'ﬁéf

.ter is pumped A change in the gear ratio has a drdmatxc ef;
fect in- the upper part - of fhe curve (Flg 10), because the.

storage decreases.rapldly as the‘gear,rat;o_decreaSes.

Multabladed w1ndm1lls have 1ow"c 'Lvalues- and the Com *

'.value used should not exceed that of the selected w1ndm111

error. Furthe'more, the varlatzons of CP and Cq should fOlT"

X

low the parabollc and 11near relatlonshxps glven by Eqns.

i

62

fotherdlse,~ the calculated values of the storages wlll be.inl--—t'
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-

li.(3415)3'and_ (3;16) respectiyely. ﬁowever, the ceiculated
sterages are not Very.SenSitive-to.chenges intcmn?as evi;
;dehced by the clpéeness 6f7théjeurves:in‘5ig{ 9 fef_this»
. windmill eperating iq_the.givep‘wind feg;ms.. .

“

For a ‘direct dfive'systeﬁ,.Gr_=_lnt=L150,‘and the_sporége
I.size ‘required’deqpeases ih‘the uppef parf of thee cufve{‘
This ﬁheoretéealipesult'is‘ obta1ned because the windmlll :
chosen rotates faster than the operatlng speed of the plston

'pump.- Under-thls condltlon the pump wlllpbefrunnln

same speed as. the w1ndm1ll thus more'watef is‘éésumed“t&rbe

-

_Higher wvalues:- of n.'or nv":i.hdic:ate-.that more water is

pumped. Constant values of the pump s efflClenCLes were asm'

o 0 _-.‘._;_,‘) é 1‘J "\‘_\ f-.-.: .|‘

sumed in developlng ﬁhe stofage model However thrs 1s not
the case for all p0331b1e ranges “of’ operatlon of the pump‘ .

T \\'. .

- S — R ',_ o

because eff1c1ency of\the pump changes as 1eakholes devel-
‘.g B . . -
oped due to wear of Ehe pump cyllnder and plston As the\\g~

'_11fe of the pump 1nc£eabes.‘1ts eff1c1enc1es w111 be re-

duted, . -
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and storage tank are considered.

 givén'demahd level ‘As an example, consider -a ‘community o

. reliability level..

-cause an incorreft parameter may adversel

: ter IV confirm

Chapter VvV

' DISCUSSIONS AND CONCLUSION

5.1  SUMMARY -+ o

A storage model has been.deveioped which is oﬁly iiglica-

. ble for - multibladed water pumping windmills. hay{agICUt-inﬁf

. . oo . . \ |
rated and cut-out wind speeds. Only single windmill, - pump

|
. ]
o o |
i v,
[ “ ‘
. . -,

Given the wind histograms, the windmill and pump ChaFQﬁ'-

!
4

teristics, ,an‘dptimum*storage;siZe can be determined for a
' : ' \
f

500 people.‘~ US1ng an avergégqgratewa_ﬁater‘consumption of

30 litres/capita/day, that is, 15 m?/day,- the design vafue

" -

of the storage size from Fig. 8 would be 400 m? for a 10

'4;ow1edge of the input “Parameters is

overestimate'-the "i‘output resultlng _in
storage calculagions. Thé sens1t1v;ty analyses done In Chapﬂ

his p01nt. It was found that changes in

‘hcﬁmg Gy N and nv affect the Storage sizep w1th~1ncrease'

; -

in w1ndm111 and pump eff1c1enc1es al;owxng the use of a

smaller reserv01r Eor a. glven demand level

LR



5.2 CONCLUSION'

Sities: o L
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o . . . o L o
The ultimate aim of this research work was. to develop a

" model that will compute the wvolume of- tank’ requiredsusing

readily available data from 'meteorological stations and
windmill and pump manufacturers. = A computer1zed wrnd pump

storage model was’ developed whlch has the followxng capabll—

‘1. The model can bé used to de51gn the- reservoir_eize.

F

ing different w1ndm1ll pump cyl1nde

and stroke‘COm-

v . for multlbladed water pumplng w1nd system5 "By try- -

'binations 'an esplmate of the water output can be

found for a chosen static height and dehand’ rate giv-

. en the w1nd reg1me. T

2. R:pplf% met hod _/zﬁd? the behavrour analysis of’

_storage-yield fuctions at . five different reliability
levels. - | -

3. Various optlons are included°

) ?:/‘ . ;. a. : -~

N »
ST

» - 'MacMaho®” and Mein [33] are'_used to calcﬁiare the

-af‘Head loss due —to plpe fr1ct10n <dn - abe calculated”;

3
-

',usxng Darcy We1sbach or Hazen lellams equatlon

f- N rlved d15tr1but1ons only Weibull and Raylexgh

I . 3

d15tr1but1ons are cons&dered

c) Behav1our ana1y51s can be spec1f1ed “Or. not 1f it

C

. b{_us\d speed dlstrlbutlon'(da11y or monthly) can be

T e1ther actual or dér:ved d15tr1butponst.' For de*

i¥ not spec1f1ed only the storages at~l@0% rel:—'y



o

ability'leve; _uiiirbe coﬁputeé for {drfferent.de-

. . . L ._‘. . H o
.mand rates; - . ' . '.\

The model .can be'used to ihvestigate the Sensitivity of-

=)

~Wthe input parameters on the storage 51ze. . By altering the

value of a partlcular parameter its effect can be deter-

mined.

research work, the‘:storage " size ancreaSes ‘as qm PR 1

or

"),,5.3

‘From the sensat1v1ty analyses that were done in thxs

m?*’

nv decreases and decreases as G, decreases.

:FURTHER WORK

* e

‘Other topics of interest have evdlved as a-result bf this

reSearch work.

o

1. /ﬂmhomlll Character1st1cs BN o :,-

'a) While this storage model is only applicable for,

e multlbladed w1ndmllls ‘thé power coefficient mod-

-

els of other types of wihdmills‘could be incorpo-

rated into the model o -f,‘- S

© -

b) The steady.state equ111br1um has been assumed. Dy-

namlc equ111br1um could be '1ncluded v not only ash‘

ap opﬂ1on, but also EQ;&i;mparlson purposes.
Storage Model = fJf"f . o RN T

# R . o
a) Occurrence and volume base& dependabllxtxes ‘have
. [N .

not been compared w:th t1me based dependab111ty

b)~C0nstant demand ;ate,has been used Varlable "de-

mand rate could be cbhsidefed.‘

IR T S -
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-Multiple Cdmpdnents' .

a) This . storage model could be extenoed to accomodate'

multlple W1nomllls, pumps’ and storage tanks '

_Fleld Investlgatlons

a) Slnce thlS model was developed u51ng the theoret1~

B

cal aspects oﬂ the wlndmllls and pumps -fleld
.tests should be conducted w1th_actual operatlng_
Awlndmllls in orderLto check thé“validity of these

ftheoretlcal assumptlons.“'f
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Appéhdix A
“ FLOWCHARTS

' MAIN PROGRAM

INITIALIZE CONSTANTS:
{PI--=3,%415, ° '
G =9.81,

MU, . =.001,
{RHOA=1.225 -
RHOW=1000"

i . . R . : ) v .
E . . - e . .
. - o - - .
. . . . - w - . .
- . . . . PR

|cCOMPUTE KINEMATIC ¥iSCOSITY|

Lt

- gwngE ouT PROGRAM TITLE// l Sl

. |
R S \
] 1 IR LR ’
| vy
- - READ: = A :
o . 7 / PROJECT TI TLE

USER'S NAME,
PROJECT DATE

. .

READ OPTIONS ,
_ HEAD LOSS EQUATION (HEADL)

./ WIND ‘SPEED DISTRIBUTION (DISTRN)

; TYPE OF DISTRIBUTION (TDISTN}, . S
BEHAVIO R/NO BEHAVIOUR ANALYSIS (BEHAVR) ,

. ,- EAD WELL CHARACTERISTICS

- /% OF DATA POINTS (NDATAl)
o™ '_ FLOWS . AND: DRAWDOWNS o

. . |
- 4’ i P ' ° = ﬁ?’ oo
' S
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S .READ PUMP PARAMETERS: L
T MECHANICAL EFFICIENCY (ETAl}, -
"/ VOLUMETRIC EFFICIENCY (ETA2) '

DIAMETER AND STROKE

'

ETA1 AND/OR ETAZ

< 0.0 OR > 1.0

NO

" READ PIPE PARAMETERS:
" [# OF PIPES (NDATA2Y),
LENGTHS, "DAIMETERS,

HAZEN- WILIIAMS COEFFICIENTSV
OR ABSOLUTE ROUGHNESSBS

.
‘ READ WINDMILL CHARACTERISTICS
.DIAMETER, .

‘MAXIMUM POWER COEFFICIENT
CUT-IN WIND ‘SPEED, ' -,,,_-;
RATED SPEED, ;“-g; ST /{/‘

"~ CUT-0UT SPEED ‘
" DESIGN TIP- SPEED RATIO (TSR)
fMAXIMUM TSR,

GEAR RATI@ & 'GEAR EFFICIENCY (GE)




Y

./ FIRST YEAR OF DATA

Y

' READ: —— .
STATIC HEIGHT, VAR
./ DEMAND RATE (DEMAND)

f

74

: ‘ “READ: S
# OF YEARS OF WIND ‘DATA (NYEARS)

: INITI@LIZE‘#'OF TIME UNITS:
N -NT = NYEARS

Sl

“[ARITE. oUT. IDEVTIFICATIONS
PROJECT 'TITLE,
| USER S “NAME,
PROJECT DATE

- ‘ ‘

RITE OUT OPTIONS _
 HEADL, DISTRN, /-
TDISTN, BEHAVR / -

]

s

CALL SUBROUTINE

.SYSTEM ~HEAD CHARACTERISTICS‘(SYSTEM)

.} . 'CALL SUBROUTINE
. PUMPING CURVE (PCURVE)

e

P

CALL SUBROUTINE

1.
S T a

. [INITIALIZE NT|

VOLUMB OF WATER PUMPED ; (VOLUME),LZN'




- ' CALL SUBROUTINE:

[INiTlALiZE IﬁDEXTI:LL, e

e
=

/ WRITE bUT ELOWSA/L-

T e, FIND: | - -

2. 7 |MINIMUM'FLOW, (. . - . ‘
o7 = TOTAL VOLUME, [

- :AVERMGE FLOW |

\_.

g * L. . - 2

.':__i;“ R v
. -/ WRITE OUT: ]/ SR
TOTAL VOLUME,/. - - e
-AVERAGE' PLOW / : e

AVERAGE FLOW ™~

2 DEMAND

Cyes- ,/%RITE oux MESSAGE//

STORAGE YIELD FUNCTIONS (?raLD),
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SUBROUTINE SYSTEM

YES

0 r_
(HAZEN-WILLIAMS)

[INITIALIZE

INDEX I=1]

| 2ol

\

ASSIGN FLOW,
SET' FRICTION

HEAD, FH=0.|”

¥

INITIALIZE

INDEX J=1|

;

. ASSIGN:
LENGTH,

DIAMETER
HAZEN- WILLIAMS COEFFICIENT

-~

HEAD LOSS,

.COMPUTE:

FH = FH + HL

HL,

NO

1
{DARCY-WEISBACH)

77

[INITIALI2E INDEX 1=1|

)

ASSIGN FLOW, :
SET FRICTION HEAD,

FH

0.

 [INITIALIZE

INDEX . J=1]

Donee

Ll

v

ASSIGN:

LENGTH, :
DIAMETER s

v

ABSOLUTE ROUGHNESS

COMPUTE:

~

RELATIVE ROUGHNESS,
"|REYNOLDS NUMBER, )

FRICTION FACTOR

COMPUTE

‘|HEAD LOSS, HL,

FH = FH + HL




WA

?

[FIND TOTAL HEAD|

. )




SUBROUTINE PCURVE

V/
INITIALIZE:
|RATED 'FLOW, QR=0,,
RATED POWER, PR=0.,
. |[MAXIMUM POWER, PM=0,.

[

: CALCULATE
TSR AT MAXIMUM TORQUE COEFFICIENT
MAXIMUM TORQUE COEFFICIENT

Teog ‘
INITIALIZE INDEX I=1]

_ - ¥

FIND:
QUADRATIC CGEFFICIENTS,
WIND SPEED, TSR,
POWER COEFFICIENT,
SHAFT* POWER

|{COMPUTE:
QR, PR

|INITIALIZE 1=1}

79
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y
WRITE OUT:
WIND SPEED,
DISCHARGE, -
SHAFT POWER

80



8l
SUBROUTINE VOLUME

\

(INITIALIZE NT]

) ' 4
ASSIGN VALUE TO N:
©[DAILY=30, MONTHLY=12]

NEGATIVE . POSITIVE
— TDISTN-4 ;
(ACTUAL) : (RAYLEIGH)
ZERO
(WEIBULL) _
READ: . \

# OF WIND SPEED ‘ INITIALIZE
INTERVALS (NDATA3), INITIALIZE|. . INDEX. 1I=1
WIND SPEEDS INDEX 11=1

—f> et
¥ |
INITIALIZE : READ: ‘/READ AVERAGE:
INDEX I=1 SHAPE VALUES, WIND SPEED
SCALE VALUES : :
== ’ ! LIS e
.- _ i
/READ 4 OF HOURS/ * INITIALIZE INITIALIZE
INDEX M=l ’ | INDEX M=1
¥ ‘ Y
‘ COMPUTE: COMPUTE:
« | -|PROBABILITY, "|PROBABILITY,
TIME & VOLUME {TIME & VOLUME




THNCEE
(S

b0 -
\'T

‘\‘.'\
N
e HDATA S
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SUBROUTINE YIELD

(:b _ .« {srarrT ‘

[INITIALIZE DEMAND]

f
[COMPUTE DEMAND INCREMENT]

¥ .
/WRITE OUT RELIABILITY/

'[INITIALIZE INDEX 1=2|

A _ B
. [SET INITIAL STORAGE = 0.,
. ew |MAXIMUM STORAGE, SMAX=0.

o - COMPUTE :
a _ DEMAND, :
L , STORAGE (MASS CURVE),
L SMAX

'/ WRITE OUT:
STORAGE & DAMAND

NO

RETURN 3 YES

&)



‘

J, .

[INITIALIZE INDEX K= gj

|
; .

¥ I
/WRITE OUT RELIABILITY/ -

»

[INITIALIZE INDEX J=2]

-l

0

COMPUTE: :
STORAGE (BEHAVIOUR ANALYSIS),
DEMAND

WRITE OUT:
STORAGE & DEMAND/

NO »

NO

YES
- [RETORN]
y
END ¥

B4
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Appendix B
COMPUTER PROGRAM

LR R Y P Y S S R A R Ry
* WINDPUMP . = *

*********************************************************

* STORAGE MODEL FOR MULTIBLADED WATER PUMPING WINDMILLS *-
* WITH RECIPROCATING PISTON PUMPS. THE STEADY-STATE *
* EQUILIBRIUM HAS BEEN ASSUMED. ' ' *

Khkhkkhkhkdhhkhkhkhdhkkkdhkhkhkhkkhhkhkkhkdkhhkhkhkhkhkkhkthhhkhhhkhhhkhhhkhhxhdx

-

VARIABLE LIBRARY

AREA ROTOR AREA (M**2)
CPM MAXIMUM (DESIGN) POWER COEFFICIENT
CUTIN CUT-IN WIND SPEED (M/S)
cuTOoUT CUT-QUT WIND SPEED (M/S) .
- DATE DATE OF PROJECT
DEMAND RATE OF WATER USAGE (M**3/DAY)
DIAMET ROTOR DIAMETER (M)
DISTRN WIND SPEED DISTRIBUTION

ETAl MECHANICAL EFFICIENCY OF PUMP

ETAZ "VOLUMETRIC EFFICIENCY OF PUMP

FIRSTY FIRST YEAR OF WIND DATA

G GRAVITATIONAL ACCELERATION = 9,81 {(M/S*%*2)
GE GEAR EFFICIENCY. - : '
GR GEAR RATIO

HEADL HEAD LOSS EQUATION y :

HEIGHT STATIC HEIGHT (M) ' ' h

INFLOW  VOLUME OF WATER PUMPED PER DAY OR MONTH
RESERVOIR INFLOW (M**3/DAY OR M**3/MONTH)

MU VISCOSITY OF WATER = 0.001 (KG/M.S) .

NAME USER'S NAME .
NDATAl # OF PAIRS OF DATA FOR-FLOW VS. DRAWDOWN
NDATAZ F PIPES -
NDATA3 F WIND SPEED INTERVALS

NYEARS # |OF YEARS OF WIND DATA

PI: 371415

PIPEC PE ABSOLUTE ROUGHNESS CR

HAZEN-WILLIAMS COEFFICIENT
PIPED PIPE DIAMETER .{M)

PIPEL . PIPE LENGTH '(M)

POWER SHAFT POWER (WATTS)

PROJET TITLE OF PROJECT

PUMPD- PUMP DIAMETER (M)

RATEDV RATED WIND SPEED (M/S) .
RHOA AIR DENSITY = 1.225 (KG/M**3)

_85_
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RHOW
RL

SCALE
SHAPE
SPEED

'STROKE

TDEISTN
TIME
TSR
TSRD
TSRM

WELLQ

WELLS.

WATER DENSITY = 1000, (KG/M**3)
RELIABILITY LEVEL . -

WEIBULL SCALE FACTOR (M/S)
WEIBULL SHAPE FACTOR

WIND SPEED (M/S)

PUMP STROKE (M)

TYPE OF. DISTRIBUTION (DAILY OR MONTHLY)

#~ OF-HOURS

T1P-SPEED RATIO

DESIGN TSR

MAXIMUM TSR

WELL FLOW RATE (M**3/S)
WELL DRAWDOWN (M)

86 .
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87
AkkRRRKRXEEKRRR AN pROGRAM‘f‘“‘******g********
. e .

REAL WELLQ(Sﬂ) WELLS (50), SPEED(BO) INFLow(36000)
+MU, RL(S)/lOO.,QS.,90.,85.,80 /5 SPD(SO) NU

i DIMENSION PIPEL(5),PIPED(5) PIPEC(S)\SHAPE(&O)

+SCALE(30), POWER(SO) ST(22), DD(22) :
<« INTEGER HEADL DISTRN BEHAVR Al/'PROJ'/,A2/" ECT°'/,
‘+A3/'DATE' /, A4/ NAME' / A5/'-'/ PROJET(ZO) DATE (20},
+NAME(20) , TIME(20) FIRSTY,TDISTN -
COMMON /DAT/ NDATAl NDATAZ HEIGHT
COMMON /HQC/ CPM,TSRD,TSRM, STROKE, ETAléETA2
. COMMON /WML/ AREA CUTIN RATEDV'CUTOUT 1AMET,GR, GE
=  DATA PI,G,MU,RHOW, RHOA/ 3 1415 g, 81 001 1000., .225/ .
. NU= MU/RHOW o L PR

WRITE(6,770) . : : _
770 FORMAT(IX l********************************',

+'**************************************'k****' ) o

WRITE(6,910)
910 FORMAT(lX T 93K, TR (1K, ¥ STORAGE MODEL. FOR MULTI "
*BLADED WATER PUMPING WINDMILLS WITH PISTON PUMPS *
'+/1x vkT73X,T* /1K, %7, 33X, (1986) ;.
"+34X, '*'/1x vk' 73X, '*'/1x T , 73X, '*'/1x vk 13x
" +'DEVELOPED BY U. D. ASSAM AND DR. E. J SCHILLER' 13X,
'*'/1x Tk 73X, VX7 /1R, * 121X,
+' DEPARTMENT OF CIVIL ENGINEERING', 21x rxt /1Y, VR 73X,
+'*' /1X,'*' 19X, 'UNIVERSITY OF OTTAWA OTTAWA, CANADA'
+,18X, '*'/1x Yy LT3X, 1)
WRITE(G 770) '
"WRITE(6,790)"

R

790 - FORMAT(/////) ' oy T
c R . . -
- ¢ DATA INPUT I N
C . ‘ ' : R =
c IDENTIFICATION - .

. READ(5,140)PROJET"
.“#  READ(5,140)}NAME . - )
_READ(5,140)}DATE N : - . -
140 FORMAT(20A4) B . : oo ‘ :

.SELECT OPTIONS.'

:HEAD LOSS EQUATION
'HEADE-OI "DARCY-WEISBACH
. =02t HgZEN WILLIAMS : S ,
WIND SPEED DISTRIBUTIO o .
DISTRN=03: ACTUAL : ﬁ\\»__;u o o
‘ =04: WEIBULL ' -
- =05: RAYLEIGH

TDISTN=06: DAILY
=07: MONTHLY ,




e

¢ C
., C
C

&

s Xo

BEHAVIOUR .ANALYSIS = - _"77jjJ
BEHAVR=08: YES e L
' . -=09: NO

- - READ{(S, 145)HEADL, DISTRN TDISTN BEHAVR  _5- o ."10
145
C o

FORMAT{4(12,1X)) _ | T e
- WELL CHARACTERISTICS o -;-;a R T

- READ{5,145)NDATAL

‘115

165 o
~ IF{ETAl.LE. O..OR ETAl GT.1.)GOTO. 110

FORMAT(2(E9)3,1X)) : , S

PUMP CH CTERISTICS =~ .- - . I
READ(S, 16%)ETA1 ETA2 7PUMPD, STROKE ; CT
FORMAT(Z(F4 2, 1x) 2(F6.4, 1x))

READ(5, 115;(WELLQ(I) WELLS(I) 1 1 NDATAl)

- IF{ETA2.LE.0..OR.ETA2,GT.1. )GOTO 110-

PIPE PARAMETERS,  -.ov .

' READ(S, 145)NDATA2

- 185
..C-I.

READ(5, lBS)(PIPEL(I) PIPED(I) PIPEC(I) 1 1, NDATAZ)
FORMAT(F5.1,1X,F5.3,1X,EQ. 3) L

WINDMILL CHARACTERISTICS S
READ(5,125)DIAMET,CPM, CUTIN, : o g}\

.“+RATEDV CUTOUT, TSRD, TSRM GR, GEk

125

760
- NT= NYEARS

FORMAT(IZ(FS 2 1x))
IF{GE.LE.0..OR.GE. GT 1 )GOTO 110
AREA=PI*DIAMET**2/4 . "

STATIC HEIGHT AND DEMAND RATE
READ(5,115)HEIGHT,DEMAND -
IF(TDISTN EQ. 7) DEMAND= DEMAND*BO

NUMBER 'OF YEARS AND THE FIRST YEAR OF WIND DATA

. READ(5, 760 )NYEARS yFIRSTY -

FORMAT(I3 1%, 14)

WRITE OUT IDENTIFICATION‘,V‘

WRITE(6,780)A1,A2,PROJET ~ . - ~ . = R

780

870
880

830-

860

-930

©.990

950
970

wRLTE(6,780)A4 AS5,NAME - . - S ANRE

WRITE(6,780)A3,A5,DATE ~ e

FORMAT(/IGX 2A4 1x 20A4) :
WRITE OUT OPTIONS _ ‘

WRITE(6,870) . - -~

FORMAT(/////lGX 'OPTIONS SPECIFIED )

WRITE(6,880)

FORMAT(//IGX "HEAD LOSS EQUATION ')

IF (HEADL.EQ. l)WRITE(G 830)

IF(HEADL.EQ.2)WRITE(6,860) .

FORMAT('+',36X, "'DARCY-WEISBACH')

FORMAT('+',K 36X, 'HAZEN WILLIAMS )

WRITE(6, 930)

FORMAT(/IGK 'WIND SPEED DISTRIBUTION")
IF(DISTRN.EQ.3)WRITE(6,950) : -
IF(DISTRN.EQ.4)WRITE(6,970)

" IF(DISTRN.EQ. S)WRITE(G 990)

FORMAT('+' , 41X, 'ACTUAL')

'FORMAT('+', 41X, 'WEIBULL"')

FORMAT('+',418,'RAYLEIGH')



% 890 FORMAT(//GX "MONTH" ) : ‘ .

. - N 89
“IF (TDISTN. EQ. G)WRITE(S 920)
IF(TDISTN.EQ.7)WRITE(6, 940)
© 920 FORMAT(41X,' (DAILY)") !
940 FORMAT(41X,' (MONTHLY)')
& WRITE(G, 180) SRR
180 FORMAT(//16X,' BEHAVIOUR ANALYSIS: ) =
. IF{BEHAVR.EQ.8)WRITE(6,310) S
- IF{BEHAVR.EQ. 9)WRITE(6 320)
s+ 310 FORMAT('+',36X,'YES') i :
320 FORMAT(" +"3sx 'NO') T s
c o ‘ B
. C# .. .  SYSTEM-HEAD . CHARACTERISTICS . '
' CALLTSYSTEM(WELLQ ,WELLS, PIPEL PIPED,PIPEC,HEADL,
+NU, G
C PUMPING CURVE

CALL PCURVE(WELLQ,WELLS, SPD,PI, RHOW,;G; PUMPD "LL,
+POWER,QR,PR,RHOA) .
o . VOLUME OF WATER PUMPED :
'CALL VOLUME (WELLQ, SPD, SPEED, TIME, SHAPE , SCALE, INFLow
D +DISTRN".LL,NDATA3, PI QR PR, NT TDISTN)
' ’/fNT:T2*NYEARS
~*  IF(TDISTN.EQ.6)NT=360*NYEARS
s . IF(TDISTN.EQ.6)GOTO 100
T WRITE(G 370) ‘ »
! . 370 FORMAT('1l',///15X, " VOLUME OF WATER PUMPED (M**3)')
{ ‘WRITE(6,890) N .
\._ __~WRITE(6,150) - S
T50 FQRMAT('+- .13X,'JAN',7X,'FEB',7X, 'MAR', 7%, 'APR' ,7X,
‘ +'MAY' X, JUN',7X,'JUL',7X,”ApG‘,7XI'SEP',7X,'OCTf,
+7X, 'NOV' , 7%, "DEC') :
WRITE(G 330)
330'FORMAT(1X "YEAR') .. ‘
C WRITE OUT FLOWS (MONTHLY DISTRIBUTIONS ONLY)

K=FIRSTY.

N=1 —
DO 360 ‘I=1,NYEAR
 M=12*1 !

WRITE(6,380)K
WRITE(6, 390)(INFLOW(J) J=N,M)
: N=M+1 N
360 K=K+1 ' ‘ -
380 FORMAT(/1X,14) ’ : .
390 FORMAT('+',11X,12(E9.2, 1x))
100 TOTAL= INFLOW(l)
. " QMIN= INFLOW(1) .
C FIND THE MINIMUM AND THE TOTAL FLOWS
" DO 340 I=2,NT
TOTAL=TOTAL+INFLOW(T ) _
%840 IF{INFLOW(I),LT.QMIN)QMIN=INFLOW(I )

N



C AVERAGE FLOW.
AVE=TOTAL/FLOAT (NT}
WRITE(6, 350)TOTAL AVE . ‘

350 FORMKT(///2X "TOTAL VOLUME=' ,E14,7,1X, "M**3"' '.' gx
+'AVERAGE FLOW=',El14.7,1X, M**3/DAY OR MONTH )

IF(AVE.GE. DEMAND)GOTO 130 .

WRITE(6,720)}

720 FORMAT(///2X ' AVERAGE FLOW 1S LESS THAN DEMAND. ,1X,
+'A RESERVOIR OF ANY CAPACITY WILL NOT BE'/2X,
+'ABLE TO MEET THIS DEMAND. TRY OTHER WINDMILL/ ,
+'"PUMP COMBINATIONS.')

n - GOTO 900
C . STORAGE-YIELD FUNCTIONS
130 CALL YIELD(INFLOW,ST pn RL,NT, DEMAND AVE Qﬁ?ﬁ,BEHAVR)
GOTO 900 ‘

110 WRITE(6,120)
120 FORMAT(///zx ' PROGRAM TERMINATED. EFFICIENCY HAS!,1X,
+'BEEN FQUND LESS THAN OR EQUAL TO 0.0 OR GREATER',1X,
+'"THAN 1,0'//) . '
. 900 WRITE(6,850) ' =
. 850 FORMAT(////éX "**% THANK YOU FOR USING THE',1lZX,
+'UNIVERSITY OF OTTAWA WINDPUMP STORAGE MODEL ***'///)
"STOP , .
END
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SUBROUTINE SYSTEM(WELLQ, WELLS , PIPEL, PIPED PIPEC,HEADL,
+NU,G) . ]

"THE SYSTEM-HEAD CHARACTEﬁISTICS ISJOBTAINED BY
COMBINING THE SYSTEM-FRICTION CHARACTERISTICS,
THE STATIC HEIGHT AND THE DRAWDOWN DUE TO PUMPING

INTEGER HEADL .
REAL WELLO(50),WELLS(50),NU,L
DIMENSION PIPEL(S) PIPED(S) PIPEC(S)
COMMON /DAT/: NDATAl NDATAZ, HEIGHT

1F (HEADL.EQ.2)GOTO 235

*

HEAD LOSS CALCULATION USING DARCY WEISBACH EQUATION.

DO 230 I=1,NDATAl -
Q= WELLQ(I)
FH 00"

C X=.81*Q**2/G
DO 240 J=1, NDATAZ
L=PIPEL(J) -
D=PIPED(J) PR -t
E=PIPEC(J) T T e
IF(D.LE.O.)GOTO 240 R
'~ RELATIVE ROUGHNESS '
‘RR=E/D
¥Y=RR/3.7 Lo - S T
REYNOLDS NUMBER : L e
RE=(1.273*Q)/{(D*NU) :
LAMINAR FLOW
IF(RE.LE.2.E3)F=64./RE
IF(RE.LE.2.E3)}GOTO 270
IF(E.NE.0.)GOTO 170 ‘
" SMOOTH PIPE FLOW (BLASIUS .EQUATION)
IF(RE.LE.3000,.0R.RE.GE.1. ES)GOTO 170
F=.316/(RE}** .25
. GOTO 270 | L
TURBULENT FLOW
IF(RE.GT.2.E5)GOTO 250
ASSUME A TRIAL VALUE OF FRICTION FACTOR
IF(RR.GT.8.E-3)F1=.051 ,
IF(RR,LE.B.E-3)F1=,022 ' .
IF{RE.GT.2.E3.AND.RE.LE, 2. ES)GOTO 260
IF(RR.LE.4.E-4)F1=,011
IF(RR.LE.8.E-3.AND.RR.GT.4.E-4)F1=.022
IF(RR.GT.8.E-3)F1=.051
COLEBROOK-WHITE FUNCTION

F==2 ,*ALOG10(Y+2. 51/(RE*SQRT(F1)))
F=1,/F**2
IF(ABS(F Fl) LE..001)GOTO 270
Fl=F -
~_ GOTO 260

~

.
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DARCY- WEISBACH EQUATION
HL=X*F*L/D**5
FH=FH+HL - -
CONTINUE
TOTAL HEAD
WELLS(I) WELLS(I)+FH+HEIGHT
CONTINUE = — .
GOTO 295 -
HEAD LOSS CALCULATION USING HAZEN- WILLIAMS*EQpATION
DO 290 I=1,NDATAl
Q= WELLQ(I)
FH=0.

. DO 300 J= 1 NDATAZ

L= PIPEL(J)
" D=PIPED(J)
C=PIPEC(J)}: . '
- IF(C.LE.0..OR.D.LE.0.)GOTO 300
HAZEN-WILLIAMS EQUATION
HL={10.675*%L*Q**1 ,852)/(D**4, 87*C**l 852)
FH=FH+HL
CONTINUE
WELLS(1) WELLS(I)+FH+HEIGHT
CONTINUE :
RETURN

_END
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'k*******************************t*********************

SUBROUTINE PCURVE(WELLQ WELLS,SPD, PI, RHOW, G, PUMPD, LL, "
+POWER, OR, PR, RHOA)

THE PUMPING CURVE 1S DERIVED BY EQUATING THE ROTOR

TORQUE TO THE AVERAGE WATER LOAD TORQUE. THIS IS
USED TO COMPUTE THE DISCHARGE AT EACH WIND SPEED

REAL WELLQ(SO) WELLS(SO) POWER(SO) SPD(50)
COMMON /DAT/ NDATAl NDATA2 HEIGHT -

COMMON" /JHQC/ CPM, TSRD TSRM, STROKE,ETA1 ,ETA2
COMMON /WML / AREA CUTIN RATEDV CUTOUT DIAMET GR,GE

QR=0.

- PR=0.

400.

PM=0.
TD=TSRD - =
TM=TSRM
TX=TM-TD
TSR AT MAXIMUM TORQUE. COEFFICIENT 7

"TT=SQRT(TM*(2.*TD-TM) )

MAXIMUM TORQUE COEFFICIENT

CQM=-2 . *CPM*{(TT-TD)} /TX**2

D2=.5*RHOA*AREA

D1=D2*GR*GE

Al=2./(D1*DIAMET)

A2=1./(PI*DIAMET*GR) .

Al= (ETA2*PI*STROKE*PUMPD**2)/4 ! .

A=sA2*A3*TM

DENOM=A+A -

Cl=A*A1l/COM

Ad= PUMPD**Z*RHOW*ETAZ*G*STROKE/(8 *ETAl)

DO 430 I=1.NDATAL "
v=0. -
POWER(I)=0.
X=A4*WELLS (1}
B=-WELLQ{(1)
C=-Cl*}
D4=B**2-4 *a*C
IF(D4.LT.0.)GOTO 430
LL=1
D4a=SQRT(D4)
IF{B.NE.O. )GOTO 400

GOTO 430 R a .
V=(~-B~ D4)/DENOM
V1=(-B+D4 ) /DENCOM ‘
TSR=TM~- (TM*Al*X)/(CQM*V**Z)

‘POWER COEFFICIENT
.CP=CPM~CPM* ( (TSR-TD) /TX)**2
POWER(I )=D2*Vv**x3*Cp
IF{V.GT.0.. AND. POWER(1I ). GT.PM)PM= POWER(I)

IF({V.GT.0.. AND. POWER(I) .GT. PM)GOTO 430°

V=Vl
T5R=TM—(TMfAl*x)/(CQM*v**z)

-
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CP=CPM- CPM*((TSR TD)/TX k%2
‘POWER(I)=D2*V**3%Cp |
WIND SPEED

" 430 SPD(I)=V .

J=0 -
DO 450 I=1,LL .

450 IF{spD(I).LT. RATEDV)J I L :
IF(J.EQ.0.0R.J.GE.LL)GOTQ 440
- FLOW AND POWER AT RATED WIND SPEED

{BY LINEAR INTERPOLATION)

VV=SPD(J+1)}-SPD(J)
IF(VV,LE.0.}GOTO 440
SL=(WELLQ (J+1) ~WELLQ(J} ) /VV
QR=WELLQ({J) +SL* (RATEDV-SPD(J) )
SL={POWER(J+1)-POWER(J} ) /VV
PR=POWER(J)+SL*(RATEDV—SPD(J))

440 WRITE(6,515)
WRITE(6,545)

‘515 FORMAT(' 1‘,//193 "PUMPING AND" POWER CHARACTERISTICS )

545 FORMAT(//IZX SPEED (M/S)',7X,'FLOW (M**3/85)",
+"POWER (WATTS) )

DO 470 I=1,LL :

. V=SPD(I) Q
IF(V.GT.CUTIN.AND.V.LT.CUTOUT)GOTO 480
WELLQ(I)}=0.

POWER(I)=0.

480 IF(V.LT. RATEDV OR.V.GT.CUTOUT)GOTO 470

WELLQ(I)=0Q

POWER(I)= '
470 WRITE(6, 620)SPD(I) ,WELLQ(I), POWE“(I)
620 FORMAT(/lOX 3(E14 7,5%))

RETURN

END

LU
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: ****‘k***‘k****************************************'k****

SUBROUTINE VOLUME(WELLQ SPD, SPEED TIME, SHAPE SCALE,

+INFLOW,DISTRN,LL ,NDATA3, PI QR PR NT TDISTN)

THE PRODUCT OF THE DISCHARGE AND‘THE TIME AT EACH
WIND SPEED GIVES THE VOLUME "OF WATER PUMPED

INTEGER DISTRN,TDISTN, TIME(20) ‘ '
REAL WELLQ(50), SPD(SO) SPEED(30),SHAPE(30),
+SCALE(30), INFLOW(36000) K .
COMMON /WML/ AREA,CUTIN,RATEDV,CUTOUT,DIAMET,GR,GE
IF(DISTRN.EQ.3. AND TDISTN EQ. 6)NT 360*NT :
IF(DISTRN.EQ.3.AND.TDISTN.EQ.7)NT=12*NT
IF{DISTRN.EQ.4.AND.TDISTN.EQ.6}NT=12*NT
IF(DISTRN.EQ.5.AND.TDISTN.EQ.6)}NT= 12*NT
N=30 '
IF (TDISTN.EQ. 7)N=12 e .
IF(DISTRN-4)500,540,570 : '
VOLUME COMPUTATION USING ACTUAL WIND SPEED
DISTRIBUTION
READ{5,960)NDATA3
READ(5,210) (SPEED(J), J 1 NDATAZ3)
DO 530 I=1,NT
READ(5S, 200)(TIME(J) J=1, NDATA3)
VOL=0.
DO 520 J=1,NDATA3
T=FLOAT{TIME(J) )*3600.
V=SPEED(J)
IF(V.LE.CUTIN.OR.V.GE. CUTOUT)GOTO 520
IF(V.LT.RATEDV.OR.V.GT.CUTOUT}GOTO 420
VOLUME OF WATER CORRESPONDING TO RATED WIND SPELD
VL=QR*T
GOTO 480
J2=0 :
DO 510 Ji= 1 LL
IF(SPD(Jl). LT. v)J2=J1 : o
1F(J2.EQ.0.0R.J2.GE.LL)GOTO 520 _ ' -
VvV=$PD(J2+1)-SPD(J2) ’
IF(VV.LE.O.)GOTO 520 .
. SL=(WELLQ(J2+1) WELLQ(J2))/VV ‘
«/Q=WELLQ(J2)}+SL*(V-SPD(J2)) ‘
VL=Q*T
VOL=VOL+VL o
CONTINUE . s
INFLOW(I)=VOL
GOTO 600-
FORMAT(20(F4.1))
FORMAT(20(13, 1x))
FORMAT(IZ) .
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e C VULUME COMPUTATION USING. WEIBULL DISTRIBUTION
fgem . 540 1=0
- DO 560 I1=1,NT
IF{TDISTN. EQ 6)GOTO 410
"READ(5,980) (SHAPE(J),J=
READ(5,980)(SCALE(J),J=
. GOTO 160 .
410 READ(S,460)(SHAPE(J)
B READ(5,460) (SCALE(J)
160 © DO 100 M=1,N
o K=SHAPE (M)
C=SCALE (M)
VOL=0, ‘
IF(C.LE.O..OR.K. LE 0 )GOTO 555
DO 550 J=2,LL .
.Vl=SPD(J-1)
V2=SPD(J)
V={V1+Vv2)/2. ,
‘ ‘ ‘ . IVV=V2-vl )
« ., IF(V.LE.0..OR.VV,LE.0.)GOTO 550
C ' - IF{V.LE.CUTIN.OR.V.GE.CUTOUT}GOTO 550
. SL={WELLQ(J)-WELLQ{J-1))/VVv °
.+ Q=WELLQ(J-1)+SL*(V-V1)
C WEIBULL PROBABILITY DENSITY FUNCTION
. P=(K/C)*(V/C)**(K-1. )} *EXPY-(V/C)**K)
IF(P.LE.1,E-10)GOTO 555
T=P*2 ,592E6*VV
IF(TDISTN.EQ.6)T= p*& 64E4*VV."

- =

VL=Q*T '
- IF(V.GE. RATEDV AND.V.LT. CUTOUT)VL QR*T
. VOL=VOL+VL
550 : CONTINUB
555 =1+1

INFLOW(I) VOL
. 100 CONTINUE -
560 CONTINUE
GOTO 600 -
460 FORMAT(15(F4.1,1x))
© 980 FORMAT(12(F5.2,1X)) :
.0 C VOLUME COMPUTATION USING RAYLEIGH DISTRIBUTION
: 570 X1=Pl/2. .
1=0
DO 590 11=1,NT :
IF(TDISTN. EQ 6)READ(5,460) (SPEED(J),J=1,N}
- IF(TDISTN.EQ.7)READ(5,980) {SPEED(J},J=1,N}
PO 585 M=1,N "
* VA=SPEED({M) _
VOL=0.
IF(VA.LE.0.)GOTO 595
X=X1/Va%*2 ‘
DO 580 J=2,LL .
V1=SPD(J-1)
V2=SPD(J)
V=(V1+V2) /2.



580
595

585
590
600

vv=y2-Vl
1F{V.LE.O0..OR.VV, LE.C.}GOTO 580
IF(V.LE.CUTIN,OR,.V.GE.CUTOUT)GOTO 580
SL=(WELLQ(J)-WELLQ(J-1})/VV
Q=WELLQ{J-1)+SL*(V-V1)

RAYLEIGH PROBABILITY DENSITY FUNCTION
P=X*V*EXP(-X*V**2/2 )
1IF(P.LE.1.E-10)}GOTO 595

T=p*2,592E6*VV
IF(TDISTN EQ.6)T= p*a 64E4*VV
VL=Q*"T
IF(V.GE.RATEDV.AND.V.LT.CUTOUT)VL=QR*T
VOL=VOL+VL

CONTINUE
=1+1
INFLOW(1)=VOL
CONTINUE
CONTINUE
RETURN , .
END

- 97
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SUBROUTINE IELD(INF‘LOW ST,DD,RL,NT,DEMAND,AVE QMIN
+BEHAVR, TDISTN) "o

THE STORAGE-YIELD FUNCTIONS ARE CALCULATED USING THE
MASS CURVE AND THE BEHAVIOUR OR SIMULATION ‘ANALYSES
INTEGER BEHAVR,TDISTN . )
REAL INFLOW(BGOOO) ST(22), DD(22) RL(S) N

TN=FLOAT {NT) : = ‘
WRITE(6,800) o '
WRITE(6,810) ‘ - _ - ’
WRITE(6,630)RL(1) '
800 FORMAT{(>1', //19x ' STORAGE- YIELB FUNCTION )
810 FORMAT(//zx "RELIABILITY (%)°', 6X, STORAGE (M**3)'
+"DEMAND ‘(M**3/DAY OR MONTH) ")
630 FORMAT(/sx?Fs 1)
=DEMAND -
= . 05%TRYBAOMIN) ,
ST(l) 0. - ‘
. MASS CURVE TEGHNIQUE (AFTBR LOUCKS ET AK [30])
DO 670 I= 2,22 ‘ ‘ '
SO.
~ SMAX=0. ' f
. D= QMIN+X*FLOAT(I 1)
IF(D.GT. AVE)GOTO 670
L=I,
IF(DE GT.{D-X).AND. DE. LT D)D DE.
- DO 650 K=1,2 . . AT -
DO 650 J=1,NT ) Lo (;13
S=D—1NFLOw(J)+s
IF(S.LE.0.)S=0.
IF(S.GT.SMAX)SMAX=S
650 CONTINUE
ST(I)=SMAX "~
DD(1}=D
IF{I.NE.2)GOTC 640
WRITE(6,820)SMAX,D
GOTO 670 _ .
640 WRITE(6,660)SMAX,D
670 CONTINUE
820 FORMAT('+',21X,2(El4. 7 9x))
650 FORMAT(/ZZX 2(314 7, 9x))
IF{BEHAVR.EQ. 9)GOTO 730
BISECTION TECHNIQUE : ‘ - i,
DO 710 K=2,5 o ‘ -
u=0, ’ . L .
WRITE(6, 630)RL(K)
Do 710 J=2,L
M=0"
D=DD(J)
¥=ST(J)- ST(J 1)



-

E=Y/2._.

C=8T(J)-E \ .
S=ST(J)-E

X=8T{(J)-E

C BEHAVIOUR ANALYSIS (AFTER MCMAHON & MEIN [33])

680 T=0.
DO 690 I= l NT
S= S+INFLOw(I) -D
IF(S.GT.C)S=C
IF(S.GT.0.}GOTO 690 .
S=0. -
.+ T=T+1. : '

690 CONTINUE '

C , TIME-BASED RELIABILITY
R=(1.-T/TN)*100.
IF{ABS(R- RL(K)) LE.1. )GOTO 700
E=E/2.
1IF(E.LT..9)E=1.
IF(X.LT.1.E~-6)GOTO 710
IF(R.LT.RL(K))GOTO 740
C=X-E
S=X-E
X=X-E K
GOTO 750 ,

740 C=X+E " *
S=X+E S
X=X+E

'750 M=M+1

. 1F(C.LE.U.OR.C.GE. ST(J))GOTO 710 - -

IF(M.GT.9999)GOTO 710
GOTO 680
700 IF(J.NE.2)GOTO 705

WRITE(6,820)C,D .
GOTO. 715 o '
705 WRITE(S, 660)C, D
715 U=C I :
© - 8T(J)=C : *
710 CONTINUE - ~
730 RETURN ' CS‘

END

99
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Appendiilc} _
DATA FILE PREPARATION
1 N
-All input data and parameters are in SI units except the

demand rate (m3/day) and t&e time (hours)_ during which the

wind blows at a particular wind speed range. Efficiencies

~ "are-expressed in decimals.

"FIRST LINE -~ title of project (80 characters long) .
- NEXT LINE - user's name‘(BO characters long%

;NEXT LINE - date of progect (80 characters long)

FORMAT(20A4)
NEXT LINE - opt10n5 valuesl
FORMAT(4(I2 %) .
F1rst value - head loss equat1on . .
- dlﬁ: Darcy—We1sbach'equationl
Oé'a Hazen Williams equation

ag Second value - wlnd speed dlstrlbutlon .
[}

,03‘#-actualrw;nd speed distribution
-:04 =:Weibull distribution
05 = Raylelgh dlstrlbutlon .

Thlrd value - type of d15tr1but1on
06

daily

'Il’

?._07‘ monthly

Fourth value = behav1our or no behav1our analy51s :

- 08 = behav19ur ana1y51s

=g



_ 09 % no behaviourlanalysis
NEXT LINE - number of :

teristics {1 < NDATAl < 50)

ORMAT(I2)

pairs-of ‘data points for well charac-

NEXT LINES - dlscharge and the correspondlng drawdown value

- ST - each palr of data is placed on a separate llne

FORMAT(2(E9 3,1%))
Flrst value - dlscharge
Second value - drawdown

NEXT LINE - pump pa;ameters‘

~ FORMAT(2(F4.2,1%),2(F6.4,1X))
First vélué‘— mechanical.effitiency
Second valuelj‘gdlumetr1c eff1c1ency
Third value-- d:ameter;

Fourth value - stroke

NEXT LINE - # of pipes (1 < NDATA2 < 5)

FORMAT(Iz)
NEXT LINES - ‘pipe parameters |
FORMAT(FS 1,1X,F5.3, 1x E9.3)
Flrstlvalue - length

Secqnd‘value - ‘diameter

_ coefficient |
'NEXT LINE - windmill parameters’
'FORMAT(9(5.2,1X))
First value - diameter
lSeéond_valué - maximum pdwar coefficient

. -

Third value_—'absdlute:roughneSS or Hazen-Williams

{
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Third value - cut-in wind spé?dk | A
Fourth value - rated wina‘sﬁgeg
Fifth value - cut-out wind speed - | -
Sixth value - design TSR
Seventh vaiue - maximum TSR
Eigth value - gear ratio
Ninth-.value - geagqeffigiency
NEXT LINE - static height‘andfdeqand rate
 FORMAT(2(E9.3,1X)) : .
First value - static height |
Second value - demand rate (m3/déy)
WNEXT LINE - # of yeafg (l.s NYEARS < 100}, and the
o A§ear;owaind data -
FORMAT(Ia,lx;i4) o

First value - §# of yea;é

Second value - first year

tr

The rest of the data 1ines_‘are.arfénged écdérding to the.
wind speed distribution. Orily one distribution can be used

at a.time}

Actual Distribution

.NEx? LINQ - 4 of wind speed intervals (l é NDATA3 £ 20)l :
FORMAT(I12) - R
NEXT LINE - Qind';peeds (arraﬁged-in increasing order)
FORMAT(20(F4.1)) - - ~ - - - |
| NEXT LINES - # of hours corresponding to'thewwind speed

3

FORMAT(20(13,1X))
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Daily distribution ™ -

The first 30 lines. are for the first month of thé.

first year, startlng with the. flrst day of the monLh
TN

. The second 30 lines are for the" sgcond month, _and 52

on. ) ' .
Monthly distribution _ -{4/)5\

-

The first 12 lihésfare for the 'first year, starting

witbﬁthe first -month of the year. - G

fevay -

The second 12 lines are for the second yeér;' and so-

"

on.

~

=

Weibull Distribution

r

NEXT LINES .- Shape and Scale values

Daily distribution .

. ﬁbRMAT(ls(E4;1,1X)),

The flrsh two lines contain 30 daily values (15 on

each llne) of the shépe.factors fof the first month of

the first' year, starting with  thé first- day of the

month,

—

The next two lines contain 30 daily values (15 on

each line) of the scale factors for the_first‘month‘ofi'

the first year, starting withg the first day ¢f the
month, and so on.m | -

monthly dlstrlbutlon'%

. FORMAT(lZ(FS 2,1X)) . S |
The flfSu line contalns 12 monthly.values of thn shape
fa;tons‘for the flrst yea;, _startlng wzth tne \;fSt

" month of the year(-
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" The next liné’contains 12 monthay values of the scale-

faCtoqs for the first year, and so on.

1

Rayleigh Distribution

NEXT LINES - Average wind speeds

e

Déily distribution

FORMAT(15(F4.1,1X))

The first two lines contain 30 daily values (15 on
~each line) of the average wind speeds -for-the first
"ﬁonth of the first}jear, starting with the fi;st day

TOE.the month, ° |

The next two lines contain 30 daily valuégl for the

next month, -and so on. ' - o

monthly distribution

'FORMAT(12(F5.2,1X))
fThe first line contains 12‘ﬁonthly values of the aver-
'age wind speedé for the first year, starting with the
first mPnth of the yeér. | o

The next line contains f} monthly values of the aver-

ot

‘age wind ‘speeds for the second year, and so on.

A
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