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- to determine theirvimpact'On_reductéoh and control of

»

- | " ABSTRACT
. , ) ) ' . R C .
Additional energy is required by subsistance farmers in

: v L
developing countries to improve farm productivity. Most

'farmers 1n develop1ng countr1es are unable to make use of

micro hydroelectrlc systems due to the ‘high cost of Pelton
turblnes and electronlc load controlle;s, two 1mportant
components of theusystem. Th1s.1s not a problem, however, in
the El Dormilon yalley3of Colomhia, where multiple jet micro
hydroelectric‘systems haye;been'built and are operated by | <

sub51stance farmers to 1ncrease farm income.

The prlmary objectlves of th1s study were to evaluate

'the effect of mult1ple jet conflguratlons for speed control,

.

and’to compare the performance of -the handcast Pelton

turbine built andvused 1n:C910mb1a with a Pelton turbine

designed for laboratory use. These:two variables were tested

»

rotational speed. Other objectiyes vere to develop a better

LTI

'underStanding of the mechaniSms of‘water jet interference

and the development of a computer model capable of . A\M>

'predlctlng power output and runaway speed for Pelton‘

[

turb1ne§

To thls end the author bu1lt a 3. 6 kW mhgro

hydroelectr1c system at the Un1vers1ty of Alberta. The -

system was monltored to determ1ne hydraul1c eff1c1ency and

runaway speed for dlfferent comb1nat10ns of hydrau11c head,



S o—

flow rate, watyrjet c?nfzguratxon and turbine desxgn.

Thxs study concluded that multiple jet conflgurat1ons
" were effective at reducrng rutaway speed. The four-jet |
configuration could reduce rUnaway speeds by 27 percent with

very l1ttle loss of hydraulic ef iciency. The handcast

urbzﬂ% s able to reduce runaway speed\nearly as well-as

.

the manufactured turb1ne when flowrate

per second.

~The computer mode developed to simulate the k4
performance of the multlple Jet micro hydroelectric system
was able.to pred1ct the runaway speed for the manufactured
turbine with tne one and tud-jet no interference -,
configuratidns; Mbre’reaearch is needed to understand the
mechanismezdf uater jet interference before accurate ° |
| predictions'for funaway speedufor'muitiple jet

" configurations can be’'made.

vi
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1.1 Objectives -

~ The objectives of this research were -four fold. fhe

main objective was_ to evaluate the effect of multiple nozzle

conflguratlons on the rotatlonal'speed of m1cro

Ay

~hydrcelectric power plants when these are used w1thout the

use of trad1t10nal governors to control rotat1onal speed.

'The generatlon of electrical power often requires that the

generator operate at a constant rotat1onal speed. Electrical
generating plants accomplish this usinohsophiSticated and
relatieely expensive gerrnors.‘Removal of the oovernof
;eauces theﬂcapital cost and technicol comolexity of micéo
hyéroelectric powef plants making them more appropriate for
use in rural aréas?of developing nations. o

The second objective was to determine to what extent

water, jet interference reduces runaway speed. Multiple jet.

~configurations reduce‘runaway spged in two ways. The first

. mechanism of speed control occurs when water passes through

-~ A‘S

the turbine without 1mp1ng1ng its ehquy on the buckets.

This phenomena is well documented and is discussed in
chapﬁer 3. The second mechanism is caused by the removal of
water that would have impinged on the turbime had it not

o

been removed as a result of a collision with the adjacent

water jet. 5 v . :
. water Jet. o

* Micro hydroelectric systems, as defined by Fritz
(1984, pp.1.5), refers to any hydropower system that -
generates 100 kw or less. : ‘

|

."1‘

v
I
v
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The third ob}qctive was to evaluate the performance of -

a-handcosc aluﬁinium'Pelton turbine produced in Columbia by’
a small engineering firm. The performance.of the handcast
turbipé was compared to the performance of a laboratory
Pelton turbine manufacturod by the Gilbert Gilkes and Gordon
Ltd. of England. The two Pelton turbincs were tested to

' determine hydraulic efficiencies and how water.columé énd
vatcr jet configuration affect rotational speed and powet
joutput of each turbine. If the two turbines proved to have '
similar hydraulic eff1c1enc1es and perfotmance
characterlst1cs, .then the low cost of the handcast turbine
voipld make it more approprlate than the manufactured turbine

w -~

for use in third world countr1es§: L

*The final oojectivo wa; to dévélop a computer hodel
capable of predicting power output and runaway speed for
, Pelton turbines. The model facilitates the optiﬂ&zotion of
the design of multiple jct systems by_allowing~ohe to éiter
the values used for par;icular design variaoles and‘qUiCkly
Ttrecalculate an estimate of turbine performance.
1.2 Appropriate Technology

. The term "appropriate technology defxnes the

usefulness of a partxcular ‘technology in terms of its social
and economic measures ‘and not’ in terms of its. complexlty or
sophxstlcatlon. Stevens (1977) argues that; given their

resources, subsistence farmers (ie. farmers where the & -

majority of the life sustaining needs of the farmer and his

»
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family are produced on the fagmerl land) are ecpnomically{//
ef£1c1ent as they have attained the best: possible allocat on

of their resources of Iand labor and capltal.‘-ppceprzate

technologies'represent an improvement in caﬁitai resources
which 1mproves labor productivity and 1ncrease- khe net’

income of the subsistence farmer.

nations. This, he sugéests, is why litfig supporf “ﬁféiven
to organizations promofing appropriate technologies‘and why
appfqpriaée technologies which threaten the status quo will
not be used. Government leaders who see industrialization as
thedén%y path to development claim thet appropriate
technologies are "second best" technologié@ and that, if
develo?ing nat{ons'are to compete'in the international
‘market, only the mqft advanced of technologies must'be used.
He goes on to state that these viewpoints represent "the
voice of those who are not in need, who can help themselves’
and want to be assisted-in ‘reaching a h1gher standard of
living (Schumacher,A1974)." v v

Today, most research and development on "appropriate

technologles is done in the industrialized nations. Burch

(1982) suggests that th1s situation creates for develop1ng

\\Qetions a deeper dependence on foreign capital which will

"dndermine the autonomy and self-reliance which is an

explicit goal of appropriate technology." Technologies
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developed in isdustrialized }:jionsare}often inapp f' i
for developing natiOns because of the large different
the i ¥qonomic and social environments.
Todaro (1977) characterized developing nations as\
having:. ; | a )
a. chronic high underemploymentvand unemployment, \
b. scarce, (hence expensive), capital and cheap labor,
- c. large income disparities;
d. an extremely poor rural sector, and . \
e. rural-urban migration. | | |
An appropriate technology must address these problen;.
The use of local human resources to .maintain and
improve the technology is one ot the factors which ensures p
the success of an apprdpriate‘:echnology. It is important
that jobs be meaningful to the worker and develop in him/her
a sense of self esteem, responsiﬂnlity and commitment to
'his/her community. The new technology must involve the
participatidn of those benefiting from the technology.f
Wherever possible, the new technology should be financed
with local cap1ta1 must be economically viable and must
4 Dbenefit those it was de51gned to benefit (Canadian Hunger
Foundation, 1976). These COﬂdlthﬂS must be established
before the new technology is introduced. With rising
international debt, third world nations cannot affcrd
expensive, inappropriate technology. Development
' -~

organizations and third world govefnments need a tool to

help develop and evaluate appropr1ate technologies before

S }‘ - -

- A}
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., they are introduced to developing countries. Many

development organizations recognize this need and they are.
develéping techniques based on systems analysis vhere
“cultUtal and economic impacts of proposed projects can be
included in the project evaluation p:ocess. Within

agricultural p;ojects, the techniques are often referenced

by the term 'farming systems analysis'.

1.3 TFarming Systems Analysis

Farming systems analysis views thg‘wholg farm a;‘an
integrated system. A farming system is a c6mp1ex interaction
of componénté such as water,_soil; plants, labor, éulture
and environment, as shdwn in Figure 1.1, Shanér et. al.
§1982) describes how a multi-disciplinary appréach is used
to examine and identify the interdependencies of these
components. Analysis "focuses on,the interdependencies
betwegn farm system components ﬁnder control of members. of
fhe farm héusehold and how these comthents interact with
the p?ysical, biological and socioeconomié‘factoré.dot under -
household control” (Shaner et a}., 1982) . , |

Harrison (1980) argues thét rural development projects
dependent on tézhﬁologicﬁl fransﬁers have often ended iQ
failure because of technological incompatibilify-bf the
project with the envirohﬁédt‘into which the technology was
»introduced. Tﬁus farming systéms'analysis is a tool which

can be used to:

a. increase the success rate of technological transfers
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by iden;itying those\conditionn that requiro change -

5 betoro the technology can be succoastully introduced

or by identifying required changes to the technology
so that itfcan fit into the local conditions, and
b. aid in the demelopment ofnnew and more appropriate

_technologies. ' ' | - _—
‘The technical complexity and hiéh_capitql cost of micro
hydroelectric systems relative to traditionai energy sources

combined w1th the seldom understood 1nt;§cac1es of

, subsistence agriculture demand the usa of farming tystem!‘ .

analysis techn1ques. Farming systems analysxs provides a

means to identify where, how and 1n what form energy is

consumed in the'agrioultural sector. Thisbis_mecessary
information when the introduction of new energy sources into /

a farming system are befng considered.

1.4 Enefgy and Agriculture in’Developing Countries

United Nations (1983) Staﬁisticq show that developing
countries use ;ess energy per capiga than industriélized'
nations. Twenty per cent of the world's popu}ation living in
industrialized nations consume seventy two percent of the
world's commercial energy. The term "commercial energy"” - :
refers to\energy commodities which are bought and solé in //

world markets. Coal, oil, natural gas and electr1c1;y are

the—most commonly . traded qommerc1a1 energy commodities.:

Commercial energy‘commodities have a high value because the

energy oontained‘within“them can be converted into useful .
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,:'kfgic1ency energy source- 1s cémmonly referred to as a "high

SN

. of work (Hays, 1977). Electr1ca1 energy from micro

- S B

work or heat w1th a’ h1gh degree of eff1c1ency A high

ordered" energy. Electr1c1ty is a hlgh ordered energy

whereas dung and other trad1t1onal non- commerc1al energy‘ i

sources are 1ow ordered energles. '

Makh13am1 (1975) " argues that if one were to 1nclude

_ data on non- -commercial energy 1n the Unlted Natior

statrstlcs, one would flnd that developlng natlons consume

;\.L’

~more than twite the energy 1nd1cated. The relatlvelygsmall

0

amounts of'commercial-energy bought by developing nations is

consumed by ‘the industrial and‘transportasectors. The \

v'majority?of farmers in developing countries cannot afford to

~purchase commercial energy. Th1s forces .the rural sector to

meet its energy needs with tradltlonal non commerc1a1 gmergy

sources such as fuelwood,odung, crop residues for heating

¥ fuels, animals for draft power and human labor for, pomgr and

productioﬁ control. Since tradltlonal non- commerc1a1 energy

s less energy eff1c1ent ‘than commerc1al energy sources,

: more non- commerc1al energy is regu1red to do the same~amount

¥

o

A

: hydroeleé%rlc systems can replace the less eff1c1ent energy

‘ sources.

o8
“1.4.1 Rural Energy Use

The rural sector needs new energy sources to develop

o _ i
and prosper (Lawand’-1981) Internat10nal ald organlzatloms

L7~

and 1nternat10nal development banks have spent hundreds of .
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mllllons of dollars on npﬁh»ﬁeiectrification programs (wOrid

'\}'

Bank, 1975). Much of thls’money was §pent to establxsh grld
systems that connected 1solated rural communities to large,
'hydroelectr1c dams and tk rmal gen@ratxng stat1ons.
‘According'to the World Bank (1975), twelve per cent of the
rural population in devéloping %ountrie§’havé access to
‘ electricai’powernbut on1y ﬂsaf of thQ§e éan afford tévbny
it. This rgpresenfs’a misallocation of resodrces, which
deveioping nationé cannot afford. Hays (1977) outlines two
approaches to avoid this waste, Firstly, er: gy - lanners
should‘detef;ine where energy is needed,whou MUK gnergy_i§
q_needed and in what form,ghﬁs ngéd can best be met. Secondly,
develnpment and inVestment policies sho%ld encourage the use
-of small decentralized facilities such as micro
hydroelectrig systems to provide on-site power because most
of the population lives in isolated rural areas. T
Regardless of how much planning is‘done, no project
"will be successfu} unless "the people'want it and unless
they are able to assimilate and build on it (Siwatibau,
1§81)";.Subsistence farmers will want electrical power énly

- when they percemve that p051t1ve echpmlc beneflt will

J;;;IE\from hav1ng it., ”»

1.4.1.1 Farming Activities
‘Stout (1979) claims that agbicuitural activities

‘1nvolved in sub51stence farmin tems/consume large

amounts of non- commerc1al energy in the form of human and

L.
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dratt'poﬁer. Despite the high allocatire efficiencies of
subsistence agriculture, low productivity per hectare
prevails because of theepoer energycconversion
characteristics of traditional non-commercial energy .
sources. W1thout additional inputs of ‘energy’ e1ther in the
form of fert1llzers or labor saving . technolog1es,
productivity per hectare w111 remain ‘low. Stevens (1977)
explains that sub51stence farmers are caught in an economic
and .technical sp1ral as they cannot ea§11y obtaln the
technologles to increase product1v1ty\per hectare and
increase income until they have an increase in 1neomer He -
goes oh to say that‘technieal, economic and institutional
‘etanges‘are,needed to break.the spiral. and increase
agrieultural'productivity‘ g : "3

VEckholm (1975) warns that in some developlng natlons,
the use of dung as a replacemeht for fuelwood 1nstead of as
an organic fertlllzer has led to serlously reduced
agr1cultura1 product1v1ty. Bhatla (198%) bel1eves that
"besides the environmental’consequences; sheer soc1al costs
of collectlon and transportation of fuelwood by poor people
should be enough 1ncent1ve for a_program,of improved
efficiency'of“traditional fpels;" Some have thought that the
need for both £U81 and fertilizer c?pld be met Qith~biogas
technolegy but experience has sho&n thatwthe plants are too
expensive:for the poor to build and oge;ate. Bhatia (1982)
_ found that biogas plants have a‘hegative'impact on the 4

3

landless rural poor of India. Where these plants vere
_ r - '

]
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installed, dung, .previously collécted free by local

residents, now has cash value so it is collected by the
_cattle owner for a biogas plant People w1thout cattle must

other fuel sources for heatlng and these fuel sources -

géé scarce and costly.

In many parts of th;‘developing'world where a‘limited
amount of water has to serve the needs of many, the
‘ potential for confllct1ng uses of water EXIStS. Lr%lgat1on
and micro hydroelectric systems both requ1re wat€r with a =
hydraulic head. Main cigals used to transport ir 1gat10n
water can also serve to convey water for mré;o(hydroelectrlc'
systems. Water used to: produce hydroelectr1c power cannot be
used to 1rrlgate crops located above the micro hydroelectr1c
plant site. Unless the canal system can be -expanded to &
convey more water, micro hydroelectric'development will be

P
limited to,using surplUs irrigation water. The author

v
observed an unused 75 kW micro hydrpelectric system in- Peru.
It was unused because local subs1stence farmers would not
forgo food productlon for the benefits of electr1c1ty

Stout. (1979) observed that the use of commerc1al energy
 ;increases sharply in the_tg§§51t1on from sub51stence farming
~systems to 'modern’ farming systems. Substitution of
chemical,'meohanical,ieleotricel and fuel energy for
non-commercial energy occurs-when it becomes relatively more'
eoonomical’to use these souroes of commercial -energy than to
use human or draft energy. This was evidenced in the Punjab
region of India where diesel pumpsets and.high yielding

o , .
)

&
. O
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éra1n var1et1bs were adopted during the green revolution”
because of their ability to improve farm product1on (hence,
1ncome) per hectare. However, farm_productlon 1ncreases_
dependent on extensive use of‘commercial'energy'supplies‘for
prodnctien inpufs are‘vulnerable to fluctuations in the
prices of world energy commodities. Where feasible; micre
hyaroelectric systems camn-be used ﬁo replace‘or.reduce 7?3
dependenée on commercial energy 60mmodities. Once buiit{“"v
mlgro hydroelectrlc systems are not subject to the commodity
price fluctuatlons and problems of fuel supply associated
with systems .that depeqd on commercial energy commodities
for fuel to operate the system. |

Dramatic changes in productivity can result from the
careful 1ntroduct10n of energy eff1c1ent approprlate
technologles to sub51stence farm1ng systems. S mizly (1983)
lists some of the farm activities that requlre energy 1nput9
as belng-i 4 .
a. clearing, plowing, cultivating and seeding,
b. production-and application of fertilizers,
c. irrigation, |
da. malnta1nence and care 9f anlmals, and
e. harvest1ng crops and collect1ng 11vestock products.
Most of &hese act1v1t1es requ1re portable energy sources to
facilitate energy distribution across farm fields. Since
electr1ca1 energy is suited for stat1onary centralized

act1v1t1es, it is d1ff1cult ‘to 1ncorporate into the farm1ng'

activities Szekely.(J983) lists. However, many postrhgrvest
: . r\ﬁ l:.f] -



product1on act1v1t1es 1n subs1stenoe £arm1ng systems are
central1zed at the farmstead and therefore many tradztlonal

energy sources used for. post- harvest productlon act1vxt1es

could be replaced by electr}cal energy.

¢
-—

- p—

1 4.1.2 Post-Harvest’ Product1on Act1v1t;es e

Post- harvest product1on act1v1t1es beg1n after the crop
is harvested. Act1v1t1es 1nc1ude threshlng, drylng, stor1ng,'
prlmary food productlon and transport. Subslstence rm1ng
~systems rely heav1ly on both human and, an1mal power for most

e

of these. act1v1t1es; Micre: hydroelectrlc systems could be

&

used to supplement or replace human and” an1mal power fom
threshlng and to improve the quallty of. other post- harvest
production. activities. | : ;“

wWhile for most of the year,_high;levels of
: underemployment in the farming sector exist, thereioften is
"a %abor shortage for a few weeks durlng the harvest in
regions assoc1ated w1th sSbslstence farmlng systems because
“the time avallable for harvest and preparlng the crop fore
‘storage is 11m1ted. In many subsistence farming systems,ﬁ
grain is threshed by men and women using flails o:iﬁy
herding animals over the crop. Micro. hydroelectric power
systems can be used to power small stat1onary threshers
which speed up the threshlng process substantially" reduc1ng

N
‘the need for scarce labor.

Forest et. al. (1982) noted that crop losses of up to

thirty percent can accumulate throughout‘the post.harvest

o}
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proddction system, the'greatest‘10555resulting from insect
contam1nat1on dur1ng storage. Th1s represents a ser1ous loss

for farmers who already suffer from low agrlcultural

product1v1ty.“Thesh1ng by flaxl or by anzmals walwiﬂg on the’

grazns causes a large porport1on of the crop to be harvested

as broken grains. W1th the tough seed coat broken, the soft
endosperm is exposed‘to insect attack. Forest et. al (1982}
suggests that better threshing techniques could reduce the
amount of damaged grains and make them less susceptible to

1nsects. Small threshers and dehullers have been designed

‘ ¢
wh1ch help reduce both the problem of damaged gra1ns and the

problem of labor shortagedduring harvest but they requird a

‘source of power to operate them. Electric motors are ea51er

and cheaper to maintain and operate than are diesel or
gasoline motors. So, in areas where threshing occurs near :

the farmstead or near a source of electric power,

electrically powered threshers and dehullers could be

adopted.“‘

To minimize storage losses, a crop must be dried before
storage even if wet conditions prevail during harvest.
However, in most developing countries, crops 8re dried by

spreading them on the ground which allows insects access to.

" the crop. Community driers with blowers and/or-supplementary

heaters powered by micro hydroelectrlc systems in

conjunction with properly de51gned storage facilities would

-

enable the farmer to store graln in good condition, reducing

~ storage losses.

i

0



Sub51sten¢e farmers often try torﬁ%Fplement their

1ncomes with high prxced cash crops. However, many of these
N
crops, are: per;shable and poor transportatlon 1n(the rural

areas makes gett1ng the crops to market 1n good chdltxon

difflcult for subsistence farmers. The farmer thus receives

a lower price for the product than he/she wouLd otherwise

o

_expect. This economio condition would suggest that there may

' be some: fea51b111ty where small rural 1ndustrtes could be ' -

establlshed to process cash crops into a more stable and

h%gher priced product in the areas where they are\produced.

;gnigﬁa (1981) sugg€Sts that such industries couldAoperate

with'energy,providéﬁ by micro hydroelectric systems.

. 4 1.3 Domest1c Energy Use

Flfty per cent of all energy commod1t1es consumed in
developlng couptr1es are consumed by household and homecraft
activities such as cooking and speoe heating (Tinker, 1980).
This figure can rise up to ninety per cent.in warmer
countries where space ﬁeating is not required.

; €ooking over open-fires:qses the most energy as the
practice‘is ineffioieht in energy utilization. For example,
Arnold and Jongmav(1978) found t?at ninety foﬁr per cer’ ¢°
the heat value,of fuelwood is wasted in Indonesia. .

Population growth and the resultant -increased need f -

®

,fuelwood has put a serious strain on the environment zn¢ “as

led to deforestat1on in many parts of the world.

.Deforestat1on 1s a serious env1ronmenta1 problem Some of
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the environment;l'consequences include rapid soil erosion, .
high sediment loads in rivers and a reduced ébility‘of the
Qateréhed to store water. In addition, the receding_forests
force women and children to spend up to half a day gathering
sufficient fuel for the day's meal. Micro hydroelectric
systems, where’feasibie,'Can provide energy for cooking and
eliminate the need to collect fuelwood. Thelres;lting
reduced pressure on the forfest, if combined with
reforgstation projects, should improve the quality of the
watershed. This, in retﬁrn, would benefit fhe micro |
hjdroelectric system and useréizf the system by providing a
more stable yeaf round water supply. Women and children‘.
freed from collecting fuelwood can devote time to other
tasks which could be economically productive.

Tinker (1980) points out that "time is the key factor
in the utilization of humanbeneréyu" She argues that the
siow adoption of more energy éfficient céok stoves by
African women was partly due to the need to chop the ﬁood'to

fit the stove. Chopping wood added more work than the energy

_.efficient cook stove saved to the already long day of most

African women. If available, reliable and affordable,

~ electrically powered cook stoves would quickly be adopted as

a labour saving device. _
Molnar (1980) found that human energy is the input for

most other domestic and homecraft activities such as

' cqlleqting water, child care, spinning, weaving and

knitting. Appropriate teqhnologies such as micro
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hydfoélectric systems can provide the.addftional energy to
reduce the druégery‘and increase the‘quqlity of some of
these tasks., Time released could be diverted to more
econohiéally beneficial activities, thus improving the .

standard of living for many families. -
3

- .
ical Appropriaténess of Micro Hydroelectric Powver

1.5 Techn

Micro hydroelectric systems have yet to gain wide
spread acceptance as a source of-g96er-for farm and village\E
electrification projects. The technology is often seen as -
too expenéive'and complex. Over the last decade, the
development'of‘électranic load controllers to ‘replace
mechanical governors has reduced the ov;rali cost of micro
hydroelectr;Z‘systems but the conﬁfoller }s still a
significant cost factor making micro hydroelectric systems
‘uneconomic for most subsistence farmers.

Governpré and load controllers both eﬂsure that output
vbltage and alternating current frequencieé remain constant
when electrical loads change. Where electrical loads are

_constant and the flow of water is constant, micro
‘hydroelectric systems can be designed to operate without a
govgfnor. Hé@ever, this situation‘narely.occurs as watér
flows tend to bg}éyclic according\to seasgns and electrical
loads highly variable.

électric mofors'and eleétroﬁic devices are~designed'to

operate‘with steady input voltages and fréquencies.-Many

practical applications of electrical power in rural areas of



developing countries continue to function where voltage;
current aBd frequenoy vary. In particuiar, induction motors
and heating elements can operate quite well outside of thei:h
design voltage ana frequency; 1f input voltage and
frequencieés can remain within the)toleggnces of electrical
equipment withoUt requiring electronic load controllers,

then the removal of the governor is advantageous as the
capita} cost of thg hydtoelectric system woulé be
substantially reduéed. ‘

During the summet of 1983 ‘the author observed“three
multiple jet micro hydroelectr1c systems operating 1n the
sub—ttopical El Dormilon'valley of Colombia. A governor was
not required on these systems as voltage was maintained
within tolerable levels by conttolling the runaway speed
with multiple ]ef ‘qgoverning systems The electric power
generated by ‘these systems was used to operate freezers,
radios, hot plates, gu1cers, llghts and space heaters Use
of these vatious appliances throughout the day caused the\.
voltage to fluctuate from 90 to 130 volts. The electracal

appliances used were not damaged by the fluctuat1ng voltage

because current and frequency var1ed directly with voltage.

&

-

1.6 Micro Hydroelecttic Power as an Appropriate'fechhology

| The reliable energy provided, the meohanical,simplicity‘
.anq.versatilify 6f the “observed micto hydroelectric systems
suggest that -they would be technically appropriate for rural

‘beoples who live in hilly and alpine terrains where water is



?ﬁistence farming systems indicate that there are numerous
opportunxtzes for people in these societies to use electric
(ﬁpower if it wete'avaxlable at a cost that these people could

afford. *~
In summary, micro hydroelectric systems that tan be
developed for peogple in‘subsistence farming systems can

.provide a number of economic benefits for these people.
Mlcro hydroelectrlc systems can create jobs in the rural
sector where demand for jobs. 1s greatest. This would reduce
income d1spar1t1es between rural and urban sectors of ‘

. developing countr1es and slow the rural to urban m1gratxon.
By .supplying 1nexpens1ve energy to many small cottage
1ndcetr1es which produce goods from locally ava1lable raw
materials, m1cro hydroelectr1c systems would stlmulate
employment opportunities in sectors of ‘the local economy‘\“\
outside the agricultural sector, : .
| The systems observed ingicat;d that ecdnom{cally
efficient micro hydroelectric systems can be buithend
maintained with locally available materials and can- be
installed by the users. They can also be financkd with local
capital which increases the autonomy and_selfxr%liance of
:the,users. 4 ‘

Oniy increased use of thie micro hydroelecttic system

. by subsistence farmerscgan judge its final epprop;iatenesg.

However, little technical information on design parameters

of these systems is available in the literature for



engineers wanting qy“design and install systems in remote
. . i LN
rural areas. This research project was an initial effort to

develop some information on design.paraméters.



2.*DESCRIPTION OF ﬁICRO HYDROELECTRIC SYSTEM

2.1 Hydraulic¢ Turbines
Over the years, two major technologxes have be?n
developed to derzve work from water, those being the
waterwheel and hydraulzc turbxnes. Waterwheels, the earlxest
technology, .have been used by peoples throughout h1story for
at least three millennium. A cheracteraotxc of waterwheels,~
1s ‘that there is little . or no movement of water with respect
to the vanes. The current'wheel, where vanes of the wheel
dipped‘into,a stream of water;and vere moveéd by the stream's
current, wvas the earliest and least hydféulicellywefficient
type of waterwheel. Hydrauiic efficieney\ie defined as the
.ratio of the enefgy output from the turbine or waterwheel to
the total energy coRtaired in the water before itmcomes into
contact with the turbine oruwaterwheel. Cohfining the stream
"so that ﬁeter‘did'hot escape around or beneath the vanes |

improved hydraulic efficiencies of these wheels to 30

percent. g
: i

Hydraulic turbineo, which were later developed, ihvoivel
the movement of wafer’with respect to the vanes and are-
designed to cause tﬁe velocity of water flowxng through the
turbine to “change both direction and magnxtude. Since the
turbine buckets mustiepply a force to ¢hange the velocxby of
the water jet, then ah*equal and?opposite fo:ce must be

~supp1ied by the water onto the turbine buohetsv'sy this
reesoning, Daugherty (1920) defined a hydraulic turbine "as

21
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“a, waterwheel inlwhich a motion of the water_ﬁelat;ve to its.
»

buckets 1s essent1al to its action.” i

Many t b1ne des1gns exlst which can be used to match;
2 o an 1nf1n1t number of operatlng cbnd1tlons. Hydraullc
‘turbines are 'often classed 1nto two broad categor1es which
1ffer radically one,from the other. Impulse turbines use’
the dynam1c or. k1net1c component in a stream of water,‘
perate in free air at atmospherlc pressure and are most

21

hydraullcally effrc1ent when the energy in the water is

. v
,) LA
N

prov1ded by h1gh head and low flqyrate. Reactlon turblnes ??:{‘
utilize both the dynamic and pressure action of a stream,offf'by
‘water,_operate completeiy‘surrounded by'water;and'are“most

hydraullcally efficient when the water S energy is prov1ded

by low head and hlgh flow rates. As the water sources

-observgd by the author 1n Colombla had the characterlstlcs

ﬁ’ o : I

of hlgh head and low flow rates, thls project evaluated two

)t

small_rmpulse turblnes.generally referrgd to as Peltoni

turbines. - B | -

2.2 Pelton Turblnes

B

The Pelton turblne, ‘first patented in 1880, 1s the most

\ B )

common 1mpulse turbine in use today. Pelton twrblnes are
1—'\
S eas1ly recogn1zed as they have many buckets attached to the
outer perlmeter of the wheel (Flgure 2. 1) Each bucket
cons1sts of two elllptlcal spoon shaped compartments
o separated by a stra1ght sharp wedge. A high veloclty waterd

Jet operatlng in the plane of the turblne is almed at the -
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ffér'df a bucket. Th- water jet is split in two by g%é
SN ' " ) ) -
wedge and forced to change direction as it flows.over each

Sy ce
half of the bucket. Each bucket on the turbine is in contact
with the water jet for a short period of time. This constant
‘transfer of force from one bucket to the next creates an

impulse action, hence the name impulse turbine.

e

g

Figure 2.1 Small“Peltoh turbine *
, ¥
Sincg'1880, Pelton turbine deéigh improvements have
focused on the maximization of hydraulic efficiency. Over

100 years of design has'produced'a machine capablé of

»

’
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.knowing the angulag veloc1ty with wh1%h the turbine should
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obtaining efficiencies of 95 percent. Turbine design is site -
specific since each hydropower site is unique as far as
available volume of ‘flow and head are concerned. The design

criteria of Pelton turbines brieflj presented in this

~section are discussed in detaillby;naugherty (1920).

Hydraulic efficiency of an impnlse turbine depends on

LY

' the opt1mum number and size of buckets and the pltch :5

°d1ameter of the turbine. Pltch dlameter 15 measured from the

center of the Pelton turblne to the center of the water jet
at a point tangent to a circle scribed by _the center of a
rotating bucket . Optimum pitch diameter depende upon the
available water jet velocxty at ‘the nozzle and the de51red
rotat10na1 speed of the turblne. Water jet veloc1ty can be
calculateduu51ng Equatlon 2.1. For a given hydro site, Ht
. \ V; = Co(2gH,) | - (2.1)
is fixed so waterjet’velocitY‘depends upen'the discharge

- X ' T ’ 4“ . 13 ’
coefficient C4. The discharge coéfficient for nozzles can

range from 0.61 for a"sharp-edged orifice nozzle which is

low cost and easy to“manufacture to 0.98 for a precisely
designed manufactured nozzle whlch is relat1ve1y high cost.
Maximum - powe; is. developed at tH% turbine when the
tangent1a1 velocity o§§:he bugket at pitch diameter is 0. 47
times the velocity of the vater~ jet (Daugherty, 1920)

Hav1ng estimated the tangential velocity of the buckets and
y

rotate, the optimum pitch radius for the turbine can be

, e
calculated using Equation- 2.2.

« . Be
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X, = V,/w. : . ‘ (2.2)
For a given water jet velocity, turbine diameter |is
1nverse1x proport10na1 to rotat1ona1 speed.

Werght, size and cost of the turbine determ1ne ‘the
upper limit on turbine diameter. The lower limit 'i's
determined'by.shaft size and the minimum amount of space
required to ettaeh the buckets to the hub. The size and
shape of the buckets is'largely a“function\of water jet
d1ameter. Daugherty (1920) states that bucket width should h
be approxlmately three times thé jet dlameter. Water jets

with diameters greater than the recommended size cause the
Pl X

il
:,

Pelton turbine to lose %ydraulic efficiency as 1ncom1ng

water 1nterferes wlth thé)free flow of water leaving the

"flooding”. .

RN ‘ .
The rate that water ‘l@d@ves the buckets is determined by

«
buckets. This actlon is commonly refie to by the term

the angle of return (¥) imbo§ed‘on the water jet by the
Fshape'ofcihe.bucket and the water jet velocity. Max imum

" force from the ;ater jet is transmitted to the buckets when
water .returns 180 degrees. With this.aqgle of returh, the
veioeity of water leaving the buckets with respeet to an
obeerver facing the turbine perpendicular to the plane of
the turbine is zero. However, this conditiop would cause the
., water leeving the bucket to strike the Eackside efithe next
bucket, thereby reducing the'rotational speed of the

turbine..Turbine deeigpers use an angle of return of -165

degrees to allow water to leave the buckets with'sutficient
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velocity‘to»clear the path of the adjacent bucket as

illustrated in Figure 2.1.

Daugherty (1920) states that optimal; turbine

performance requires that the proper number of buckets be

~»mounfedlon‘the'turbine. Whereas too few buckets result in

energ§'ioss because they swing.out of the path of the water
jet'bofofe all the water in the jet has had an opportunity
to strike the bpcﬁet, too ﬁany buckets result in unnecéssary
disruptions of the water jet, reducing hydraulic e£f1c1ency.
Bucket requirements for optimal turbine performance can be
calculated for a given turbine knowing the velocity of the
water jet and desired speed of rotation. ' - %
The‘most‘oommon'way to hagimize hydraulic efficiency‘of
an impulse turbine is to direct water onto the turbine using -
a siagle water»jet. Singlefwator jet systems have higher
hydraulkic efficiencjes than muitiple jét-systems and are -
well sUited to large hfdro power. systems. The incfemenéal
cost of a larger, more efficient pelton for a single ]et
system is less than the incremental revenue produced by more
power output'f:om a given water supply. However, use of a

single water jet limits the volume of water that can be used

v

'eff1c1ent1y by a specific turbine and hence limits ‘the

amount of power that the turbine is capable of developlog.
In rural areas of developing countries where cost is a
limiting factor, maximization of power is very important.
Multiple jet systems,dalthough less hYdraulically'efficient

than single jet syStems, increase the volume of water
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striking the turbine and are~thﬁs capable of prbducing'mdre‘
power from a specific turbine. ' - :

For micro hydroelectric systems in rural aréas of
‘develoéing countries, multiple jet systems may be ablé to
ptoyide an alterhative energy source to present use of
non-commercial éhergy commodities. The cost of the system
will be‘theydetermiﬂing factor.-Thqq;ostqu the turbine, a
méjor component of micro hydroelectric systems, is a
functio& of turbine Size and the uéer will benefit most when
"the smallest possible turbine is used.to produce the
:equitéd amount of power.

2.3 Electric waér Generation .

Hydraulic turbines are used as ptime movers té'ptoduce
é&ther or both electrical and mechanical power. Where not™
required electrical power generatioh'Shtuld not be
1ntroduced as it adds both complexlty and cost to any micro
hydropower pro;ect. However, use of the mechanical power
produced by a micro hydropower project is llmlttd to
locations near the hydro site while electrical power has the
-advantage that it can be easily transmitted to sites located
some éistahces frém the hydro site. Electrical power has an
ad%gd advantage over mechanical power of be1ng suitable for
use in a wlder var1ety of devices (eg. heating elements and

. ’
lights). This factor is important if the hydro prOJect is to

offer economic benefits within a subsistence farming system.
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2.3.1 Electric Generating Equipment
Around the turn of thé century, direct current (dc)

poner'was.penerated“by the d(;e:t coupling of hydro turbines
to dc generators. Direct current generators can opérate over
‘a wlde range of rotational speeds, for the armature so the
generators do not requ1re accurate speed control ‘on the
1nput shaft. Voltage regulat1on is a function of connected
load so a rheostat installed on the field w1nd1ng is used to
keep voltage constant., As technology 1mproved and the uses
for electr1c1ty became more sophisticated, ac power became
more common as it is easy to transm1t poyer using
transformers. Today, it is difficult‘to et'any dc equipment
i capable of prodUcing a'direct current a 'voltages'greater,
than 24 volts. Automob1le and truck dc generat1ﬁg systems
us1ng elther 12 volt or 24 volt systems can generate up to 1
kWw of dc power (Mart1n, 1981). If one wants to keepﬂthe,cost
of a micro hydroelectric project low, the,design of the
system must use as many "off the shelf".components as
possible. Most micrp hydroeiectric projects should be
capable of producing 2 to 5 kW ofdpower if they are to be
useful so thisfmeans that the micro hydroelectric systems .
are restricted to ac systems. ‘ o

' The choice of ac genergting equipment largely depends
on whether or not the system is connected to a powe* grid.
When micro hydroelectrlc systems are connected to a power
grid, induction generators are preferred because voltage andv

frequency are ;asy to regulate and they are rdgged and
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relatively inexpensive..The grid provides the excitation

current and the frequency control to the induction generator

which then produqes’variable qurént flow at constant
ffequenCyrand voltage. Powér output ftom induction’
generators increases as rotational speéd increases provided
the maximuﬂntorque of the generator is not reached. When
Qaégmum torqde has been reached, electrical ocutput geginsyto
decrease, rotationélkSpeed 3n¢reases,land'the‘generator will
"run away" (Frifz,'1984).,Thegsfore,vépeed cantrol on the
input shaft of the generator is requiredlfor overspeed
ﬁ%otection‘ -

| As power grids dd not exist in'most’rural,areas:Qf‘

developing countriesf synchronous alternators are better

suited for micro hydroelectric systems. Normally, a shall dc

.generator provides the excitation current for the rotor of a

: _ oy : A
synchronous alternator (Warnick, 1984). However, Fritz

(1984) states that small synchronous alternators are

currently available which no longer require a small dc

-Qenefator. They are self-exciting, inéorporate a voltage

regulator and are brushless which makes them idealnfor micro
hydtoeleétric:systems. The ‘dc generator is replacedtby a
bridge.rectifier-and filteriﬁg syétem‘in the .stator which
creates the direct current:neeged for excitation whiéh is
then boosted by current transfqrmersvas the alternator is”’
loaded. This feéture‘makes thq_alternatbr almost maintenance

free, a desirable feature in isolated locations.

O



30

The frequency and voltage output of a synchronous

alternator is directly proportional to the rotational speed
.of the rotor. Synchronous alternators éan be connected to a
powef grid but in order to generate a fixed ac freguency,
they must operate at a specific'totational speed known as
the synchronous speed.

Synchronous alternators are gerierally built to meet,”
site speéific conditions but off the'shglf units are
available\ﬁp to 40-kw. In North América, a two or four pole
alternator must operéte at 3600 rpm or 1800 rpm respectively
to produce an alternating current with a frequency of 60
Hertz at 120 Volts. Under conditions of variable load, the
rotational speed of sYnchronous alternators must be governed
to produce e}ectrici%y with a constant frequency and |

"voltage.

2.3.2 Speed Regulation
. As previously discussed, electric power generation by
" stand alone synchronous alternators frequently requires some

form of speed control on the'generdto;. Every hydropower

installation mdst}address the problem of speed control. "The

size of the problem depends on the type and sizeuof turbine,
the loading conditions and whether the plant is isolated or
connected to an electrical grid, (Fritz, 1984)."

» -
2.3.2.1 Mechanical Governors

.

e
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ﬁechanical‘govefnorﬁ are most cémmonly used for felton
turbine systems larger than 100 kW. Koester (1911) and
Daugherty (1920) discuss at gteat length the deéign of .
mechanical governors briefly discusged in this secgion,

' Mechanical governors sense thelspeed of a turbine using
the centrifical forces generated by rotating flyballs. A
change in rotational speed of the flyballs causes a |
subsequent change in their centrifugal force which either
increases or decreases their vertical location on their
shaft;'Vertical movement on the shaft activates a servomotor
which'causes the control mechanism to either increa;; or
"decrease‘ihe amoun£ of water striking thé turbine depending
on the direction of-verticél movement by éhe flyballs.

Two pfiﬁciple methods are used to control the amount of
_Qatér striking a Pelton turbine..Thelfirst'mefhéd adjusts
the flow rate using valves while the second directs t;e
 water ﬁét either on or off the’turbine.;Usiﬁg valves to
control flow has the aanntage‘of séving water (Koester,
19415} Rapidly éhanging loads increase the possibility of
watérihammé: developiﬁg in some éystems if theigpverned'
valves are élosed/tob quickly. Daugherty (1920f suggests
.tha; systems subject td large load’fluctuations,and having
long penstocké would bénefit from'having a gove}nor that
deflects the water jet away from the turbine. This would
prevent'wéter hammer from developing ahd.pQSsibly destroying

“the system.
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Regardless of which method is uséd,~mechanical
governors are technically complex and very expgnsive. Fr;;z
(1984) states that the technology is diffiéult to scale down
for micro hydroelectric systems as it was developed for
larger hydroelectric systems. Martin (1981) notes that, for
micro hydroelectric systems,‘the governor can easily cost
‘more than the turbine and generator being regulated. Thus,
the tecﬁnibal complexity, the\difficulty to maintain and R el
repair and the high capital cost of mechanical governors
makes tﬂem inappropriate for use in isolated regiéqs of

developing countries. _ 6\} ‘

2.3.2.2 Load Controllers

4Electronic load controllers maintain constant turbine
épeed'by maintaining é constant electricai load on the
system using a combinati%n of system loads and a’base'or
"dummy" load. These controllers sense the amount of
electrical power demanded by systeh users and divert unused

power to the dummy load. Dummy loads are (sually water

heaters or space.heaters. The controllers are capable of he

Ehanging the amount of power diverted so rapidly that the ,
alternator operates at a constant load and so no change in (*C
speed'occurs. Again there is'some question as to the ‘isw

appropriateness of electronic load controllers in rural
settings of develop?ng countries., Two major faults are
téchnical complexity and relatively high cost. An electronic

‘load controller suitable for micro hydroelectric systems
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smaller than 20 kW presently costs $CAN 1,386.00. It is
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produced in Canada by Thomson and Howe Energy Systems Inc.
Kimberley, British Colombia.'Th}p price would more than'
triple the cost of a 5 kW micro hydroglectric system, (

. putting micro hydroelectricity bgyond the reach of

| subsistence farmers in developing couﬁtries;

A simpler load controller can be used where ;ach system
load is matched with an equivalent dummy load on a two way
switch. When one load is turned off, its equivalent dummy
load is tutned.ongaﬁythe same time, thereby keeping constant . !

_load on the turbine. The only difficulty w1th this system
occurs when resistive dummy 1oads are matched with inductive
loads (i.e. electric mbtors). The power ‘factor of the motor
and the start up power requirements de@anﬁ special
consideration in the design of the s;stém_for matching dbmmy
loads. |

Induction motors cause current to lag voltage so a
laggihg power‘factor is created. Referring to Figure 2.2,
one can see that by offsetting voltage from current by angle
6, the apparent powe;TTPg, measured in kVA, is greater tﬁan
ordinary resistive power, P, measured in kilowatts, by a
factor of cosé (the power factor). -Capacitors cause voltage
to lag current wh1ch creates a negat1ve reactive power. A
capac1tor instalied in series w1th an induction motor should
be capable of produc1ng a negatlve reactive pqwer, P,, equal
in magnitude to the positive reactivé power of an induétion

motor. This will cancel the effect of the inductive motor



\

and restore the poker factor to one (cosé=0).

g‘: ) o

=12
Py = I¢X
=E| sin g

0 R [

P=1°R = El coﬁ

~ Figure 2.2 Power triangle: show1ng effect of inductive loads
on power factor.

Anotﬂer problem is thatviqduction motors generally
‘require twice their_rated powerﬁto start. Provis;;ns can be
made in the switching system to temporarily transfer power
normally directed to resistive loads from those loads to the
induction motor during the start up period. .

For. both the manual and electronic load control

. g !
systems, the power output of the alternator must always

exceed the useful demand. Martin (1981) states that tH
cond1t1on wastes the energy 1n1!ge water during periods of

"~ low demand This would be a problem if water was 11m1ted and
stored in a reservoir. However, many micro hydroelectric
pover plants ere "run-of-river" (qéé?ing thé} have little or

l
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.no storage capacity) so desxgners need not_be concerned with

[

this loss of energy.
, - N

2.3.2.3 Runaway Speed

As withdany man made device, mechanical orrelectrical
governors do'dccasionally.fail; If, for whatever reason,
load cn the generator were disconnected and the governor
failed on a single jet Pelton turbine, overspeed cénditions °
would prevail on the generator. The generator and turbine
speed would increase unt11 runaway speed were reached For

Pelton‘turblnes, thi runaway speed is the rotat1ona1 speed

of the turbine that ults when the force of the water jet

str1k1ngwthe buck equal to the force of windage and

bear1ng frlctlon in system. The force required to .
overcome w1ndage and bearing friction in micro hydroelectric‘
systems is usually low so runaway speeds in sing;e jet

. configurations of these systems occur when the tangential
velocity of the buckets nearly equals the velocity ‘of the
water jet.. -

Since centrifugal forces increase as a square or
rotational.speed' generators ih these systems must be able
‘to wlthstand centrifugal forces that occur at runaway speed
Martin (1981) claims that these forces can be up to 400 per
cent higher than the centrifugal forces that occur at normal
speed. Operating at runaway speed for extended periodsﬁof
t{me can cause damage to the system. To avoid generator

damage caused by the system;operating at runaway speeds,’
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.developer¥§ buy over51zed generators which are more capable

.0f handli he extreme centr1fugal forces generated butl

-~

which increase the cost of the hydroelectrlc system (Réddy,p
1966)‘. . : o o |

.Damage to loads on the micro hydroelectric system\fan'

‘occur 1f the system is not operated at de51gn speeds. As

A

prev1ously mentloned the freguency and voltage produced by

synchronous generators var1es d1rectly w1tb rotatxonaI

,speed As a synchronous generator drlven by  a Pelton without

9peed control approaches runaway speed frequency and’

voltage 1ncrease “to the p01nt whdee they i will damage loads

e connected to the alternator. Vol%ages from an ungoverned e

»

single jet. Pelton'turblne system could ea51ly exceed ¥ 30

s

volts and thus exceed the”ablllty of most electrlcal dev1ces

to cope. A mechanxsm that reduces runaway‘speed is essent1al

to keep: voltage and frequency w1th1n acceptable levels that “;”W

will not destroy elther the generator or the loads on the

_system- e TR e s

_output from the mu1t1p1e jet mlcro hydroelectrlc system .
1operat1ng at El Dormllon in Colombla has fluctuated between Ea
- 90 and 130 volts for the last f1ve ye : |

.Kelther re51st1ve loads (llghts and heat1ng elements) or

&4
Many electr1cal dev1ces can operate within a range of

2y -

current voltage and frequency w1bhou@#h1nder1ng the

operatlon or permanently damaglng the dev1ce 'Thg voltage

! »>

w?&h no damage to

4 - T
1nduct1ve loads (small 1nduct10n motors). nght bulbs d1m B

L when voltage drops to 90 volts and brlghten when power -;

>\\,', .

i e o e S TR L . : e
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surges upward. Small appliancefinduction motors have"net
burned out because the/ﬁ%equency and voltage input vary
simultaneously.

g

2.3.2.4 Runaway Speed Reduction

The past two decades have‘seen many apprqaches'taken‘to

“reduce the runaway speed of Pelton turbines. Most @ethods'
~involve the placement of a failproof (non-mechanical, non
B B . | -

electrical) device around or behind the turbine. Each of

these‘devices reduce runaway speed with varying degrees of

K

“ success. With the exceptlon of Toro (1980) all speed

) ]

reductlon dev1ces discussed below were tested as 51ngle

!

water jet systems. o : — ‘ X

Reddy (1966) and Shirgur (1968) utilized the portlon of

-
ithe'water-]et that at overspeed condltlons, (1 e. the pelton

) operatlng above the optlmal de51gn speed), passes through
L ,fl’;,g, o
the turblne w1thout contactlng the buckets. This water is:

'.’/

commonlx,called wastewater. A horn shaped device-was placed
behrnd a Pelton tugb1ne to catch and direct wastewater onto
the Back of the buckets perpendlcular to the dlrectlon of
bucket travel. Shlrgur (1968) tested two dev1ces. One device"
turned the wastewater 190 degrees and the other device
turned the wastewater 230 degregs in the plane of the
turblne. He found that Wlth each dev1ce the runaway- speed

was reduced to 72 and 78 percent of 1nft}ai\§pnaway_speed_
>

¢

7

\,

o PCHE

» respectlvely. The most 51gn1f1cant find was thaﬁatbe, LT
N 0

'reductlon in’ runavay speed was achleved without any! cnfnge

g
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in hydraulic eff1c1ency at maximum power.

Gavirria (1977) Genes, (1978) and Toro (1980) aIl tr1ed

‘to redlrect the water 1eav1ng the buckets at different

angles to the plaue of the turblne onto the backs of . the 4

_buckets when the turb1ne was operatlng in overspeed

conditions, The angle of the water leaving the plane of the

turbine depends upon the ratio of the tangent1a1 speed of

the turbine buckets ever the veloc1ty of the water Jet The f'@

A

,O

turbine could bpef%te in any of the followlng cond1t1ons.

a. Vb/V < 1/2 8>90° (overload condxtlom)

b, Vy/Vy = 1/2 5=90° (opt1mal operatlng

speed)

c. /vy > 1/2'6<90° (overspeed condition)

Thecanéle 5 is* the angle formed between the water leaving

Q

»the turbine and the plane of the turbine (Figure 2.3).

. ]
' Photograph‘? 1 shows that when a Pelton turbine is oper?tlng

at max imum power, the water leaves th@ bucket perpendlcular

to the plane of theoturblne obl1terat1ng the turbine from

,,’#
view, Photograph 2 2 1llustrates that

water léaves ghe buckets at an obtuse
*J

view of the turb1ne.v

'V

1'3v1rrua (1477) tested a tubular

‘celigct the water leaving the buckets

at runaway speed,

angle leaving a clear

device designed to

when § was'less than

90 degrees and redlrect that water onto the backs of o

2

buckets. mhe device surrounded 25 percent of the turblne

,startlng at the po1nt where wateﬁgffav1ng the buckets during

overspeed conditions could be captured. Use of this device

.

T



Photograph 2.1

Pelton turbine operating a4t maximum load
with four water jets (6=90 degrees)

39



Photograph 2. 2 Pelton turbine operatmg with four Jets
~under runaway speed cond1t1ons (6<90
degrees) »

»
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resulted in‘é 5 percent reduction in runaway speed but the
. . O ) . .
overall hydraulic efficiency at optimal speeds was reduced

by another 4 percent.

/

Figu;e‘2.3‘ Velocity relations at discharge °

" Genes (1978) used the work of Gavirria to develop and
test‘several.spéed control dévices. The first device tested
was constructed from a car tire cut to surround 75 percent
of fhe circumference of the turbine. Watervleéving the
turbine was cohfinéd”and collected by the tire. Bﬁckets_

-, would strike the collected wate; as they paséed‘througb the
device. With 'similar results to Gavirra's device, Genes
Construcféd a second deviceyby placing ten equally spaced
plates inside the tire. The plates were designed to ;llow

_the buckets to pass through with a minimum of cleafance.

This device managed to reduce runaway speed by 29 percent.

</ :
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However hydraulic efficiency at 6ptima1 operating speed was
reduced to 48 percent from a hydraulic ef(}ciency of 65
percent without the device. This is an unacceptable
reduction in efficiency so a third dev1ce was developed.
This dev1ce, rather than beingmtubular, was funnel shaped
covering 25 percent of the turbine circumference. The device
was widest at the point where water leav1ng the buckets at
_an angle 5 greater than 90 degrees could be captured and
narrowed until the buckets would just clear as they paased
thrcugh Water would collect .at the end of the device and
| could only be removed as little packets of water. in between
two adjacent buckets. This device reduceé‘iunaway speid to
81 percent of runaway speed without the dev1te and reduced
hydraulic efficiency at.optimum operating speed to 55
percent‘from'a hydraulic efficiency of 65 percent without
the device. Genes concluded that the reduction in hydraulic
efficiency at maximum power was caused by water prematurely
entering the device. | _ '
Toro (1980) redesicned the funnelfshaped device of
Genes (1978). Toro deveioped a short CUp'shaped device to
reduce the chance of watgr entering the device before
overspeed conditions prevailed. Formed out of polyvinyl
chloride (PVC) pipe, the device was wide encugh to capture
water-escaping from the buckets during overspeed cqnditicns
and it quickly narrowed tc a width that would only allow
.1fpassage of the buckets. ﬁ:1ng one Jet, Toro's cup dev1ce

reduced runaway speed to 70 percent of the runaway speed
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without the device while hydraulic efficiency of optimal
operating speeds was reduced to 55 percent, With the
shortened cup device, there was mofé room to place otﬁér éup
devices on the'turbine..With"threerequally‘spaced jets add
cup devices, runaway speed was reduced to 60.percentAof the
runaway speed without thevdeQice with.ppe hydraulic
effiéiency at optimal operating speeds dropping to 55
percent from a hyfiraulic ef}iciency of 65 percent without
‘the device. Tdro spécula%ed tha% the drop in'funaway speeé
with three jets and cup devices was due to the colllsxon of
water leaving the brak1ng device with the adjacent water
jet, thereby reducing the quality of the subsequent‘Jet, -
~;zhere jet quality refers to the coherence of the water jet.
A gpod quality water ﬁet will have uniform diameter ahd'no

spray. | ;

TR
The mult;ple Jet multlple cup system developed by Toro

(1980) was 1nstalled on a 1!75 kW micro hydroelectr1c system
and used on .a small Colombian farm (Lobo and Burton, 1980).
‘A hotpl&te,-lights énd various audio-visual appliances have
successfully used power generated and regulated by this
_micré hydroelectric system for five.yéafs.

» Lobo and Burton (1980) recognized the importance of jet
quality on the fedugtion of.runaway speed. They conclude
thét the,untouched ;astewater segments leaving the turbine
could suffﬁciently redﬁce the qualitiﬁ?f the water jets for

multiple jet systems'having more than three jets. Lobo found

that runaway speeds could be reduced to 70 percght of the
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runavay speedsAwithout the device with no rediction of
"hydraulic' efficiency at optimal operating speeds (personal'
- ,communication). Multiple jet micro hydroelectric systems -

_‘Wgre built and have been functioning successfully now for

_ four years on small farms in Colombia.



3. THEORETICAL FRAMEWORK
v
3.1 Introduction
"Most research and development of Pelton turbine systems

has been.cdnducted with the objective of developing turbine
designs that maxim%&e hydraulic efficiency. Since multipie

jet syétémsZreduceéhyaraulic efficiency, they are seldom
considéred when deéigning high head yydrogower projects.
Howevér, when designing'micré hydroelectric systems for use

in iéblatea rural areas where electric power is nonexistent,
thexéhi;ity of the systémvfo provide reliable power
_inexpensively is more gmportant than the achievement of
maximumfhydraulid~éffi§iency;

Research féf thié’project was undertéken«to~explain hpw.
multipie jet systems york. Three steps were hecessary to
generéte th@_data needed‘to analyze multiple jet; ’

performance. First, as explained in this chaptef, a
theoretical model was developed fotr a ¢omputer using
observed éhysical relationships to describe the operation of
. »a multiple jet micro hHydroelectric system, A good_
| theoretical model can be used byAmicro hydroelectric
d?velopers to study the effect of des@gﬁ changes on pﬁwet
output. Hypotheticél flowrates and orifice sizes were used
in this theoretical model to evaluate the effgét of jet
configuratidn on power ouiput from a pelton turbine, |
Secondly a micro hydroelectric system was then built to
test four variables éccording to the eiperimgntal method

45
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outlined below in section 3.2. The components of this micro
hydroelectric system are}described in chapter four.
Hydraulic head, flowrate and runavay speed were recorded, for
250 experimental runs. !

Next, the accuracy of the theoretical model for
predicting runaway speed was tested. The hydraulic head and
flowrates recorded during the experimehtaliruns were
inserted into the thgoretical model to predict- runaway <
speeds for each of the 250 runs which would later be
compared with the actuai runaway speeds determined in step
two. These runaway speeds are recorded in Tables A.3.1 to
A.3.10.

The analysis of results appears in Chaptef five.
Discussion in Chapter five focuses on the three areas of
importance iden;ified in the objectives for this research:
1) the effectiveness of the theoretical model for predicting
runaway speed, 2) the examination of the importance of each
variable on runaway speed, 3) énd the»comparison of turbine
performance curves. Chapter six contains the conclusions of
this resea:éh based on observations and the results |
discussed in chapter Eive. .

, T L
3.2 Experimental Method

.‘ Explanation of the experimental method i's presented at
“this time to facilitate an understanding of the development’

of the theoretical computer model ih section 3.3. To
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determine optimal operating conditions for multiple jet
micro hydroelectric systems, four variables which have the

greatest influence on power production Wereqlec;ed: turbine,

jet configuration, head and flow rate. S : !r

The performance of an 1nexpen51ve handcast turbine fro
Colombia was compared to that of a relatively expenégge .
manufactured turb}ne from England. The physical
characteristics of these two turbines are described in Table

3.1. The significaﬁée of bucket number was also tested as

‘TABLE 3. 1 TURBINE émmgg'sms'rxcs

Turblne Type

s Handcast Manufactured
" Characteristic Colombian English

Weight (gm) 120 . 450
Diameter(cm) 12 | 13

Pitch diemeter(mm) 106 106 )
Npmber of buckets : 18 16
Angle of .return v 170 | 165
Bucket width(mm) - 36 » 33
Composition  Aluminum Brass

A
fhe handcast turbine had 18 buckets and the manufactured

turbine 16. .
/

The five jet configurations seledted are illustrated in

Figure 3.1. The 51ngle Jet system represented the ‘normal

v

operation of a Pelton turb1ne and was expected to operate o
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S i

the turbine at the highest rotat;onal‘speed possible., Two o

a"

A

two-jet configuratiohs, Jone with interterence; one without
inierference)‘dere gsed to gstimate the amount of water: ®
| removed by the inteéferenée which was causedvuhen vastewater
segments struck an adjacent jgt. This was done Ey using the
no. interference configuration as a standard against which
thé performance of the other two-jet'contiguragion was |
combared, The three-jet cbnfigut;tion was used to calculate
: the amount of wastewater produced by intgrfexehg;’at two
points and the fou%%jet configuration introdu;e§ the maximum
amount of interferenhce possible, reduciné runaway speed the
most. 5 | | |
The five hydraulic.heads tested ranged from thfrty to
fjfty meters. Thirty meters-of hydraulic head was chosen és v

the lower’limit on hydraulic head. The low rotational speeds %3!

and Jlow power outputs associ;ted with this head (Table 3:2)
. W . ’ &
) )‘~‘ ' P T ) ’ i - P .
TABLE 3.2 CR&AC&RISTICS OF WATERJET AT
30 AND 50 METERS OF HYDRAULIC HEAD

n §

Hydraulic Waterjet Rotational Speed Theoretical

Head Velocity Of Turbine With Power With
_ Pitch Diameter Flowrate of
: of 0.1016 m 3.3 1/s
(m) (m/s) _, (rpm) o (watts)
30 .24 2100 971
50 .3 2726 1618

and the flowrates used in this'experimedt make development

of micro hydroelectric systems below this- head imﬁractical.
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- Standard polyv1ny1 chlor1de (PVC) plpe which is available -
i e 1n thzrd world countr‘gs, cannot w1thstand pressures greater}”
than that whlch exlsts at flfty meters of head ngher heads |
would demand thicker walled and, hence more expens1ve PVC] |
p1pe or sxmply other more expen51ve plpe. L
I “The f1v§ flow rates used 1n the experkments were3 s
,,g;ET arb1trar1ly choéenigo 1nclude thg operat1ng range for the‘
“ handcast turb1ne.\Flow rate is dlrectly dependaﬁt on. the j”
or1f1ce d1ameter of the nozzles used. Or1f1ce d1ameters uere
chosen on the. recommendatlon by Daugherty (1920) Lhat,ﬁ ]
'*;waterjet dlameter not exceeg one thlrd the bucket'w1dth..:'
.f:m‘ This cr1ter1a was ma1nta1ned for all or1f1ce dlametersvv:
° except the)s1ngle jet conflguratlon. If the 51ngle jet -
{%i"orxflce dlameter was decreased to less than oge th1rd the -
o bucket w1dth then the water jet dlameters for the four Jet\‘?

a'" conf1gurat10n would have been too small to represent

reallstlc operatlng cond1t1ons. The two jet no 1nterference,-;‘,

o

onflguraglon served t%‘rep11cate the operat;ng condltlons

>

of a’ 51ngle Jet system operat1ng at the same floy rate. Each
o -
flow rate was establlshed u51ng one of f1ve nozzle "series"

" The term serles" refers: to a group of water jet nozzlés’
where ea;h bt = COnflguratlon has the samertotal .
crosssect1onal area. ‘Series 1 orlflces have the smallest

$

b total area. Each orifice series" IS approx1mately 23 l ':t

larger thdn the prev1ous serles. To evaluate the effect of = k'

¥

h?A Jet»conf1gurat1on on runaway speed the P wer 1nput to the

turb1ne must be equal for each conflguratlon. Flow rate and
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power 1nput wzll be equal on1y~when the total orifice cross

) O,
\ sectlonal areas for each conflgu are the same. -
TABLE 3 3 ORIFICE SIZE DEVIATION
. ~ .. Total  Averdge
Series Number of Or1f1ce_ -~ Area Area Increase
- Orifices dia.(mm) ' (mm)? (mm)? %
1 g 16.00 201 195 .0
1 e 2 11.00 . 190 . 195 0
1 - 3 9.06 193 195 . 0
1 4 1 7.90 196 195 0
2 1 17.85 - 250 248 .27
2 2 12,50 245 248 27 .
2 3 .10.28 249 248 27
2/ 4 8.90 249 . 248 27
3 1 19.88 |/ 310 298 20
3. 2 13,72 295 298 20
3 3 11,00 - 285 298 ' 20
3 4 9.85 . 304 298 20
-4 1 ‘22 12 . 384 375 26
4 -2 §§ 374 {375 2.6
4 3 9. 367 375 26
4 4 10 92 ,~ 375 375, .26
5 1 24,21 | 460 454 ;21
5 2 16.94 451 454 27
5. 3 13.96 | 459 - 454 21
5 4 11.89 444 454 21
T !" .,4/

.
Two hundred and flfty rups were undertaken to test each-

»~

-p0551ble varlable conflguratlona Each of the 250
»‘expetimental and theoret1cal runS’was identified,by a run
! 1dent1f1er (C1J340) which was six characters long and

;vjseparated 1nto four fields. The f1rst f1eld 1s one character

1ong and a letter 1s ‘used to 1dent1fy whether the turb1ne
e 40 LY

_used was the handcastJColombxan (€} or manufactured Englxsh

¢ +s N

/(E) turbine or theoret1ca1 (T)¢1nd1cat1ng the’ use of the :

- computer model (F1gures 3. 7r3 9) The second f1e1d is also a

e N
L T e
N . -
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one character fleld wh1ch 1% uged to 1dent1fy the or1flce
serles number., These numbers m;; range from 1 to 5. The
'exceptlon to th1s tule occurs in Figures 3.7, 3.8 and 3.9
represent1ng the ‘use: of tbeecomputer model where the numbers-
"1™ and "2" refer to the handcast turblne,and manufactured

turbine ;zfpectlvely. The th1rd f1eld is 2 characters in

length whére the first character is always a "Jd". The second

" character is used to identify one of the five jet

-

conflguratlons where the number corresponds to the number -of
jets. Since there .are two conflguratlons w1th two jets, the\ .
two jet no-interference conflguratlon is 1dent1f1ed by the

absence of the second character. The final field, two

[

' characters long, is 'used to 1nd1cate at what hydraulic head
the beét‘yas*run. |

3.3 Theoret1cal Model Development *

A theoretical model was developed to‘predlct runaway
'speed Q; the turblne. The mo@g? is based on two pr1nc1ples.
The first is that when a Pelton turblne operates in .
‘overspeed cond1tlons, water passes throggh the turbane
“without impartingtits force onto the turbine bUcketsraSUCh

f
water was 1dent1ﬂ1ed by Reddy (1966) as wastewater. Reddy

notes that the wastewater volume 1ncreases ‘as the rotatlonal *

speed of the turb1ne 1ncreases, thus decrea51ng the

&)

effectlve power’of the waterjet. The second principle is

Z

' that‘frfct1on g nerated at - the bear1ngs and friction due tO"

w1ndage ‘act to slow the turblne down. This W1ndage and

‘.. »rl
o
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bearing frict;om'increases with speed 'until, at runaway
speed, the power of the water striking.the bdckets equals
the power absorbed‘by friction. |

Two sets of curves were developed in- thls model. The.'
fxrst set represented the power produced by the turbxne. The'
downward trend with ;ncrea51ng rotational speed represents
.the'loss of ability of tnrhineato take power out oftthe'
vwater jet. The second'Set repreeented the power required'to

overcome friction. This power requirement increases as
. - ' ] -

rotational speed increases,“hence.the‘upward‘trend..The,

bower curves were developed aSsuming.that power at the
: 4y ’

turbine equaled the power of water striking the turbine. The
amount of water striking the turbine was calculated by

subtracting. the wastewater flow from the total ‘water flow

i

leav1ng the nozzles. ‘The power absorbed due to fr1ct10n was.

calculated’u51ng.a motor draw test and:was calculated.under

‘two condltlons' 1) where the alternator was connected to the

~

turbine, causing a hlgh friction’ energy loss and 2) where

the alternator was dlsconnected from the turblne,wres;§}1ng
‘ o S o v S R Co
in a low friction energy loss. -~~~ . s

. . ~ : : 'E"/er N ..

= -

3 3. 1 Determlnatlon of Wastewater Volume
4,

Reddy (1966) calczﬁatgg wastewater volume us1ng
vgraphlcal methods. H1$ﬂresul§s were satlsfactory for h1s

work but the methcd is awkward and t1me -consuming.. An
:equatlon‘derlved from bas;o%&g%pc1ples 1e"requ1redigpt,ra
accurately determine wastewater volumes. The eduatlo; M

' L e - . .\b ' i
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developed below was~first derived bYuDilip et al. (1972).

comparing his results with those .of Reddy (1966) and Shirgur .

(19685, Dilip found that his equation'was an accurate means
of calculatxng wastewater volumes.

The log1c used to derive his equatlon is based on the
“dimensions shqyn in Flgure 3.2, Figure 3.2a represents the
" kower half of a Pelton turbine operating under the influence
of one ﬁater jet The procedure for multiple jets of uniform
diameter 1s exactly the same, with the exceptlon that the

t%?%} wastewater volume is cafculated by mult1p1y1ng the

ﬁyhstewater ‘volume from one jet by the number of water jets.

If the water Jets are of different dlameter, then the

~ca1culat10n“1s repeated for each jet of differing dlameter

and the total wastewater'volume is the sum of the wastewater

dgenerated by each.Jet ' o - - .

.

" The model assumes that the centerl1ne of the wq@er Jet

[

is tangent to the p1tch d1ameter and lies in the pfane of

- %

the turb1ne. The volume of the wastewater segment is
3

‘ determlned by d1v1d1ng the water jet from top to bottom into

‘several horlzontal sllces and then summlng the water volume

calculated 1n each hor1zontal slice as shown in Flgure 3. 2b

and 3. 2c. The.length and width of ‘each sllce depends on its

perpend1cular distance from the hub, the rotational speed of.

‘ the buckets and the velocity of the water jet.

-The~vo;umeio£ wastevater from_a,51ngle Jet”depends}upon,,

the relative velocity velocity of the water jet_ﬁglatiye‘to

the bucket and the. number of buckets on the pelton. As shown

" a
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'3.3. The length of the wastewatfr segment is given

‘ A
deflned as dx iahen the VOlume of the wastewater 1n each

"dv = V ((2R 51nyf/v )~ (21 R/b))(d 51n¢)dx

in Figute 3.2a, the\instantlbucket‘humber 2 moves past
positigh A, some water to the left ef‘bucket number 2 is
pquﬁnted from striking bucket number 1. The drop of water
1mmed1ately to the r1ght of bucket number 2, at. position A,
must 1ntercept bucket number 1 before bucket number 1 passes
pos1t1on C and moves out of the drop s path if that drop is

to transfer its energy to the bucket. The txme, tus requ1red

'for’the drop of water to travel from A to C is given by

Equat1on 3.1. The tlme, »
= (2R 5in7y) /V, - o (3.1)

t,, required for bucket 1 to move from position B to C is

‘1defined by Equation 3.2. When the turbine Operatesf}n

= (27~ k)/w “‘ - . o (3.2)

-

overspeed condltlons, t, will be greater than t, and a

-

segment of water in the jet will. pass through che turblne

_unable to act ‘upon the turblne. The length of these segments

will depend on the difference t,—tb=tlvdescr1bed‘by Equat1on

N

- ((2R,siny) V)~ ((27-M) fwd N E I A

~ by Equetion 3.4 while the width of the seéhent, S, is

Y '
Sl=Vt1 ) ) . . (3 4)

deflned by Equatlon 3.5. If the th1ckness of the segment is
y s,=agine e -‘._(35,J;

sllce is g1ven

Equat1on 3. 6 Equatlon 3 6 cannot
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segment until the angles are replaced by an equivalent '

linear function. Referring to Figure 3.1 and basic geometry

sing can be defined by Equation 3.7. Equations 3.8 and 3.9

sing = ((d,/2)%-(x-x,)%)2/(a,/2). o (3.7)
vy = arccos(x/R, )' ' ‘ - (3.8)
%@ 51n7 = (Rz' *)Vz/R o C(3.9)

are developed tQaaélve for v and siny respectively.
Subst1tut1ng Equat;ons 3.7, 3.8.and 3.9 into Equa;1on 3.6
ana simplifyiﬁg yields Equation (3.10). The total volume of
av = .'z;-(,(,;zo’-xz) - ((V,/w) (erccos(x/'R’o)—)\)_)
| L (@-a(xex)) 2ax (3.10)
wasteweter.found‘between'any two buckets is determined‘by
integrating Equat;on 3.10 over the Peiton wheel red{us

impacted by the water jet ( Equation 3.11). Equation 3.12

(XO‘T‘.' dJ/Z) . ‘. ’ ‘

((Rj-xz)vz-((vg/w)(arecos(x/ﬁo)-k))
(x, - 4,/2) | (878 (x-x,)%) Vdx (3,11)
serves to convert the volume of wastewater from each jet

Q; = ZVN/60 o | (3. 1'2)'
into a flow rate per second of wastewater, Q. The total

flow of wastewater generated depends on the number of water

-Jets fogused on the turbine and the relative position of

-

'those jets to each other. Although'ﬁhe volume of wéstewater

' at each jet is theVsame for the configurations shown in

: WF1gures 3. 1b and 3, 1c, a greater total wastewater volume is

generated by conf1gutat1on 3.1c due to 1nterference between'

fthe two_Jets. As ghe‘wastewater segments for jet.
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pconfigurations shown in Figures 3.1c! 3.1d, and 3.1e pass

| through the turbine,'they strike an adjacent jet. The
momentum of the wastewater'segment striking the adjacent .
water jet is assumed to be sufficient to divert an
equivalent volume of water in this Jet away from the
turb1ne. “The total amount of water m1551ng the turb1ne (Q.)

~can be calculated with Equation 3,13 where K equals the

Q. = (K+L)V, ' ' 7 (3.13)

number of jets and L equals the number of'inéerference
points per turbine., Subtracting the”amount of water missing
the turbine from the total water flow in the jets yields the
volume of water actuailf striking the EUrbine, Q.. The

volume of water striking the turbine directly influences the

lamount of power generated.

A

]
3.3.2 Power Calculations

The flrst step for calculatlng ‘power is to determlne
the force with which the water str1kes the turb1ne buckets.
- The volume: of water-strlklng the turbine, determined 3n%
section 3.2, is converted to mass. For most condition}%%j¢ 3
is convenieht to‘cse a mass density of water of 1000 kg/rn3 |
or 1 kg/4. Thus,'a flow'rate of one liter per second is
equal to a mass flow of one kilogram per sgcond Flow rate
"expressed in 11ters per second will serve@%@ express mass in
kilograms per second for the force equat4®ns.
The force produced by water strlblng the buckets is

4

directly dependant upon the veloc1ty with' which water .

{
?



strikes the buckets. Since both the water and the buckets

are moving, the relative velocity, V., of the water with"

‘respect to the buckets is used.

wﬁen the turbine is in equilibrium, at constant
velodféy, then the for¢e (moment) applied~by‘the bucket on
the water must equal‘thé force (moment) of water on the
bucket. ‘Where' the forc; of the water is equal to the mass of
the water striking the bucket multxplled by the veloclty
w1th whxgh the water strikes the bucket. Figure 3.3 ‘
illustrates the actio€~ofnwater on a buckét, only forces
parallel to the waterjet contklbute to turbine rotation,
Using the conventlon 111ustrated in Figure 3.3 and summxng
all forces in the x direction, we find that:
= Q,(Vj;vb)Z(Qs/z)(V,cosw). . (3.14)
Simplifying, we get Equation 3.15 where the force, F,, is
= Qs(v,)(1-c$sw)- : | © (3.15)
measured in newtons. | |
The perpendicular distance-from the cénter of the
turbine tb»the'center of the water jet is the moment arm ) SN

over whichvthe force of thé.jet acts. Force multiplied by

' the length of the moment arm yields torque ekpressed in

joules. Power is then calcﬁlated by(multiplying torque by
angular.velocity.”Multiplying angulér velocity, w, by the
mtment arm, x,, and by Equation 3.15 yiélds the power
Equation.3.16, where power is calculated in terms of watts.

P = Q,v (1=cosy)xw | (3.16)°

At this stage, one should point out that although EQUatlon

S
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Figure 3.3 Velocities actlng on a single Pelton turbine
bucket (view is a cross sectional slice
perpendlcular to plane. of Pelton turbine at

a point where the water jet is perpendlcular
. to the bucket) \
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3.16 neglects some losse it is a good approximation of
power. The power would djtrease slxghtly if one vere to
account for power lost due to fr1ct1on of the water passxng
over ‘the buckets and if one wvere to consider the small.
portion of water just touching the bucket but not able to
flow over the bucket before it swings out of position.
However, Figure 3.4 shows that the t%ngental velocity of the
buckets is.not always parallel to the direction of water
flow. The component,of.bucket velocity parallel to flow
would be less by a factor of cos f. This would increase
slightly the relative veiocity, v,, and cause power to
increase. This increase in power will offset the initial

decrease in power described earlier.

" 3.3.3 Runaday_Speed Determination

Reddy (1966) and Shirgur (1968) predicted turbine
runavay speed using a’ptocedure gased on a balance of
moments. When the turbine’is operating at a constant speed,
moments are balanced. For Reddy (1966) and Shirgur (1968)
, runaway speed occured when the moment of the waterjet was
equal and opp051te to the combined moments of bearlng and
windage friction and the wastewater being returned onto the
backs;de of the buckets.

As demonstrated in section 3 3.2, power is the product
of the moment (or torque) and angular veloc1ty of the
turbine. As the governing systemlmested has no braking

l\

device, runaway speed occurs when the pover of the water
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Figure 3.4 Components of velocity at Pelton.turbine
bucket (cross sectional view in the plane of

) the Pelton turbine)
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'str1k1dg the tugbine is equal to the‘power absorbed by

. bearing and wxndgge frlctxone"

The experimental apparatus had two conf1gurat1ons whereb

power absgbed by bearing and windage could be tested. One

H.cod?iguration consisted of the turbine operating on a shaft

without any load connected to the shaft. This cou‘iguration

¢

represents the minimum power required to spin the turbine on

L it's shaft. The other conf1gurat1on consisted of the turbine

’.
operating on the shaft which was connected to an alternaror

through pulleys and a V-belt. The alternator was not

*

connected to an-electrical load A motor pover dtaw test was
used te def1ne the power absorbed by bearing and windage in
z AR

.;bothaconflguratxons.

,,'l

;aj!The;motor power draw test was used to determine the

P . )
adtual amount of power required to overcome bearing and
»l‘

j.[windage fr1ct1on at several speeds. An electric motor uses a

f‘and bearlng\frlctlon of the motor itself. Some povwer is also -

spég@ Qart of the load on the motor is caused by windage

’a.

t

oA

-w
flxed amount of poweA to operate a constant load at constant
¢

[
.

\ \

lost because of‘mneff1C1enc1es within the motor's w1nd1ngs,

.oﬁten referred to as flux losses. The power used by the

!

'W-motdr 1s calculated by aybtractlng the power 1eav1ng the

i T .
4\

motor ﬁrom the power ava1lable to the motor.
,5 Motor power draw tests were performed for five turbine

speeds in order to collect enough data po1nts to establish a

7 prec1se relationship between turbine speed and power

absorbed by Searing and windage friction. Three cgnditions‘

*
.

i
-
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/' were tested at each of 5h6'selected speeds'

R Ai_ S '{i | :

q o ?/ *a; The motor dlsengaged from any load.

: Q.
character1st1csvat

X

- B, The motor dlrectly c“pled to the turblne shaft . ';‘t

w1bhout any other load copnected to the turb1ne

B

\ “

?haft- B T PN
t.,The mbtor dlrectly coupled to the turbxne shaft w1th N

b ,“k a. load donnected to the - turb1ne shaft in the form of
','\ an alternator dr1ven from»thetturb1ne shaft through
N ' .
pulley“s connected by a V—belt.i '

B ' The flrst condltlon establlshes losses due to bear ng *

frlctlon and electromagnetlc flux w1th1n the motor 1tse1f

:Subtractlng th1s loss. from each of the rema1n1ng two s

_observatlons ylelds the actual amoun?/of power requ1red to..-'

\ N

’;come frlctlon for each of those cond1t10ns. Table 3 4

‘marlzes the data collected‘for thls test. These data were

'fthen plotted and a regre551on“§(o4ram used to’ derzve o | N

Equat1ons 3017 and 3. 18 where Equatlons 3. 17 ana 3. 18

«

Py = 20.26027¢%° o3t "“ e (3 17)

A

o

TPy -3, asos# 0. 06554(rpm) S R (3.18)

}‘represent the bear1ng and w1ndagg fr1ct1on losses for the

\system both w;th the: alternator connected (hlgh frlctlon

fyystem) and w12£out the alternator connected (low fr ctlon' o,
3 \o ¥ '

(sxstem) to the turblne./Bear;pg and windage fr1ct1on loss

curves eventually 1ncrease exponentlallyv as sﬂbwn in
AN

a
Equﬁtnon 3 17 Equatloh 3 18, altnough llnear,'xs valld

*'w1th1n thewregxon @'sted out wall take on\gxponentIal

1gher;turb1ne speeds. F1guféZ$V5 clearly h
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"illustrateL the differences between the two fr1ct1on curves.

r. . S ( '
TABLE 3.4 MOTOR DRAW TEST RESULTS |
.“7$‘ o Total;power’drawf(watt) System power draw (watt)
S R R . Low High
W Motor Motor®  Motor Friction  Friction«
R Turbine Turbine Turbine.  Turbine
rpm — Alternator Alternator -
1410 37 . .9 180 61 ,“
1640 50 120 « 225 70
1840 57 . . °T4B8 . 260 91
_ 2040 - 70. . 175 [ 405 105
3550 275 - . 480 1560 205
B .« R rw‘ i

g |
T 3 {_CSMP Model Descrxptlon L ) o

! ' . . . L.

‘The. many equatlons needed to determlne for- power outpuﬁ

- . LY
—’f the system (sect1on 3. 3 2) were«used in a computer bavsed

51mulat1on model u51ng the Contlnuous System Mod’”i

k Program (CSMP), a software package avallable on the x

3

Un1vers1ty of Alberta s Amdahl computer. As CSMP (Speckhart

'and Green, 1976) is des1gned to 51mulate dynam1c systems X

<

R

'The three stage format of CSMP models shall be used to

over t1me, 1t was weﬂ; su1ted to model the 1nteractlon of a

waterjet on a Peiton turb1ne. csMp 1s a pOWerful program as f(f//

| demonstrated by the conc1seness of the'model (Appendlx A. 1).\

U .

explaln-model setup. '”;*

N

The first sectlon, refered te by CSMP as the INITIAL

: ¥
_wsectlon, is used to spec1fy the constants partlcular if the .

;:problem be1ng solved In thlS sectlon, the turb1ne and the

condltzons under whxch 1t operates are. deflned. Computer
. . : ,C&a
O e e T T

;, e tr . Vﬁ'g)e . 'ffm




i 67

H‘v »ﬁ ]
time can be redudﬁd 1f the calculatlons whlch are needed for

the model and which only need be done once are placed in
. thlS sect1on. S -
[ o : X .o
o  CSMP uses numerical integration procedure to solve '
e L ) ¥ % . ‘ N
-differential equations All simulation statements needed for
“the 1ntegrat1on of Equatlon 3 11 ar€ placed in the second
(or DYNAMIC) sectlon. The size of the 1ntegrat1on step and
thejlﬂtegrat;onﬁprogedure to be used 1s.out11ned in the,

e fﬁnal (or TERMINAL) section. Choosing the numerical

-~

A 1ntegratlon method and 1ntegrat1oﬂ step 51za~1s 1mpoltant

»

’? . .
‘a . ]
-« . ‘ . -k

LN R .
- 3;5‘CSMP Modeliveréficati%n SR SR
The integratioo of.Egoatioﬁu3.16'is'such,an igporxanﬁ.
}part'of the»modei that‘tﬁe’ability'of the model td
: agcurately calculatelthe wastewater vglgee had,&o be "‘xfd
e es{abl1shed before the mpdel could be used to pred1ct \

. runaway speed§ The CSMP model and hand calculatlons were

compared by calculatlng the\volume of a 51ngle wastewater
R ot

o . segment genera’Fd u§1ng the theoret1cal condltlons

45’* establlshed for a 10mm dlameter water jet from the three ]et

L]

“« . .configuration outllned in sectlon 3.3 and a rotat1onal speed

L

))f* | of‘420 radlans per seéond L

-
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e

\ To 11m1t hand calculat1ons to a reasonable number ofiﬂw‘ff’
1terat1ons, the wastewater segment was sliced hd!dzontally .
into ten 0.1 centimeter thick slzces.“Roundoff ercor was™s
minimized by carrying all calculations to 8 significant
digits and using centimeters for dimensions (the CSMP iodel
used meters) For each slice)'Equations 3.4 and 3.5 were

-

,used to determine the 1ength and w1dth, respect1vely

EQNation 3 5 estxmates wxdt‘lrt the m1dpo1nt of each sl1d§
i’ : as seen in Flgure 3. 6 An est1mate of the volumetr1c erro‘
” i ’exppcted (due to the estimation of the volume of a
T cyllﬁdfled&Shape us1ng rectangles) was_ estJbllshed by
comparlng thewzttual qross sectlonal area of ‘the uas water

0 - .

segment A“&f w?th the suﬂp&‘&on of the’ cross sect1 nal

-

L
areasg of the tenosl1ces,‘}“t.‘Thls c0mg§rlson showed" that Co
W “
A"!Noverestlmated A,., by O. 967 percen :‘;' - B . B
. ' S S & .
To detérmine slice volUme; ghe ¢ oss'sectional area of .
‘ each slice was mulgiplied by the cal ulated sllce length“ ‘% | ;
- ' {Fw\ J
&' (Table 3.5)\\}?e summat1on of ‘these volumes can be used tQ 1gl B
| estimates tot wastewater Segment volume wh1ch is of 0. 859

R
cm® for the 10 mm Jet system 1ﬁ quest1on. ThlS volume is
I - ’
<~ D, 9@0 percent gr%ater than. the volume calculated by the CSM 1

model of 0. 851 cm3 for the same Jet system. ol
The 0. 930 percent dlfference 1n volume calculatlons is

a-direct result of the 0. 967 perqgnt d1fference in .cross e

Ay

sectlonakagrea calculatlons. The 1rregu1ar shape of the-
_wastewatsr segment accounts for the sllght d1fferen¢es i
between area and volumefcalculatlons. These results 1nd1cate 7

s

LI . . - . . Sm
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Fzgure 3.6 End view of wastewater segment for

£

]

ver1f1catlon of wastewater volume
calculatlons v

69
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o ',

e that the CSMP model accurately predicts_hastewater vofﬂme(

KX

e e '
TABLE 3.5 WASTEWATER SLUG VOLUME CALCULATIQ)(N B
i ) } - . f ] d 8
(N *Segment  Segment - . Width  Area 7Length ,,,,, Volume
‘number ' defh Sw SL %
| (crgy - (cm) (cm?) (em) (cm’)' ?
1« -0.100 0.436 . 0.044 0.586 0,026 A
2 0.100_ 14 .0.0717 0.701. 0.050. =~ R
3 - 0.100 '0.0872 0814 0.070. .
4 0.100 0.095 0.925 0.088 &
5 . 0.100 *0.100 1.034 0.103
6 - 0..100 0.100 ° 1,142 0.114
7 0.100 '0.095 . 1.248 0.119
8 . 0,100 ~ b6 . 0.087 1.352 0.117
9 0.100 0.77¢ '90.071. 1.455.. 0.104
0 0.100 ~ 0.436 ~ 0.044 1,556 0.068

p—y

AT momar 0.794 v TOTAL 0.859

I N ~ ,.ﬂ‘li, s
: . _

o~ ' N R

3.6 csnp Model Results - s . N | :

To evaluate the theorétlcal solutlbn, the CSMP model

was used t estlmate power curves for the-} dcast Colpmbxan e Ji'
9 . .

~.and the ma/ﬁfactured Engl1sh turb1ne when tﬁey were - :‘;l ‘
'subjected to ¥he same head !nd flow condrtlons. The diameter |

of the waterjets was«adjusted so that the same total volum; -
'_pf water was axmed at the turb1ne regardless of whether:. - 1;;}

thefe were 1, 2 3or 4 jets. The power preduced by the

turb1ne Was calculated for speeds ranging from 2500 t 4000*»%
'vrevolutlons per m1nute fotpeach comb1nat1on of waterjets and ‘

for each turb1ne. Table 3.6 summaflzeégthe test parameters.

Theoretical power curves for the ménufactureﬁ and handcast

w
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ijtu:bines atuﬁplotted on Figures 3.7 and 3.8 respectively

whide the runaway speed reduction results are summarized in

Several si

. SRS ., . o ’
Tablﬁe 3.7. \}“;*;mj** | y . \
- .\ ) ‘ . 0'#_"\~ ’ ’ ' oy
TABLE 3,.6 PARAMETERS FOR THEORETICAL POWER CURVES
o Lo .g a | £ R "
- Number Jet iameter , Area per jet Comb1ned~ﬁet
L of.jgts; (mm) .  (mm?) o area (mm?)
' ©+ 9,000 © 63.617 254.470
10.392 84, azo_ .. 254,470
12,728 : 9 254.470
' 18,000 254.470
< =T . e - ',ff Q@» . ‘hwm peas a 'W‘..“ ;
A X S . ) - ‘
i TABLE @. 7 THEORETICAL POWER CURVE L !
2 . ‘SPEED REDUCTION SUMMARY . -
»5!? . Runaway speed Reduction of Epeed
. ddenTifier . w/ alt. w/o alt.. w/ alt. = w/o alt.
) o ' rpm rpm % %
A " P . Y . N . LJ
T1J140 3164 - 3860 ~ 0.0 0.0
T1J340 3155 3852 0.3 0.2 .
/2*3240 3121 . 3585 1.4 7.1
T1J840 3118 3525 1.6 8.7
‘ .T1J3440 3090 ;3429 2.3 11.2
i . ' . .
: \ T2J140 3113 13731 0.0 0.0 &
3099 . 3701 -0,4 0.8
3052 - 3439 - 2.0 7.8 o
. 3038 .,3379 2.4 9.4 .
3017 . © 3283 3.1, 12,0 *
1; . . i S~
T ' .\\5\
) 1 ' *

m1lar1t1es exist between Figures 3.7 and 3.8.
X,

. ASs expeeted there wag little d1fference between the curves

3 +" "where no’ i k£
~ . through o t

e

erende occured The vojume of water pagsing
¥, /

of .18emm diameter and\two jets of 12.73 mm
p .

-diameters is exactly the samt as the mddel assumes that

o
A4
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eir veélocities are the same. The model does not account
for the possxb1l1ty of floqgmq the turbmeolf jet daameter
is too large because the Only means to determine reliable
| values would involve extensive testing, which was beyond the .
scope of ‘:&bi’s research. Also, runaway speed decreases With
_the introduction of water jet interference. As the number of
interference points increases-, power. decreases because' less
water strikes the turbine. ~ - .
| Figures 3.7 and 3.8 shdu that.ﬁt';iije influence of the
'fvi* wi’ngaée and“@e‘aring fficti'o\r‘i».i_s quite high \Qhen it comes to
| determining runaway speed. If the only obiectijge is°to
decrease r.un'away speed, then it appears that increased
. “ friction is desirable as the runa*ds with the high
= . friction’ system are all. lower comp. o the low” fr1ctwn .,

hd R

St hunak

v g %3
system. However, 1ncreashg friction decreaSes the amox.fnt of

L4 B -

power available for practlcal use. It is most ‘Gegirabletg” e
decrease the runaway speed rapidly without .losing large
\ améunts of pbwer to friction, - A '.
| Figure 3.9, formed.by combining F'ig{.xras 3.7 and 3 8
sﬁows that the manufactur d'turbme decreased its runaway
speed more qu1ck‘1y than the handcast turbme for the head -
and flow condit“ipns used. The manufactured t.ui-bme differs .
from the handcast turbine in that it has an 8.3{_"pe’rceni; : 2y
gqaiamoter, 5 xde_'gr-ees .leas return aagl€, \p., in the'. R

. . [
et §nd two fewer buckets: In theory; the number of &,
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i

fﬁ"‘f‘ keeping all £actors tHe same except sthe number Of buckot! f“;

\ . gave almost identical reaults. As far as the model is.
‘ )

oncerned, increasing the turn angle in the bhehet inef

lqps of power caused by exiting water etriking the
of the adjacent bucket, as so much depends on the sqp

the back of eac?ﬁ_'cket and the amount and veloc1l

“vwhxch the exx\1ng vater strxkes it.

.** fThe CSMP simulation package allows the user to choose

*
B .

. amongst dlfﬁerent “sntegration methods. One chooees the

_ 1ntegrat1on method that uses the least amount of 1ntegvat1on
b
Q:eps, and therefore computer tfﬁe to -achieve an acceptable

ievel of error. As ment1oned ear11er, the Runge- Kutta method
a¢lows the computef to choose 1ntegrat1on step size., By

- ) spec1£y1ng, for each 1ntegrat1on step, "the absolute value of a'
.'h ’ “u
< - the e0t1mated 1ntegratlon erroi and the telatlve mqas1tude

of the estxmated error, the computer will choose the . Step

size for»each 1ntegratxon’to keep error‘w1th1n the bounds:

, spec1f1ed (Speckhart and Green, 1976). A value of 5.0 x 107" .
, .

Vas used for each parameter to (insGre an ertor of less than

0 1 percent between the’ calculated and actuai~§olut1on.r

- ) . ¥

A

\
-
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v T b ok RRPERIMENTAL PROGRAN',. '
“/ | ’” - .- N o |
4.1 introduction A R | <

¢

3
wJ

‘turbines do not exist at the Un{?erSitf of Alberta. The
4 ' o

. N ‘\" :

equipment assembled andfused‘to evaluate the performance

charaoteristics of twq Peltohrturbines under the influence
of multlplb jet systems and varying head and £low condltlons'

‘are descrlbed ir this chapter.‘ - '

The apparatus was set up to'derermide turbine
effjciency for each eombination of head, flowrate and'jet
configuration where effxdxfncy is defxned as: qctual power

- ‘out of the system over theoret1cal power 1nto;the system

Power out (Pmn) was, measured whlle theoret1ca£ power (P,.)

‘was calgulated us1ng Equatlon 4. (adapted from Frxtz, ; N

1984) . Reddy (1966) descrlbes good Speed control as belng

Pin = PQH, * o (4.1)
.characterlzed,by high efficiency at ma;imhm power with /n

' rapxdly decreasr\g efficiency "in overspeed condltlons /

3

(Figure 4.1). 4 o ' "‘/\
- " . . ' ‘V » B " . ) B ' /.
- g . o ' & f' /
4, 2 Apparatus Utxlxzed , ‘ ! / .
. o ) ‘ . . ’ . /. *

4,2, 1 Overv1eq

To fac111taue explanatlon, the equ1pmgnt used foa this

‘Permaneént facilities to test medium to high head Pelton -

. wr}}»

3 .d»hl".,'«" te
w SN

>,

\.
S

: ¥
;vgy %?perxment q@s c1a551f1ed into four categor1es' power 1nput

éomponenﬁs, power output cOmponents, 1nfrastructure and -

LN

C

' ’ S N . .
77. ] ' . . o
. 3 P . " . !
, . .

_
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Figureb 4.1 Effect of efficliency,ibn‘ rufaway speed reduction
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the equipmen “needed to determine the amountwofftheoretical
__77‘ - . . o ) L .
_equ1pment usedkto convert'watérfpower into hYdroelec

N Q

power in theﬁster being\supplied/to the Pelton. The

power is dlscussed in the "power output components se tion.
" Infrastructure: ré{ers to the Bupport structure requir d to

/

hold th’ exper\mental apparatus together. Equ1bment 'n this

i

category w111 be dfﬁ;ussed brlefly for, althoug

"functlon\iiy‘lmporta , eQu1pment de51gn is not cr1t1cal to

\

r1pt1on of the computer and program

I
/

used to collect data ig

the exper1ment ﬁ’des

conta1ned in the data acqulsltlon

,sect1on. The locatlon ot most of the equlpment outllned in”’
/

: the follow1ng sectlons ‘may be seen in. Flgure 4 2 : o

/ . -

4.2.2 PowerrInput Com, onents*

-

Head for the water jecg was prov1ded by a small

»

1rr1gatlon pump, (Rain Mastet model §S-34-15 manufactured by
\ 4 S~

_Construct1on/Mach1nery Company of Iowa) shown in Photograph

/
4.1, Adjusblng the throttle oﬁ the electrlc start, 18.6 KW

/ £}

(25 horsepower.) 4 cyllnder ga Olme mOtOI.' var1ed the / o
’ ¢

A ) ‘ | |
flowrate’of the dentrifugal pump.\ ' B o

t

Water ente ed the pump thrd&gh a 7 62 cm (3 in)
d1am7ter suction hose and dlscharaed 1nto a 7 62 cm (3 in)
.dlameter nlpple, whlch reduced tola 5. 08 cm (2 in) d1ameterv
pype. Water for each of the four n'zzles was sp11t at- the

»/ﬂater divider (Photograph 4. 2). FloV was, controlled with the

-/ hand valves to ensure‘tihat.Ht was the=same at each of the
s ., ' » ] ’ o | " : . ) .

» NI . . \
. \
N

A
B
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Photograph 4 Water divider to evenly drstrlbute water to
P

, all four nozzles. . , _ _/z**‘}
Jooos o - : o Y
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" Hozzles. The closest valve té the:union joint was a bypass

' ~ turbine that passed over the weir;

cMultxple Range Pressure Transducer, (Model DP15TL

;allowed the pressure transducer to mon1tor statlc pressure

"valve whzch accommodated h1nor pressure ad]ustments. Bypass '
‘ water was carrled behxnd the weir so’ that the flow of bypass

'water was not comb1ned w1th the flow of water from the
: \ | ‘ '

.

Turblne performance was tested with total hydraul\c

head (H, ) vary1ng from 30 meters to 50’ meters. Equatipn 4.2

‘1.descr1bes Bernoulli's equation for calculatlng H,.

oo, P TS
Figure'dgf_descrlbes the telationship between these
‘components. e

| Water velocity in the pipe immediately before the
nozzle was‘calculated by dividing the volume of waterbf
flow1ng through the nozzle by the cross- sectlonal area of -

the pipe. Velocity heads vere seldom greater than l meter as

1flowrates per nozzle seldom exceeded 5 l1tres per second.

The pressure (or static) head was determlned'using a

manufactured by Val1dyne Englneer1ng Corporatlon,

' Callfornla) The transducer was fltt&d w1th a d1£‘hram rated\

A‘to 550 KPa. Standard laboratory proceedures were used to tap

each nozzle for a static pressure-(Figure'4.4).,The 3.18 mm
(0.125 in.) diameter reinforced plastic hose transmitted the

Static preSSure‘from each nozzle to a valve, as illustrated

_in- Photograph 4 3. Each valve.was attached to a. header which

d

gfrom the four nozzles either 1nd1v1dually or as a group
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§§‘positioninélthe'pfoasoratifanséucef at the same

A

élevat{on as the center of the upper horizontal nozzle, the

elovatzon head became zero. Total head was calculated by
addrng pressure head to the c;‘:ulated velocity head.

To avoid errors caused by fluctuations in atmosoheric
pressofé, the pressure .transducer was'calibrated daily using
a Standard Dead Weight Tester (Model #23 1 manuﬁactured by
Chandler Eng1neer1ng Company, Oklahoma) (Photograph 4.4). A
small proogam (Append1x A,2.1) was written to perform a
linear regression on ten data points read by the data -
acquisition cohputer from the préssura't;ansducer. The
linear régressgon coefficient:(r)vhaq*to be greater 'than
0.9995 before the calibration was accepted and théhslope and
yfintercept valoes~were used in the main data acquisition
program (A.2.4). |

The flow rate of water passing through the nozzles was

perhaps the most important parameter to medsure as flow rate

is critical for the calculation of power. The standards
\

‘defined in Brater (1959) use a triangular or V-notch sharp

crested weir as an accurate way to measure fluid flow rates
under 25 liters per second. The standards defined in Nelson

(1976) stress the importance of‘meeting the following

_standard conditions for accurate flow measurement from a

L

weir: - ' ‘

a. Smooth laminar flow conditions of water musﬁ exist
prior to d1scharge over we1r.

b Waterflow over the weir or nappe must be completely
* v 4
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Photograph 4.4 Calibration of pressure transducer using
hydrostatic apparatus '
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surrounded by air (Figure 4.2). - o
. ¢. Measurement of water elevaéﬁon (H,) over gpe v-notch
must occur;;t a distance no less than 2.5 H, "
.upstream from the weir. |
d. Both the gmooth flat surface and the sharp edge of
the we;r must face upstream.
The aforementioned conditions were met within the cbnfines ‘
of a large animal watering trough 2.44 m long by‘0.24 m wide
_and.0.60 m deep. “‘ - |
Smooth laminar flow was achieved by installing a
plywood screen made with 40 mm diameter holes drilled on 80A
mm centers, (Figure-é.s)\beneath the'front cover~ of the
.turbiﬁe cabinet confining turbulent flow behind the screen.
SmallrwaQes wete.elimina;éd with a floating piece of plywood
.lsmm“x 16cm X 60 cm attached immediately downstream from the
screen.

- The water behind the weir was maintained at a level low
enoﬁgh to allow thé nappe to discharge into free air and yet
.high enougﬁ ‘to prevent air from enter1ng the pump s suction
hose. Chang1ng the flow :gte between runs elther by : -
adjusting headrand_or1£1ce series often meant that water was
added ‘or removgd from the system to control the water level
behind the weir. Water was added to thé system with a garden
hose while 4%tey removal was done by opening a sma\l vaive
on the pump' ?d1scharge line. ‘ “ C g

Hansen, et. al!/(1980) used Equatidn 4.3 to calculate

'Q, = 0.0138H,25 - ' : (4.3)
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the flow of water over a sharp crested V tiotch weir, S1nce

the max1mum expected flow rate (10 llters per second) occurs
a : * -
\\when H, equals 13 93 cm, the apparatus used tohmeasure'the .

surface elevatlon qf the water was placed 50 cm upstream

R
v

from the wezr.

¢ 1

’ S T
Photograph 4 5 1llustrates the. apparatus used to
,'mea5ure>the water surface élevatlon Any change in wat%r
g’°:_‘ surface elevation® would be detected by the float. Th15'
| change manlfests 1tself at the bearing plate w1th vertlcal , o
‘and sllght horlzontal movement A wellflubrfcated_9.53.mm ‘.‘: h J&

1(0 38 1n) d1ameter, stalnless steel rod rlding on the

f‘ bearlng plate and pa551ng through a 4 ¢ sleeve ellmlnated
all ‘horizontal movement A llneaz varlable'dlsplacement
g transducer (LVDT) converted the posi of the rod into a.
| dc voltage wh1ch prov1ded an analog voltage 1mth to the
‘data acqu1s1t10n computer. The LVDT was callbrated once

every 25 runs to ensure proper performance. A program was

Awrltten (Appendlx ‘A2, 2), where the data acqu151t1on
"computer read the LVDT voltages at 10 dlfferent ‘water b
(surface elevatlons before a llnear regre551on was performed

en the regre551on coeff1c1ent value was greater than '
0.9995, 1nd1catrng a strong linear relatlonshlp,,the slope
’and y 1nteﬁcept would be. used for ‘the data acquls1tlon runs..
| ‘ The weir (Photograph,4,6) ‘was 1nstalled.perpend1cular
:to both the walls and'flodr of‘the'trough Shaped from 16
./" F'gauge galvan1zed sheet metal and relhforced w1th a 25 mm X

25 mm x 3.2 mm (1 1n x 1 in x 0.125 1n) angle iron (Flgure‘
' . : _ v 4

¢
‘- \. . )



RS

a

N

"’ Photograph 4.5 ‘Water level meas
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Photograph 4 6 Water flow measurement system,

turbulent flow to suction hose
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4.6), the upstream s1de of the we1r rema1ned smooth and flat
ensuring proper flow over the weir (Brater 1959) The weir
was secured in posztlon and sealed with lxberal amounts of
sxlxcone sealant. To insure that all water flowed through
the V-notch of the we1r the sides of the trough vere A

- supported bywtwo 3 meter long, 38 mm x ‘89 mm wooden beams

\bolted together at each end to prevent the trough‘walls from

.'-flexlng and breaklnc the seal around the weir.

- regresszon coefficient was greater than O 9995

The rotational speed of t 'turblne was~determined
using a magnet1cal¢y-act1vated‘§leccronic switchvwhich'
utilizes the Hall. Effect for sen51ng a‘maqhetlc fleld The
Hall Effect ‘sensor detects the magnetlc fleld produced by a
small magnet attached to the turbine shaft (Photograph 4.7).
The Hagl Effect sensor was held in place by a wooden bracket
to within 1 mllllmeter of the ‘magnet to ensure accurate
readlngs at high rotatlonal speeds. ‘A frequency to voltage
c1rcu1t (Appendix A.3) converted‘current pulses to a dc-
voltage capable of been read by.the data acquisition
computer..‘ | ; ' |
The Hall EfFect sensor was callbrated dally u51ng ;//
; vroboscope. While connected to the data acquisition /
‘computer a callbratlon program (Appendlx A2, 3) recoréed
‘woltages at ten distinct turbine speeds.before pertbrmlng»a
-linearfregression on the data. The y—intercept and’slope

were used in the data acquisition program when the
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Photograph 4.7

Hall eff
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sensor in wooden support and

magnet mounted to shaft.
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Mechan1cal energy in the sha t of ‘the turbine was
transferred to a two pole, brushless alternator capable of
- producing 3.6 Kilowatts at 120 volts ac‘and 60 Hz. at.a' |
rotational speed of 3600 rpm using pulleys and a belt. This
type of altexnator ‘is 1deally su1tedffor operat1on in |
jdeveloplng countries as a brushless mach1ne requ1res
lv1rtually no ma1nta1nance_wh1le the relatlvely llght weight
- of 29.6 kilograms‘}aei;itates transportatlon-to remote;
locations. The alternator'produces single phase voltage
Nyhlch e11m1nates the need to balance loads ‘and allows the
alternator to operate at maximum- eff1c1end§

Throughout the experiment, output power was measured in
watts. Alternatxng current _power generated by the alternator
was measured with a portable standard wattmeter. The_~
nwattmeter (Photograph 4.8) was accurate to w1thrn 0.05»
'percent1of full range value, or 1 watt over a range of42
‘kilowatts. Vﬁfffitf' “

Lo

Power oan”also be describedAas the produet or voltage‘
and anperage. A Beckman model HD 150 multlmeter was used to
- measure alternator voltage (Photograph 4. 8) Monltorlng the
voltage gave some 1nd1catlon as to how well the system was:
controlled Slnce voltage is dlrectly proportlonal to
rotat1onal speed “the hlgher the rotat1onal speed of the .
alternator, the h1gher the voltage.

Equation 4.4 was ‘used to determine anperage given power

1=PE . | ' T (4.4)

< . = . <



Photégfaph 4.8 Voltmeter (left) and wattmeter (right) o
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and voltage. This equation is valid as long as the power
factor is zero. Having calculated amperage, Equation 4.5--
P, = IR | (4.5)

was then used to calculate power losses within the
'alternator so as to determine alternator efficiency.
Electrical loads were placed on the alternator using a
large set of resistors (Photograph 4.9).rNiné\knife switches
connected all thirty six 12 ohm resistors. A wide range of
electrical loads were possible with manipulation of the

switches.

4.2.4 Infrastructure
The turbine cabinet was ébnstructed primarily to
provide a solid base for mountfng ‘the turbine and the
nozzles. However, the cabinet also served to keep)éll the
water w1th;qkthe system and permit the observgtlon of
turbine ope;ation. The cabinet was supported o} its own base
over the water trough,

The back of the cabinet was constructed from a 6.35 mm
(0. 25 in) thick steel plate rlgldly fixed in a vertical
pos1t1;n; The mountlhg plate prov1ded solid support for the
nozzle mounts, bearing blocks and shaft. The two sides and
top of the cabinet were made.pf:12.7 mm (0.5 in) thick
plexiglass §héets. An effective watertight seal was created
by bolting the plexxglass to the frame with a rubber seal. A

“vertlcal sIot was cut in each sheet to allow movement of the

plpe-cqnnected to the nozzles in the plane of 'the turbine.
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Photograph 4.9 Resistor bank
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: \
The slot was.sealed with:h:kallplexiglassvcolla;~’ﬂd

the pipe and clamped to the side piece of plerlglal,ﬂmf

The front of the cabinet featured a 6.35 mm (0‘?5 in)
thick plexiglass removable d°°ﬁ;\ThF door was held i%xp;ace
by eleven hand tightened "T" bolts which facilitated £¥e
changing of the‘ﬁozzles, | \

Nozzle mounts were designed to rigidly support the.four
nozzles and permit adjustments in the plane of the turblne.
, Adjustments were necessary to change pltch d1ameters with a
change of Pelton turbine., Four p1ece§ of steel pipe 7.62 cm.
(3 in) inldiameter and’25.4«cm (10 in)wlong‘were machined
flat at one end. A 4.8 cm (1;9 in) diameter opéning‘was
macp1ned 15.24 cm (6 in) from each of these ends (Figure
4.7). ' a

Eight small steel plates 38,1 mm (1. 5 in) X 73.7 mm
(2 9 in) X 9.525 mm (04375 'in) thick were drilled and tapped
for a 19.05 mm (0.75 fﬂ) diameter bolt. The plates were then
welded into each end of the nozzle mount, onme to secure the
nozzle in place and the other to secure the mounting bracket
to the mounting plate. |

wéterjet velocities were calculated using Equation 4.6?i

V, = Qu/A, | , (4.6)
Figure 4.8 shows that the diameter of the water jet is less
_ than the diameter of the brifite: The diameteér of the water:
- jet was determined using measﬁfgments.taken by the.apparétusg

shown in Figure 4.9. A detail»édfé‘scription,Aof the procedure

used to measure is described by Reddy (1966). When the two
. o) SE R
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63.5mm-—38.1 X5mm
2 - (2-5" 'ono — 1.5" X ’/“”
Flatiron ‘

¥%" Tapped Hols

_48.3mm (1.9")

@

254 mm (107)

"

152.4 mm (67)

L—— 76.2 mm (3"} ~—— (

Figure 4.7 Nozzle mount
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conducting Points touchéd each side of the vater.jet, -
electrical current passed though tiw water jet as indicated

by the light.

M . « T B . ..
- ] ST -
I K ) .
[

Figure 4.8 Orifice - water jet diameter relationsﬁip
| | AN
The diameter of the water jet producgd'by each orifice
was‘hgasured 6 mm from the orifice opening while the system

was operated at a head of 40 meters., The results are

summarized in Table 4.1. The mean water jet diameter was

19.80 percent less than the orifice'diameter. Thus, the G (ﬁ
cross sectlonal area of the water jet was calculated from - :
the water jet dlamgter which was calculated by muitlplyxng ///

the orlézce diameter by 0. 802 water jet velotxty was then
calculated by dividing the flow rate of the water jet by the
;ross-sect1onal‘area of the water jet.

~Nozzle§ are rated according to thei; discharge

coefficient, (C,). The discharge coefficient is 8efined as



. .
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TABLE 4 1 JET DIAMETER REDUCTION MEASUREMENT SUMHARY y
Series  Number Orifice ~ Waterjet. ‘Change in
number  .of jets . (mm)_ Sla (mm) dia %

1 i *7.9@ 6.48 - 18.00
1 3 - 9,07 7.11 21.50)
oy 1 2 11,00 - 8.56 22.20
o 1 16.00 13.00 18.70
2 4 - 8.90 ' Z 49 . 15,70
2 -3 . 10.29 - 7.87 23,50
2% 7 1 17.86 14.35 19.60
3 c 4 . 9.86" 7.92 , . 19,60
3 2 © 13,72 11.00 ~ 19.80
3 EE 19,89  16.51 -~ 17.00
4 Y 10.92 8.43  222.70
4 3 12.50° 9.78 21,80
4 20 15.44 - 12,57 e 18460
4 R 1 22.12 7 18.92 - 14,40
5 ° oy " g 11.89 .~ 9.48 20,30
5 . 3 13.77 11,10 19,30
5 2

16.94 13.46 20.50

'MEAN 18.60 *

-

* The. percent”ﬁean of dlameggr change had.to be

' determined experlmentally prior to collecting runaway, speed
"field data and prlor to performing subsequent CSMP
'51mulat10ns.AThe mean diameter change was used to calculate
water jet velocities. in both the CSMP (A.1) and data

Macqu151t10n<§rogram (A.2.4) programs. However, the reduction =~ °

factor used ¥n these programs was the result of a B 5%
miscalculation where 18.60 was used instead of 19.60. The
1.24 percent error decrease in the reduction factor results
in a 0.83 percent increase in water jet velocity and .
"ultimately a 0.39 percent increase in power. Test 3 in Table
5.1 indicates that a sligh®increase in power enhasces the

- ab111ty of . the CSMP model to,predict runaway speed. However,
the original data was used in the analysis because the error
was not, sufficient to justify repeating the analysis. °

f‘ A S

the ratio of the éctual flow rate.oVér the ideal flow rate
(Baumister & Maﬁks;iL967). The ideal flow rate was

calculated using Equation 4.7 whereas the actual flow rate

& . a0

~ - o | 105

g
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Qv = A,(2gH,) ©F . O (é?)'
- was determ1ned exper*nentally. A hlgh quallty nozzle can
have a dlscharge %oe cient -as high as O 98 whereas a sharp

v
edged orifice type nozzYe ;yplcally has a discharge

coeff1c1ent of 0.61 (Hansen~et al.[’r980)
| Two factors cause the actuale§low rate to be ‘less than .

the 1deal flow rate. Tm\\Tmrst is the reduction of the cross
sectional area of the water jet caused by the momentum of
the water flowing out of the orlflce (i.e. the vena

| contracta effect) as seen in Figure 4.8. Hydraullc

' imefficiency due to tu: ~ulent flow at the‘orifite is the
second factor reducimg the ideélafiow rate . #m.: “aulie”
inefficieney reéUcesvthe effective head wr := turn

reduces jet velocity. g - ~

‘The experimental‘pr0cedute used;permitted the
estimatiop of the discharge coefficient@ The mean discharge.
coefficient,;aiculéted_from 250 experimental runs wes‘0.625.
O‘bthe 0.375 reduction in ideal discharée coefficiemt, 0,357
1s the result of the vena contracta effect leaving the 0.018
difference due to head loss. Equatlon 4.6 was adjusted to
reflect the«dlfference due to-head loss resulting in
[Equation 4.8 which wes used to calculate jet velocity. '

 Qu/A; = V, = 0.982(2gH,) e
r‘\’fin'thie exﬁeriment,'reduction 8..the diameter the water
'jet_was acccommodated for by ﬁgking the endcap orifice
diameter 19.8 pereent large{ than the desired water jet

diameter. As water jet reduction<can be adjusted for, it

[}
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However, the 1neff1c1ency caused by head loss across the aA

need not be con51dered when d1scu551ng nozzle efflcxency

nozzle can only be accomodated by increasing the static head

of the system by 3.6 percent. Since static head cannot

. always be increased the ‘efficiency of the endcap nozzle is

98.2 percent (100.0-(3. 6/2))
Gaivanlzed endcaps 3.81 cm (1.5 in) im diameter were
used as nozzles to form the water jet, Endcaps Wwith standard

pipe thread are common and,1nexpens1ve in most developing

- countries bgt the reshlting nozzles are less efficient in

terms of hydraulic flows.
' The objective of using five orifice series was to vary
flow rate so that each turbine could be teSted\over a wide

range of flows. To determine the effect of jef configuration

‘on speed control, the flow rate and total head‘must remain

constant for each jet ¢onfiguration within a 'series. The

\

orifice Equation 4.9, shows that the flow_rate‘is directly

On/A, = V, = cd(ng ) 05 R (4.9)

J
C® !

proportlonal to the cross sect10nal ‘area of the or1f1ce “To -

-

dlnsggg that the same.volumenof water passes through each of

the five jet configurations, the total cross sectional area

of the orifice nozzles for each jet configuration must be.

equal. For example, the cross sectional atea’ of a single-jet

must be the same as the sum of the cross sectional areas of

" the nozzles_for‘the four-jet configuration within the same

h Y

_series, The or1f1ce 51zes within a series we:e determlned by

calculatlng the total orifice area of the four= jet system

-
3
.

F J
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which wuﬂdmhen d1v1ded by the number of jets, leaVing the
.deSired area of ahe orifice. Equa ion 4.10 was;used‘;o,
determine the diameter of the orifice. Orifice holes

d = (aag/mes . EERTHIN
were drilled into the center of the endcap The front of the

2 was then countersunk creating a sharp edged orifice as

seen in Photograph 4, 10, Actual orifice diameters are
discussed in section 5.2. °

The handcast turbine was bought as a rough casting
Several casting flaws had to be repaired with an\aggon
~ welder before a hub could be machined, as shown \in
Photograph"4.1].‘Wherquossible flashings terej moved with

N\

a file from the\buckets to insure that the inside surface of
the buckets were as smooth as possible. The snall.sizeVand'
prokimity'of the'buckets‘to each other made the removal of
flashings from the inside surface of each bucket.difficult.
The manufactured turbine was alreaoy prepared for mounting
as shown in Photograph 4,12, . ' . v

The handcast turbine was not dynamically balanced prior
to Lse. Serious vibrations occured whenlit was operated at
rotational speeds.over 3500Arpm resulting in the eventual
destruction of six hall eff t sensors. Unless properly
balanced a turbine mounted directly on the shafﬁ of ‘the
alternator Wlll shorten the life of the alternator.

Each turbine was mounted on a shaft. The shafts were

‘identical except for the mounting configuration. To ensure

that the shafts were balanced, 47.6 mm (1.875 in) diameter

g
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Photograph 4.10 Measuring the d1ameter of the orifice of an
I endcap nozzle ‘ :



Photograph 4.11 Preparation of
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Photograph 4.12 Manufactured turbine mounted on shaft
. pbsnnoned w1th a two Jet configuration
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round steel bar was machined down to 3.81 cm (1 5 in). One
end was mach1ned to accomodate the tufbiwes wh1le the other
end was machlned down to 22.2 mm (O 875 in) to accomodate
nthe power transfer sheave.
The shafts were held in place by ;we sets of bearings
3.81 cm (1.5 in) in diameter. Single track ball‘bearings

mounted in pillow blocks were used because théy are low

friction bearings. The dust covers and the original grease

" were removed from the bearing before it was ﬁgunted on the

shaft to further reduce friction. A small anount of
’\

llghtwe1ght 0il in the bottom of the pillow block kept the
« . v
bearings lubrlcated -

A water seal (Fzgure 4.10) was designed to prevent

”'water from enterlng the bearlngs without 1ncrea51ng ‘the

A

rotat10na1 frlttlon of the system The water seal prevented
water from pass1ng through the shaft opening in to ways. 1)
‘The water £;a1 cover slipped over the shaft and was securely
- bolted to the mounting plate, This arrangement prevented
water from splashing directly throuéh the.shaft opening; 2)
A wedge shapedsring was positioned en»the shaft, next to the
mounting plate, on the turbine side.'Water creeping along
the shaft was thrown off’ at the wedge due to higher
centrifugal forces at the thin outer edge of the wedgr Trs
aluninum cover would collect andlthen ﬁrain off this wa-.

This method was successful at stopp1ng water from er-«: g

the bearlngs w1thout any friction contact p01nts.
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Power from the turbine was transmitted to the
alternator using a B section V-belt and two sheaves: a 15.24
cm dia. (6 in) sheave on the turbine shaft and a 10.16 cm (4
in) sheave on the alternator (Photograph-4.13), With an
A-section belt, these’pulleYs_have effective diameters of
13.21 cm (5.2 in) and 8.12 cm (3.2 in) respectively (Wood's,
1981), thus increasieg the speed of the alternator to 1.62
‘times that of the turbine. The alternator operated at
approximately 3600 rpm, when the tg/blne operated at normal
speed, where normal. speed is defxned by Reddy (1966) as the
rotational speed at maximum power. |

To eliminate belt slippage, a 22.64 kg weight was.
suspended from the alternator base which itself weighed
29.86 kg. The combined mass of the elternator and weight
transmitted a force of 42g N through the belt to the shaft-
and bearings. This load on :the bearings generated a large
'amount of fr1ct1on which could have been eliminated with

the alternator directly coupled to the turbine shaft.

* 4.2.5 Data Acquisition
| The modular instrument computer, (MINC), manufactured
by Digital Equipment Corporation, Qes used for dapa
acquisition, performing computét?ons and btoducing graphic
displays for the experimental component of this research
project.- |
Computer programs were written using an interactive

programming language cdlled MINC Basic. Programs and data
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Photograph 413 Alternator connection to shaft w1th v~ belt
and pulleys
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 stored on 8.5 inch floppy diskettes. The program

pendix A.2.4) is divided into 4 main sections. Section

one initializes the values of constants. Instrument voltages

'~ are converted to head, rpm and flow rate values in section

two. Totgi'head is calculated and diéplayed to insure that
the system is operating at the desiréd head. Adjustments
could then be made to the pump and/or the water divider when
re%uired and section two rerun to recalculate head.

The data collection sequence contained in the third
section began wheﬁ‘ﬁéag was at desired level. Eleven datg
points were taken for each run. The run began by‘overloading
the‘éiternatof with the resistor bank and fbrcing thg
turbine to operate with bofh speediénd efficiency below
optimal conditions. To minimize the efEECt‘of‘slight
variations in the éhalogqe §igna1 vb}éége, éach instryment
voltage was read one hundred times (once every 1/50“ of a
second for two seconds.) The arithmetic mean of each
instrument's voliage was used for subseéuent calculations.
The computer then waited for manual data input of the power
(in watts) and the volfage values to be enterfd from the
keybogrd, On completion of these entriés, the electricél'
load. on the alternator was ;edﬁced. Thﬂs resulted in
increased rotational speed at the turbine as the amount of
power produced matghed the load. Ten separate data péints
were bbéerved-es'load'ﬁas reduced tén times for gagh run in .
relatively even increments. The laét data point wasvtaken

when  load was zero making the final speed of the turbine
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equal to runaway sAfed. ‘, i \

The final section of. the program contained the logic to "
calculate the results obtained ffom the run and to display é
graph of the power curve. A smooth pawer curve as seen in
“shotograph 4.14 meant a good run gnd the data was saQed for
additional analysis. An irregular spiked curve indicated
‘that the data was incorrect and the run was redone; |
Irregularity'couldlbe caused by either misread instrumqnt

voltages or more commonly by inco;re@t keyboard entries of

power values. On averagesgne run in ten had to be redone.
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Photograph 4.14 MINC terminal dem’onst}ating pbwe‘r curve
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fffthe\intersection pointskbetween‘thé\daltulatedvpgwer curves

LY 7 . K . ¢ .
5. RESULTS AND DISCUSSION
| A .

. L)

»

. The: effect of jet conflgurat1on on Pelton‘%urblne

; performance was evaluated in three stages. The f1rst stage
compared the CSMP model predictions of runaway speed w1th

~ expérimental ata. The objective was to 1dent1fy wh1ch
performance char cterlst1cs and assumpt1ons were va11d
Stage two used common stat1st1cal‘methods.to compare the -

means of differentncombinations of. experinentalAdata; This

A

hmethod 1dent1f1ed Pelton turblne des1gn parameters cr1t1cal

e

for runaway speed redhctlon. The third stage explored the

welatlonshlp between Jet canlguratlon and the hydraul1c

3

eff1c1ency of the micro hydroelectric systemgtested.
’ . . | ~ ) . .

ey
N -

5.1 CSMP Model Pred1ct1on and Evaluatzon
LY

The CSMP model was tested by settlng the values of the
appropr}aée constants 1n the program equal to the observed ‘
flbw rates and observed head with the turblne and the jet
conflguratlpns used 1n each of the exper1mental runs. The
model calculated the values for power output at a glven
turblne speed whlch were then plotted along w1th power loss'

*

cucves for the hlgh fr1ct1on and low fr1ct10n micro

. : 1 K .

hydroelectrlc systems;‘Runaway speedsuwere pred1cted‘byk

calculating the rotational speed corresponding to,each of

and the power loss curves, as illustrated in Figures 5.1 and
- . R | : L

5.2, These runaway speeds are recorded in Tables A.4.1

- . 119 S o
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to_A;4;10 (Appendix A.4); where the runaway speeds for the
high friction, with generator'system and the runaway speeds
for the low frietion, no generator system are recorded in
columns 7 andVB respectively. The~experimenta11y measured
runaway speeds were recorded in column 9 for the high
friction system and column 10 for the low friction system.
The observed data were not cons1stent because of small
differences in flow rates/an head between tests. Thus,
stat1st1cal comparxsons were made between the pred1cted M‘
values and the actual values to see how well the CSMP model
predicted runaway speed. Since there was no«way of knowlng
what the runaway speeds should be, comparisons were made
between the experimental observations and calculated ‘data
from the CSMP model.\The‘S}udent's t—tést~permits the
comparison of means from two sampie‘popuiations (Steel¢&
Torrie, 1980). The null hypothesis foi | comparisons made

5

was, Hotu,= u,, where the&%ean:of group 1 belbngs.to the same
‘set of data as the mean angrguplél Equation 5.1 is used tq_.
fcalculate}aDt\vaiue for the comparison pf the Sample‘means.

» oty = (uymuy)/(28%/n)08 ' : (5.1)
Sokal and Rohlf (1969) refer to the calculated t value as t,
to avoid confusidn with the t value found in the Student's
t-table, with which t, is compared. once t, has been
.calculated, one determines‘ t f'rem 'Student‘s t-tables for aj
two-tailed. test at a sxgn1f1cance level of a= 0 05 and n-1

degrees of freedom. Sokal and Rohlf (1969) c1a1m that a

significance level of a=0.05 or five percent is generally

>
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accepted as an appropriate value for determining statistical

significance. When the t, value is less than't, the null

hypothesis is not rejected. Hence, one can conclude with

reasonable confidence that the data from the twe'groups,‘
being compared are from the same data population.

The Statistical Package for the Social Sciences (SPSS;)

¥ was used for all t—test comparisons carried out. The program

K

used to compare data is listed in Appendlx A. 5 N1e et. al.
(1975) contains the documentat1on explaining SPSSx.

Table 5.1 summarizes the results of all t-test
comparisohs‘made. The final column of Table 5.1, "27tail
'probability" indicates the level of significance, a, that
the two _means have. One need only compare the calculated .
with the selected level of s1gn1f1cance of a=0.05, rather
than search the Student's t—tables for a t value and then:
compaﬁe t and te values.-E1ther method'xs equally valxd The
follow1ng discussion is based on the t-test results |
summarlzed in Table 5.1. e ,

.: The f;rst test compared allltheoretical'runaway speed

4

;aluesvagainst all experlmental data.hThe te value of 3.38
would be less than t, if and only if @=0.001. With a
significance level of a=0.05, the null Hypotheeis was not
accepted, ipdicating that -the CSMP modelﬁinaccuratelf
predicted runaway speed for both turbihes. Two more t-test

comparisons were made to determine if the CSMP model was

 better able to predict runaway speed for either one of the

two tu;bines tested. Test 2 compared actual to theoretical

e



124

00LE -

) : SEE puna
11L°0 (44 8€°0 YLl 9°¢l ] 1 4 . (zZr zu)
Ly blLLE cuna
o 91E 9Lee guna
000°0 be ¥8° 8- 98, ZS1-. : Ge (er 2L)
, ! £Ece ¥90¢ funa
266 869f . puna
£E€T°0 61 . €271 9pc 89 L " 0c¢ (1C 2L)
: | ) rA W 99.L¢ zuna
. . : o . 0Le pLee guna
810°0 te 66" ¢- G91 6°G8- F ve (1t z&)
. 62€ LTIE | Lun
, . 0fE€ ¥8zZE . Tejuswiaadxa.
LSS°0 Zit, 6S5°0- [4 2! 6°L- gLy (z aulqany)
- : . LEE 9LZE . £109y3
_
. _ . . €GE 0vEE Tejudwraadxa
000°0 gL1 82701 gi¢ €02 v 6Ll (1 {utrqany)
. 61L¢E EVSE Kaioayj
: c L02 0zZ€e . {ejuautiadxa
100°0 6% 89°€ S A%A Lit . 0s (1e303)
‘ ‘ 691 S 1ERE Kioayj
. Q /l»
K3t11qeqoad comumw>m© ueau uoijetaap wdi saseo e ‘
‘11RL 2 Jjp 9aniep 1 paepueis 3J31d piepuels UuedW JO ‘ON - I[qelieA  3ISIL

Yiva a3dds AVMYNQOH &OmmZOmHm<mZOU LS31-3 S.LNIANLS |1 °S mum<9;



125

&

) _ LZE LIEE puna “
.GES°0 ¢¢ . £€9°0- tv! 6l -~ . ) - €e (6 2Z.L) : €1
GLE 8vEe _ zuna
o 652 1182 guni . _
000°0 . ¥Z "> SE°6 621 192, : ¥4 (sC z2i) - Zl
. ‘ 6L2 Z50¢ : funzi
. - 19¢ n,mm, puni .
000°0 €2  6S°%- 901 001 - . %4 (90 21) 1
: g _ G9€ 81 ¥€ . zuna
. 162 o 826 guna
100°0 © %2 89°'¢€ 911 g8 . 6z (%0 21) 0l
: . 862 £10¢ funai
- GEE "6GGE puna :
000°0 Zz  LL'¥- 96 96- _ : €2 (€0 Z1) 6
‘ ‘ 6S€ £9%€ zuna
. | see 00LE guna
86°0 %C. €£0°0- 68 G'0- - ¥4 (e 2L) - 8
- €1€ zeoe “puna .
humdmnﬂn—On:w. . o COmum.m\rwmu ueau .COmUNm>W@ EQM ] m.meU .
TteL ¢ 3Jp -anfeA 3 piepuels  3jiqd - PIepuels = UeaW JO ‘ON  2@[qerieA - 31S3L

.

(Panuijuod) VYIvd

Qmmmmvw¢3<25m 40 SNOSTHVAWOD LS3AL-3 S,INIANLS 1S FTHVL



~ . ‘/ : 126
data for"{he»Colphbian (handcast) turbine while test 3
compared'similér data for the English (manuféctured)
turbine. The results of test 2, indicated that the means of
the theoretical and experimental runaway speeds were
significantly different to not accept the null hypothesis
fér the handZast turbine. Test 3 results showed‘that'the
- CSMjp~dmodel was capable of predicting runaway speed for.the
manufactgred turbine with a relatiQé}y high level of |
probability. The diffefence ;n‘fhe level of predictipn for
_eaéhbtutbine was not SUrprising. Physical imperfections of
thé-handcast turbine"uch as flaéhings, holes and pits on
the interior surface of the buckets absorbed energy and |
slowed the flow of water ovér‘the buckets while mi;aligned
- buckets coﬁpled with a high angle of return forced
conSiderabie quantities of‘water to strike: the backside of
the proximate bucket. Asqwell, seridus vibrations creatéd

inefficiencies at rotational speeds over 3600 rpm. All these

imperfections acted to reduce the turbine speed and, without

extensive testing, are difficult to include in a simulation-

model.
Accepting the accuracy of the CSMP model for predicting
runaway speeds for the manufactured turbine permitted

further t-tests to determine the strengths and weaknesses of

&

the model. Two comparisons were made for each jet

configuration; one between the'predicted and actual runaway‘_

speeds for the high.friction system (run Qne”and three

®

respectively) and the other between the p;Edicted and actual
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runaway speeds for the low friction system (run two and run
four respectfvely). Evaluation 6f t-tests 4 to 13 helped
~re-examine some of the assumptions upon which the modellis
based. .
Results of t-tests 4, 6, 8, 10 and 12 showed that for
four of the five jet configurations, the high frﬁction
runaway speeds were notﬁpredicted. Runaway speeds.@ere
underpredicted for t-tests 4 and 6; overpredicted for
t-tests 10 and 12fand abcurately predicted for t-test 8.
" These results coﬁld be explained by an incorrecp_positioning
of the'high friction system curve. Figure 5.3 shows that
‘runaway speed‘prediction could be enhanced if the existing
curve was rotated slightly, clockwise about the intersection
of the curve'E4J240.and the.high friction curve. Estimation
Bf:the power loss effects of the high friction system would
have been much more accurate if iargér variéble speed motors
were available for the mot;} draw, test. Thus, the inaécurac§
may‘not be with the CSMP model but could be in the procedure
used to'e;timate the power loss in the high friction system.
Student's t-tests on the low friction system show that.
the mddél had difficulty predicting runawéy speeds for the
two- and three-jet interference patterns: t-tests 9 and 11
respectively. The accurate prediction of runaway speeds.for
the one-fet:and two-jet-no-interference configuration infers
that the model ascurately calculated the quantity of

wastewater and power produced. The underprediction of

runavay speeds by t-tests 9 and 11 indicates that more water
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struck the turbine than predicted.
~ The introduction of jet interférenéénihto th;‘CSMP L

model, as in t;tests 9 and 11, was based on the assumgpién
that the segment of wastewater bassing through the turbine
will displace from éhé adjacent jet a segment of water of
equal size.vln additidn, the model was based on the
assumption that the displaced segment of water was not part
of the wastewater segment of thé second jet so the displaced
segment of water would have struck the tﬁrbine had it not
been femovéd from the wa%ﬁg jet. ’ ’

As more water struck\the turbine than predicted, the
above assumptions were incorrect. Firstly, it seems unlikely
that_the wastewater segment was able to remove an equal
sized portion of water from an adjacent water jet.
Immediateiy aftérwleavingbtﬁe nézzle, friction between the
" air and the water jet causes the water jet to slow dowh. In
order to.éass ghe same volume of water, the water jgt is
forced to widen. The further the water jet travels“ffom the
- nozzle, the wider it becomes. The segment of wastewater
travels the diameter of the turbine before striking the next
water jet which has just left its nozzle. The éegment of
wastewater, having traveled further, will be incapable of
removing an equal vélume,pf water as a pdrﬁion of the wider
segment will completelf bypass the narrower water jet.
Secondly, more water would strike thg tﬁrbipe if the portion
of the water jet removed or disturbed as a result of

collision with a wastewater segment were that portion of the

1



increases as does the probability of removing water that

would have missed the turbine. Further work would be
required to resolve how much of the water jet struck by a
wastewater segment is prevented from striking the turbine.

Even though the assumptions predicting wastewater
volume may have been technically inaccurate, they did help
the model corréctgy predict the runaway speeds for the
four-jet configuration, (t-test 13.) A possible explénation
could be that the high level of splashing associated‘with |
the four jet system must have ihterfered with turbine
performance sufficienf{y to equal the effgtt of calculated
wastewater. Reduced }unaway speeds co;ld also result from
the greater influence of bucket surface friction on the"
smaller water jet diameters associated with the four-jet
system. This phenomena was important fo: slowing down the
handcast turbine, ‘

The CSMP model developed for this thesis can predict
runawayispeeds fér no interference jet pétterns. However,
mofe work is reguired to determine the nature of water jet
interferfnce Before a model can be developed to predicf
runaway speeds of micro hydroelectric system§q§f1ng multible

jet arrangements to govern rotational speed. \

5.2 Effect of Jet Arrangement on Runaway’ Speed

>



T twelve and two percent, respectively, between jet
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The etfest of jet arrangement on runaway speed is

facilitated when comparisons are made between different jet -
' ‘ »

‘configurations operiting under similar flow rate and head

cond1txaps. As previously discussed in section 3.2, the
m;chan1sm for runaway speed reduction depends on the volume
of wastewater generated when the turbine operates above
normal epeed. Daugherty (1920) claims that normal speed
occurs when the tangential speed of the buckets at pitch
radius is 0.47 times the velocity of the yater jet. Since no
wastewater is generated at normal speed azd.given equal flow
rate and head conditions} each jet configuration will
achieve maxinum power at the same normal speed. Assuming the
turbine is being operated within boundary conditions,
changes in head or flow rate or both Qlll cause subseduent
changes in normal speed and runaway. speed D1v1d1ng,runaway
speed by normal speed yields the Speed Ratio, 6, (Reddy,
1966) . Jet configuration evaluation is facilitated by the
use of speed ratio to quantify performance.

Columns 3 and 5 of Tables A.4.1 to A.4.10 show that for
a given hﬂad the flow rate and head varied by as much as
configuratiqns (Appendix A.4). Fiqure 5.4 and 5.5 show :ﬁln
typical efficiency curves for thei‘&ndcast and manufactured

turbine comparing the effects of five jet configurations at

‘approximately the same head. The analysis of the impact of

ed of—fhe turblne is

jet configuration on»runawayfé
N

improved 1t dxfferences in head and flow rate were
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eliminated.

!

As discussed in Chapter four, the orifice Equation 4.2

shows that flow.rate isvdirectly related to both head and

. cross sectional area. However, variations in cross sectional

k1

area have more infllience on flow rate than the square root

of var1at1ons in, head Table 5.2 1llustrates that total

orifice area varled by as much as exght percent w1th1n

serles ‘groups. The varlance ‘was due to the d1ff1culty of

<o

getting drill bits to match the de51red orifice diameter.

Since larger flow rates are associated with larger orifice

areas, the effect of variance amongst flow rates can be

minimized by the following procedufe.'For -each run, water

0

“jet veloc1ty was Calculated using Equat1on 4.8. Normal speed

1

was then calculated t51ng Equatlon 5.2. Dividing rotational

S
N, = (14 10V )/ (%) o (5.2)

iyspeedﬁby normal speed yields speed ratlo,,GN. With
e

va hat1ons in flow rate and head m1n1mlzed ‘runaway speeds

' 1
‘ xpressed as a speed ratlo could then be compared and

o L‘

e aluated

Y

_ :3* oo

7

S ZQ Analy51s of Varlance of Runaway Speed

Speed rétlos were calculated and then evaluated us1ng

,the SPSSx statlstlcal package. Data from each series was

LY

analysed - separately The exper1mentaly measured runaway

speed data for the h1gh frlctlon and- 1ow frlctlon systems,

three and‘four respectively, were studled on an'1nd1v1dual

‘basis, Apthree*way analysis of variance (AEBV»Tts;eél_ahd‘

T
. ) «?ﬁ. e
DT

b



v

TABLE‘S.Z ORIFICE SIZE DEVIATION -

Al

Series. Number of , Orifice Total D:;??ed Diff.
Orifices =  dia.(mm) (mm)? ¢mm) 2 %
U 10 ‘7.16;00 201 201 0.0
1 2 11,00 190 201 5.5
P 3 9.06 193 201 3.8
1 4 7.90 196 201 2.5
2 1 MERE N1 250 250 .0
2 2 ? 12.50 245~ 250 2.1
2 3 10,28 249 250 0.5
2 4 .90 249 250 0.5
3 i 19.88 310 310 0.0
3 2 13.72 295 310 5.0
X 3k 11.00 285 310 8.2
W3 4 985 304 310 1.8
e 1 22412 384 384 0.0
4 2 V 15,44 37¥ s 2.6 -
4 3 ., 12.49 367 384 4.3
. e 10.92 375 384 2.4
s T 4 - 26.21 . 460 " 460 0.0
o2 T6.94 451 460 2.1
. | o |
53 13.96 459 460 0.2
4 ;f4 11.89 "4 460 3.5
’ o )

{; .

S,
e . N
gv.
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Torrie, 1980) was performed on each run followed by a _
multiple classification analysisl (MCA, Nie et, al., 1975).
The SPSSx program used to ‘carry out the AﬁOVA is outlined in’ L
Appendix'A:5x1. )

ANOVA was used to detegmxne the level of significance

- each of the main effects, turblne type, jet arrangement and

\
peed. The SPSSx ANOVA subprogram uses

head had on,gugaw-

M
gﬁﬁ“the level of S1gn1f1cance amongst
Ay g

treatments. The F-Value is calculated by dividing each

an F test to>dv’

treatment mean square by the residual mean square. The

y
[y

. . . . - v \ .
residual mean square wadpbsed‘instead of error mean square
to calculate the F value. A large factorial design was the
e g . . s , . . R
basis of this experiment. Time.constraints permitted one* RSN

replication of each kreatment. combination. The lack of - I
treatment replications made it impossible to calculate the

error mean sguare. chever, Davies (1967) points out that

" a

"in factorlal exper1ments in which there is no
repllcatlon and for which no prior estimate of
error is available it is.customaty to employ
an estimate of error variance based on the
higher- orderflnteractlons,ﬁb

COckran and Cox (1957) suggest that
mif certlan high-order . 1nteract10ns are
negllglble, their mean sguares in the analysis
of variance will behave exactly like
components of the error mean square and - ' _
therefore can be used to prov1de an estimate ' _ N
fof error." : '
A three- way ANOVA was conducted on" the experimental
data for each or1f1ce serles. As there was no two-way

1nteract1qn between Jet conflgurataon and head the
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three-factor interaction with 16 degrees of freedom was used |

to estimate the residual standard deviation (Cox, 1958).

The caiculated,F value is then compared to a tabular F“}'
~value w}th"m'and n degrees of freedom and a=0.05, where n"
and n represent the degrees of freedom of the dividend and
;y\the d;v1sorarespect1vely. "A s1gn1f1cant F implies that the

evidence is.sufficiently strong to indicate that all ‘
treatments do not beiong to popUlations with avcommonimeen
(Steel and Torrie;;1980)." ' »
‘ " There isllittle difference between the t-test and"
F-test. When determining if twe sample means have the same
population mean, & two-tailed t-teS%’was used with an a/2
probability level Shnce t’y =F(,.., the same compariéon ean
be done using a one ta1led test with an a probab111ty level
sokal and Rohlf (?969) prefer F-tests "because of the1r
51mp11c1ty and elegance and because they tie in well wnth
Tq%Fhe overall ANOVA." The F. values ahd 51gn151cance leveis

for the main effects for,all'?;ve ANOVAs are summar1zed
_Table 5.3. Analysis and discussion of,reSUIts were based o

a=0. 65 Therefore, effects were deemed eigniffcantly .\'
dlfferent when the calculated significance levels were less %.'
‘than 0.05. . s
Turbine type pfdved to have a sbgnificant effect on |
runawey speed in six of the eight cases, in Taele 5.3. With
1re1atiVely lerQE,dffferences in deeign and quélity, between
the two turbines,“ene expected all eight'tests to be.
significant. The high level of similarity-feund‘in eeries 4

o
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run three cell is difficult to explaiﬂ, However, referring

| fto'the discussion in section 5.1,~onevexplan8tion could be
//P\\\-\\hat the flow rates‘usediin series 4'caused partial flooding
of the handcast turbine at the slower runawjy\speeds of the
h1gh frlctlon speeds, reducing reducing runaway speed to,
co1nc1dentally, the same speed as observed for the
manufactured turbine.'This same eiplanation applies for the
" higher flow rates andihlgher runaway speeds associated with

-

the series 5 run four data block.

-

The relatively large F values for both high and low

) ]

t L3

friction runs of series 1 data is llkely due to low flow

rates. The handcast turblne is susceptible

"1}low

efficiencies'at low flow rates becauSe of misaligned buckets

7 and flashing and pits on the inner bucket surface, whereas
the manufactured turbine's efficiency seehed to be
relatively stable regardless of flow rate.

. B The effect of 5et configuration on runaway speed was
found to be significant for all five orifice series and hoth
friction levels. However; further-analysis was required to
determine the effect of eahh jet arrangement on speed. This
analys1s and its results azf discussed in section 5. 2 2.

ANOVA results show that head. seemed to have llttle
influence on the speed reductlon process. Half the cells
showed that head was insigrificant, with four of the five
occuring within the'runithree data. One might conclude thatv

. high<frlotion masks any effd¥t the head has on runaway speed

reduction. Again, further analysis of the data was required

&
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before any assumptions are confirmed.

5,2;5: Multiple Classification Analysis (MCA)

MCA tables were developed using the STATISTICS ALL
option with tge ANOVA ‘subprogram prpendix A.5.2) and they
- were used to examine the pattern ef a treatment's
relationship to-ruhaway speed. As the tfeatmentS'(turbine
type, ﬁet eonfiguration and hydraulic head level) are
orthoggﬁaily different, the MCA tableS'Can deterhine what
portion of the'variation in,speed';atio is duebtoveach‘
treatment. These tables were summefiied and~they are'located
in Appendix A.6, “ A

As determined in the previous section, turbine L
seiection affeets runaway speed. However, the ability of a
turbine to reduce rdfaway speed can, under certain ‘
conditions, depenq QQOn the flow rate of water str1k1ng the
turbine. Brlef analysis of the" exper1menta1 data 1nd1cated
that there was a relationship between turbine type and
orifice series, as flow rate.seemed‘to-have a strong effect.
on speed reduction. Study of the importance of flow rate and
turbine design on a micro hydroelectric systems ability to
'redqce runaway speed was facilitated by the wide range ot
flow rates generated by the five or1f1ce series,
- " When the volume of water striking the turbines was low,
?as with the series 1 and 2 or1f1ce setsé&khe handcast

turbine was slower than the manufactured turbine. This was

att;ibuted to the effect of bucket misalignment and bucket
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surface irreqularities because an increase in flow rate
redbced the effect of these irregularities. The five pércent\
lower power output of the handcast turbine was a result of
these irreqgularities causing a decrease in hydtaulic
efficiéncy. Increasing average flow rate 23 percent from
series 1 nozzles to series 2 hozzles'diminished the effect
of turbine irregularities on the runaway speed 6f the
handcast turbine. Tﬁig/fﬁ turn'incréased the éffect of the
number of buckets on'runaway speed. Being less hydrauliéally
efficient the handcast}turp}ée continued to have a lower
.rotational speed than the manufactureq‘tufbine; even though
the overall difference between the two turbines was reduced
by over 50 percent. | |

A further increase of 23‘percen£ in flow rate with the
series 3 nozzles resufted.in the manufactured turbine having
a_Slighply greater ability to reduce runaway speed than the.
_handcast‘thrbine. This result continued with series 4 data.
The low runaway speeds associaﬁed with the;high.friction
system and the f{ow rates associated with the series 3 and 4
nozzles ¢ombined to minimize the effect of turbine design on
runaway speed. This is reinforced by the lack of variation
_in series é and series 4 high friction data, (0.36 and 0.00
percent‘respeCtively) as illustrated in Figure 5.6. At lower
rota;ional,speeds the ability of the Pelton turbines to
. generate waSte water‘is reduced. However, atlﬁigher

rotational speeds the effect of fewer buckets accounts for

9.6 and 26.0 percent of the respective variation in series 3

.o . | N >
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and series 4 low friction data. These results concur with
the principles used to develop Equation 3.11 where

wastewater volume is directly proportional to rotational

/
speed. /

The high flow rétes associated with the series 5
nozzles caused the handcast turbine to operate at lowér
rotationgl speeds than the manufactured turbine. The larger
volumes of water generated by tpg series 5 nozzles flooded 4
the handcast'turbine because the high return éngle of 170
degrees did not allow exiting water to clear the turbine.
Water unable to clear the turbine struck the backside of the
néxt bucket which decreased hydraulic efficiency and reduced
the rotational speed of the turbine.

Multiple classification analysis was also used to
determine the influence of jet arrangement on speed
‘reduction. Figure 5.7 illustrates the MCA analysis for each
of the five orifice series and the ovegali effect of jet
configuration on speed reduction. Speed ratios from the MCA
were ukgd to calculate the effect of each jet configuratidn
on runaway speed reduction.

Speed ratios were compa;éd by calcuiating the percent
deviation (reductioﬁ) frgﬁ the maximum value of five jep
configurations for the other four jet coﬁfigurations within
each serieé.and friction type. Therefore, the jet
configuration having the largest'speed ratio (because it had
the fastest runaway speed) was consideréd parnand Had zero

percent reduction in speed. As normal speed is different for
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every site specific situation, the spedd ratio was used to
compare results. The normal speed ‘is always“*’presented bx a
speed ratio of 1,0. Speed reduction begins after normal ’;y |
speed is reached. Percent reduction represents the change in
speed‘ratio from 6,=1.0 (normgﬂ speéd) to runaway speed,

6 maix ¢ bétweén two configurations éivided by the maximum -speed .
ratio, 6,,, minus nbrmal'speed (6pax-1.0). This approach.

permits the comparison of reduction results with other
systems, .
| The most common jét'configuration uied on commercial
Pelton turbines is the single—jef; Even though high;nozzle
efficiencies can be obtained from spec1flcally de51gned

manufactured nozzles, overall system eff1c1ency max1m12at1on

demands the minimum numbgr of jets be used The only way to

increase the power output of a 51ngle Jet system,:
constrained by head, is tc ‘ncrease jet’ dxameterv
. *‘,

mentioned in section‘z 2, jet d1ameter shouiﬁ ﬁot

gurbine to flood. Resp f the single- ]et conirqurat1on

lts
show that maximum perfocMQZce was only obta

or1f1ce series 1 data (Figure'5.8). Turbing

‘the whole became 1ncreas1ngly less eff1c1e§??w§?h 1hcrea§ed

'”égﬁﬁmers ﬁor,f  ;~ i

. ~'¢ A,

flow rate, suggest1ng that the 51ngle Jet

‘"
>
~
2

ser1es 2 through 5 were too 1arge for the

& P32

Maximum runaway. speeds were obtained by éﬁ

two-jet-no-interference configuration exde
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S "data«and.for some unknown reason series 4 data. Flooding was

not exper‘enced for the two- jet conflguratlons because their
water jet dlameters were below the 51ngle jet, serles 2
.dlametervof 14.35 mm, «o B L : ";j

In general runaway speed decreases as’the number of
1]

water jets, _and’ 1nterference pQ1nts increase, thereby .

; v1ncrea51ng percentvreductlon, For all ten data(groups |
o ] 151 I : . , _ ‘data ‘ .
» S ' 3 : o

- _represented inﬁFlgure 5.7, maximum speed reductﬁon obcurred

<

”t' w1th the four jet conégguratlon as 1llustrated by Flgure
5.8. For the hlgh friction (run. three) data, runéw%y speed

was reduced by’anvaverage of 36.2 percent(,whereas average
‘ .runaway speed reductlon for run -four data was 28.2 perce‘}

excludlng values for series 4 and series 5 (as many mlss1ng

~

data p01nts made MCA comparlsons dlfflcult) The actual

Qphy51cal reductlon 1n runaway speed ig” greater for ‘run four

P

1*“;data; evenwthough the,percept reduct;on is loweg}thaq‘run

thﬁee data._

-, ¢
P

. Jet conf1guratlon alone accounted for 96 percent and 85

3 e

ot

run four re%Pectfully Optlmum performance of. jet
Lo 1
jconf1guratlons‘in series 3 data 1mp11es that the balance'

between too loa a flow rate\(unable to mask turblne
' ‘f \}:ﬁularrtles) and too hlgh a flow rate (yleldlng floodlng)
T ts ‘here, ﬁg%other treatment was as 1mportant a$ jet

conflguratlon {or determlnlng runaway speed

.
. The f1ve\data groups (in Table A.6. 3) Wthh account for
2. . .
‘. over tw04percent of the varlatlon in runavay speed due to: -

3 & ‘/' . [P
e “

) e : ; s : S ,
o, - S Do E . / ‘ ) . . 5
Py . . oo ' ) ¥ . )

,‘percent of the var1atlon in series 3 data for® run three and- b '
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»
Y

hy@raulic head ‘are the same gﬁoups which show that head was

N ~

51gn1f1cant in the ANOVA Table 5.3. Carefulvexamination of

these_cells failed to yield any pattaos

\ that might suggestg
anything regarding the influence $ '.iraulic nead on speed
controlt The relatively'low.variati-'s(in.percentage for

cells wherevc <2.5 percent 1nd1cates that changes in head _
had little 1nf1uence on changing the speed ratio.
‘ \ . P
5:3 Turbine‘Efficiency

Turbine efficiency (or Hill)‘curves are‘used by

Vtu/manufactUres of turbines to predict prototype performance

from the'turbine constantsf(Warnick 1984) Efficiency

curves are used in this t e51s ‘to summarize -power aurve' data
for each turbine and to 1ﬁlustrate the - effectne_;our—Jet
arrangement has on overall system performance Als efficiency

curves were developed usﬁng data derived while the ‘ :f;/

¥

r,alternator was connected to the turbine, curves only exist

for the’ high friction iystem.v

N

"wTurbine~efficiency;was_calculated by'dividing théjpower‘

~produced by theralternLtOr (Poye) by'the amount. of power

theoretically avallab e to the turbine (Pm) calculated

using Equation 4.1,
L

E£f1c1ency curves. are three parameter curves

constructed by plotting unitquwer (P.4) against the speed f

‘ratio, 6,, for;each calculated efficiency value on the’power

T

" curve. Unit power was calculated using Equation 5 3,

iﬁv‘ q. L ’.

Pes - Poue/{ pDZ<gH)*”5>n | (5.3)
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L

"Hili’CUrves were deweloped usfﬂg~SUﬁFACE'II (sampson, 1978).
| Comparing the two-jet-no- 1ntgrference system of the

‘ manufactured turbine, Figure 5.9, ¢1th ‘the four Jet system,

Figure's 10 one can see that there 1s a shift in turbine |

‘eff1c1ency to the upper right. This 1llustrates that the
Q : t

introduction of a four-;et arrangement reduces runaway speed

- without a corresponding loss 1n the ability to produce
. pover. Little/éLange in contour density on the left hand

side of maximum effic1ency indicates that turbine efficiency

] v, 4

- did not‘decrease_hetween the two—jet—no—interference and ‘the

fourajet systems. However,»the higher'dpnsity of‘contdur4' ,
iinEs\to‘the‘right-of maximum efficiency indicate that the
four—jet swstem)has a more rapid decrease in runawaw speed
then the two-jet system. The almost‘closed shape-of the SOfa
percent-cqntOur on Figure 5.9 indicates‘that the turbine was
.tested to the 11m1ts of flow rate. Any further attempt to
A N

ﬂincrease power by 1ncrea51ng the amount of water striklng
'.the turbine wo»ld .decrease. the amount’ of power. The
vertical structure of this cont@&& 1nd1cate that this'
gturbine has relatively constant performance characteristics;
in terms of speed ratio, over»a widegrange‘of flow rates.
'This can be‘explained in part by the numbegxof buckets and'
the relativ%ly shallow return angle as both- factors allowl
water to clear the turbine and not 1nterfere with ‘

performance The .open- ended maxlmum eff1c1ency contour of

1

Figure 5. 1@ 1nd1cates that the four jet system is capable of

handling ffdb rates higher than those tested in thls

LA
a

o ‘ ! i : ¢

Rt .
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experiment. This was expected as the decreased jet .diameter .

of the four-jet configuration over the two-jet configuations
allows for higher flow rates before flooding begfns‘to
- reduce efficiency. .
W’Effieiency CUrvesvforche>handcast thbine, Figures
5.11 and 5.12, ‘are much more similar to ‘each other than
‘Figures 5.9 and 5.10 are to each 6ther. A rapidly decreasing
efficiency for the four jet system (Fiéure 5.12) over the
‘two-jet-no-interference system (Figure 5;11) with increased
'speedvratio is the only major differenee’between figures.
The handcast turbine was also tested within its qpe;atibhal1
limits as indicdted by the closed contdur for maximum
efficienéy for.poth the two?jet and feurfjet configurations.
In addition the four-jet system suffered a slight decreaeel
in efficiency, as indicated by the smaller area. The reasens
as discussed in section 5.2.2 would appear to be caused b;'
~ the greater effect that_misaligned buckets and rough bucket -
surfaces have on the smallef,jet diaﬁeters_of_fhe fber-jet'
configurations over the twotgez—configuration. | .
Q- These efficiency curves indicate that the manufactared
turblne is sllghtly ‘more eff1c1ent over a wider range of
water flows than the handcast turbine. Slnce eff1c1ency
curves could on&y be developed for the h1gh fr1ct10n
cond1t1on which reduced system sen51t1v1ty to changes‘,ﬁfg
eff1c1ency, more exper1mentat10n is requlred to determine
the characterlstlcs of each turblne eff1c1ency curve for a

&

low friction system. As tegﬁ;d’away Spe; o1 the .
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two-jet-no-interference configu:ation'of»both turbines are
'similar, hydraulic efficiencies will most likely increase by
the same proportion.

5.4 Voltage at'Runawgg Speed‘

A 25 percent reductioh in runaway speed in’ the low
friction system does not compare with the speed reductions
obse:#ed'in the field. Although the micro hydroalectric
system in El Dormilon, Colombia, was not mon1tored directly
for rotathnal speed, voltage(was monltored As voltage is
direétly proportional to rotational speed, a rough
comparison can be made between.the El Dormilon system and
the micro Hydroelectric system built by the author.

A voltmeter monitored the voltage characteristic of

output power produced by the #Mmuthor 's micro hydroelectric

system under conditions of high friction. When the voltage

at normal speed was 110 volts for the four-jet

.configuration, runaway speed voltage often reached 150

volts., With a load of 60 watts, a maximum voltage of 130 é@hm

:'volts was produced by the four-jet system operating in
Colombia.*This implies that methods other than those
normally used to operate Pelton turbines were used by the
four-jet mlcro hydroelectrlc system in C°1omb$§§thCh

'allowed it to reduce runaway speed more than @,system

- }’-.
tested at the University of Alberta. - fgf'

.
Further experlmentatlon is requ1red %o determlne

. whether increasing the pitch radius of a dxven turbine

’

u A
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reduces runaway speed. This could be accomplished by placing
the lower edge of the watér jef oﬁ the'lowerblip.of'the
buckef. Wagtewater volume increases when the perpendicular
‘distance oE the water jet to the hub increases. Wastewater
‘segménts could force more water from the adjacent Jet from
striking the turbine by pus%ing the adjacent water jet away
from the lip of the bucket. The lover portion of the
adjaceﬁk‘water jet would completely bypass the turblne and
runaway speed would be reduced as a result of less water

strlklng the turbine. :

e
-~



6. CONCLUSIONS . »

The following conclusions were drawn after careful
« , i .
consideration of the experimental design and data analysis

methods. . '

Of the ﬁhree parameters tested, water jet configuratien
Had the greatest impact on speed control. Water jet
configufationvaccounted for ovef ninety percent'of7the
variation between runaway speeds within the same orifice
series and turbine type. As the number of wafer jets and
interference points increaeed, the runewag speed deéreased.-
Effective speed control was aChieved'with only miﬁor losses
of hydraulic efficiency ueing muitiple jet micro Q
hydroelectric systems.

Of the five water set confiéurations tested, the
fouf—jet_configueation achﬁeved maximum Speed control. Under
conditions of‘lew ffiction, runaway speed reductions of up
to 27 percent were achieved with the four-jet system. The
,four-jet system was more effedtiVe'then the other multiple
jet eonfigurations at reducing runaway speed because more - .
interference points were available to'prevent water ‘from
striking. the turbine, )
For the purposes of this experiﬁent, the use of a
. pulley and belt system to transfer power to the alternator
did not affect the influence of jet eonfiguration or bucket
design on speed control. Hence, the'results'obtained are

valid for low friction systems as well. However, the use of

e 157
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a pulley and belt syitem to transfer power to the alternator

was not practical. The power losses incurred reduced the
hydranlic efficiency of the systen to just over fifty
_percent. Better efficiencies would result if, wneneeer'
possible, the Pelton turbine were mounted directly onto the
shaft of the alternator. ‘ S /

EXperimencal results confirm that speeé reducticn is
the result of two-factcrs, wastewater segments passing
through the turbine and water prevented from str1k1ng the
turblne because of coll1sxon with these wastewater segments
at each 1nterference point. The wastewater segment prevents
a segment of water 0f66 the size of the wastewater segment*
from striking the tprbine.>To,furthex-reduce.;unaway speed
and improve speed control further experimentafion is
required to'increase the amount of water m1551ng the turbine
after the point of maximum power.

The effect of turbine design on  speed contcol largely
depends on flow conditions. Tée effect cf surface'friction
between the water jet and bucket was a prominent factor in

. tedncing hydraulic efficiency during low flow tests. During
low flow rate tests. turbine Qesign_accounted for fifty
percent of the variation amongst runaway speeds. To a much

. lesser degree the number of buckets was more important
during'medium f1ow conditions while. the shape of‘each bucket
was more critjcal during high flow rate condltxons.vExcept

for a sl1ght three percent loss of hyd?%ulzc efficiency the

$US 100.00 handcast turblne reduced runaway speed as 'well as
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the much more expensive $US 500,00 manufacturéafturbine.

i e

‘This helps make the handcast Pelton turbine suitable for uBeVQ?yk
‘ , , % - . L
in developing countries. N v N

3 .'(\.
itN
A

ThdkCSMP model developed here can predict power oufpué
and runaﬁay speed for Pelton turbines operated'under normal
conditions. Thé model cannot predict power output‘and<l
runaway ‘speed for Pelton turbines which afe dynamigally
unbalanced or have misaligned buckets, buckets wi;h_surface
impérfections, or excessive flow rates that result iH
flooding. Theigbdel predicted runaway speeds for the no
interference jet configurations and was inconsistant for ﬁet

configurations which involved interference.

Loy
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Appendi‘x‘ A.1 Computer, Model of Micro Hydroelectric System
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~ data collected from ;he three instruments as well as the

the title reflects the turbine and orifice seg}es used for

"all the runs represented on the table. The columns are lai

£4/s and increased

A.4 Data Summary Tables

4

I

o : .
Together, the ten data summary tables contain all the

runavay Speeés predicted by the CSMP model. For each table,

~

]

out in the following order: The jei configuration numbers
(Columh 1) correspond to the confighrations presented inf‘
Figure 3.2 where 1'to 5 match Figufes a to e‘respectively.
The second column records the total flow rate in {/s as

determined by the weir. Two patterns are seen in the flow

»

rate data. When compared amongst tables, flow rates increase

by approximately one\léter‘per secphd for each series
numﬁef: The average-ffﬁw rate for series 1 nozzle was 3.44
\g:);.07 4/s for»the series 5 nozzlés, an

increase of 23 percenf per series. |

- Within each table and within eacﬁ configuration set,
the flow rate ihcreases as hydradlic head increases. As
mentioned ip §ection 3.3; jet configuration éomparisons are
valid when poyer inputs to the turbine are the same for
different jet configurations. uhder the same hydraulic-head.
The differences in flow rate The percent differedées in flow
réte from the two-jet-ho-interference configuration (jet
qbnfiguration 2) from the other -jet configurations .are

recorded in column 3. All flow rates at the rsame head were)

°



L e

Lo . ) . \

: " \
compared to their counterpart in jet configuration 2. The
following example calculat1on shows how the. numhers were
calculated for column 3. The flow rate for the three- jet

configuration (jet configuration 4) at 40 meters head

differs from the flow rate for the two-jet-no-interference

conflguration at 40 meters head (Table A.4.1) by 0.63
percent calculated using the data in column 2 as follows
((3.21-3. 19)/3.19)(100)= -0. 63%. Within a serles and hydupullc

head, the flow rate may vary by as much as 11 percent. This

' makes the comparison of runaway speeds difficult,

Column 4 lists the average hydraullc head obtained

throughout the run. Hydraulic heads need to be constant for

accurate determination of the effect of jet configuration on
runaway speed. Column 5 compereq.}he variance amongst L ]

similar heads using the Same-p;ocgdufe outlined for flow

AY

rate. Since the experiment offered more control over head
r. than flow rate, variances amongst head values were seldom

- greater than 0.50 percent. The theofetical runaway speeds

(columns 6 and 7) were calculated using the CSMP moded at
exactly the same hyﬂ§au11c head and flow rates determined in
the experiment. This allowed the comparlson of runaway
speeds,vwhich indicated how well the CSMP model predicted
runaway speed. |

Several generalities cah be made about the runaway
speeds presented 1n Tables A. 4 1 - A.4.10: | ﬁ_f,

1) Runaway speed increases as hydraullc head

increases.
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2) Runavay speéd for the lowwfric:idn system is
.o . always higher than for the high friction system;
3) 4. The two jet no interference configuration
qene:;tes:the fastest runaway speeds.
4) A reduction in runaway speeds occurs with the
introduction of jet interference. |
5) The four jet configuration.does reduce the
runavay speed the most.
Further discussibn and more precise conclusions regarding

.

the generalities mentioned here are found in section 5.2.

0
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A.5 Statistical Programs
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TABLE A.6.3 SUMMARY OF MCA TABLES ON EFFECT OF HEAD

Orifice)Series Number

L%

(% reduction 1n spee
2

d ratio)

212

Run Head 1 3 4
B3

3 gvar  0.16 2.25 0.36 0.09 0.16
3 30 3.90 3.30 3.40 0.00 1.60
3 35 3.90 0.00 1.70 0.00 . 0.00
3 40 2.0 0.00 1.70 0.00 1.60
3 45  0.00 5.00 1.70 0:00 1.60
3 50  2.00 8.36°%  0.00 0.00  3.30
4 ¥ar  2.00 2.25 2.56 0.49 4.80
4 30  5.90 5.20 5.40 2.20 © 3.30
4 35  3.60 3.10 4.30 1.10° 3.30
4 40  2.40 0.00 3.20 1.10 4.40
4 45  0.00 3.10 2.20 0.00 0.00
4 50 0.00 4.20 0.00 1.10 -- 0.00




