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Increasing access to modern forms of energy ieldeing countries is a
crucial component to eliminating extreme povertyusad the world. Pico-hydro
schemes (less than 5-kW range) can provide envieotatly sustainable electricity
and mechanical power to rural communities, genemtire cost-effectively than
diesel/gasoline generators, wind turbines, or gu@tovoltaic systems. The use of
these types of systems has in the past and witlragmin the future to have a large
impact on rural, typically impoverished areas, &lltg them the means for extended
hours of productivity, new types of commerce, inya health care, and other

services vital to building an economy.

For this thesis, a laboratory-scale test fixtueswonstructed to test the

operating performance characteristics of impulseites and electrical generators.



Tests were carried out on a Pelton turbine, tw@duurbines, and a permanent
magnet alternator (PMA). The effect on turbineceghcy was determined for a
number of parameters including: variations in spegid, jet misalignment and jet

quality.

Under the best conditions, the Turgo turbine &fficy was observed to be
over 80% at a speed ratio of about 0.46, whichuisegyood for pico-hydro-scale
turbines. The Pelton turbine was found to be éffisient with a peak of just over
70% at a speed ratio of about 0.43. The lowecieffcy can be largely attributed to
the rougher surface on the turbine blades. Bathirta types had lower than expected
speed ratios which were likely caused by inefficies in the turbine. Tests of jet
misalignment showed that moving the jet to thedesir outside edge of the buckets
caused a drop in efficiency of around 10-20% a$ agekhifting the optimal speed
ratio down 0.03 (6.5%). For the PMA, the generafticiency peaked at just less than
70%. The data demonstrate the impact of impedaratehing on generator efficiency

for a PMA.

Currently published literature provides few detaipecific to Turgo turbines or
PMAs despite their suitability for pico-hydro. Neatheless, Turgo turbines are
currently available on the market (at least inW&) and offer a viable option for pico-
hydro schemes, particularly in the medium headeanthis thesis describes an
experimental investigation of impulse turbines]uding both Turgo and Pelton

turbines, which will be useful for implementatiohraral electrification projects. The



results stress the importance of proper systengdesid installation in order to ensure

a successful scheme.
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Chapter 1 — Introduction



Across the globe, 1.4-1.6 billion people have ocess to electricity at all
while another one billion are dependent on unrédighectrical grids [1]. In addition,
as many as three billion people rely on antiquatddl fuel sources for cooking and
heating [2]. The United Nations (UN) has underseddhe importance of global
access to electricity by setting a goal to achighat it refers to as “universal access
to modern energy services” by 2030 [2]. The edtmharice tag to meet this goal is
$36 billion per year [2]. Since many of those lagkaccess to modern energy live in
rural areas, decentralized, off-grid energy prgeatl play a vital role in achieving
the UN’s energy goal by 2030 [3]. Over the lasty8@rs, pico-hydropower
(hydropower facilities generating less than 5 k\&3$ been proven as a cost-effective,
clean, and reliable method of generating elecyri@itd mechanical power for off-grid
applications and will play an important role inalelectrification into the foreseeable

future.

Access to modern forms of energy can have a trdmenimpact on the lives
of impoverished people living in developing couasrby reducing manual labor,
encouraging economic activity, improving health ditions, and reducing the overall
cost of energy [2, 4]. The mechanical power prediucan be utilized for vital
industrial and agricultural processes such asmgilijrain, running water pumps for
irrigation, and powering refrigeration cycles, tnme a few applications [3, 5]. The
electricity produced can also serve a number diuliperposes, namely home
lighting. Electrical lighting can increase the gwative hours in the day, thereby

allowing more time for education and economic paiiity. Kerosene lamps and



candles, common alternatives for lighting when teleity is not available, cost more
over time and produce poor quality light [6]. Agalnally, electricity can be used to
power computers, radios and other equipment eséémischools, medical clinics, and
businesses [7]. A 2008 survey in Bhutan found #fi&r a small-scale hydropower
system was installed, residents of the villagearigdr needed half as much wood for
fuel as before, and furthermore benefitted fronaaerage of 1.5 additional hours of

light per day [8].

Pico-hydropower, consisting of small water drivedectrical generators
producing less than 20-kW of power, has garnerguifggant attention in the last 30
years for its ability to meet the energy needsucdlrcommunities in developing
countries. In Nepal for instance, 1200 pico-hysithemes have been constructed by
Practical Action (formerly ITDG), of which 300 prode electricity [9]. The roughly
900 other installations are used for mechanicalgsamly. Practical Action has also
been involved with the construction of another&allations in Sri Lanka and 15 in
Peru in recent years [9]. In the last decade,-pigiro has become more prevalent in
Sub-Saharan Africa as well, where electrificatiates are some of the world’s lowest
[10]. As of 2003, many as 50 million householdsldwide receive electricity from

hydropower on mini-grids, with several hundred themd units installed [4].

A number of advantages set pico-hydropower apam bther electrical
generation methods for rural areas. Keeping dostss often one of the most

important considerations for rural electrificatiprojects since the customers typically



have limited funds [3]. Figure 1.1 compares thgt @ commonly used power

sources in the range of power needed for ruratrdieation.

Diesel/Gasoline 1kw i i i
PV-Wind hybrid  etO0KW
Solar PV 2
Wind
Pico-hydro W—
0.;)0 0.I10 0.20 0.30 0.40 0.50 0.60
Unit cost of power ($US/kWh in 2010)

Figure 1.1. Predicted operating cost of off-giectricity for various sources (data
from the World Bank [11]).

Provided the water resources are available, hygnearly always the lowest cost
power source for the long term operation. Inexpenstandardized equipment that
can be manufactured locally and a local labor féocenstallation help to keep capital
costs down while minimal maintenance requirementsre fuel costs keep long term

operations affordable [11, 12].

From an environmental stand-point, pico-hydro polas a relatively minor
impact on the surrounding ecosystem. Schemeipitio- size range are typically

run-of-the river so they do not share the sameogpcdl drawbacks as larger hydro



plants such as interfering with fish migration pats and emitting green house gasses

[13].

Additionally, water flow in rivers and streams azaften be predicted based on
weather patterns and seasonal trends [14] whidslates into a more reliable form of
power. Other renewable energy sources such asamiddolar can vary significantly
throughout the day making power production unptedlie. Solar photovoltaic cells
cannot be counted on to produce power after theggeaa down, when lighting is most

needed, and wind turbines only work when the wadlowing.

While pico-hydro presents significant advantagesr other types of electricity
generation, implementation of it can present alehge and is thus a drawback [13].
Scheme design is heavily dependent on site-spedfiditions that must be properly
accounted for [15]. Off-the-shelf systems havenbdesigned to reduce the site
specific design but this does not completely elat@the need for technical expertise
[16]; in order to ensure long term success of mtgjecare must be taken in the design
process to select the correct parts and instath fp@perly. Additionally, community
cooperation is necessary for day-to-day managertenigh maintenance should not

be overly difficult or time consuming.

Funding for rural electrification in developingwdries comes from a number
of different sources including the United NationsvBlopment Programme, the World
Bank, the Asian Development Bank, government ag@snend various non-

government organizations (NGOs). The US governragancies involved with pico-



hydro include the Agency for International Develarm(USAID), the Department of
Agriculture (USDA), and the Army Corps of Engineerés of 2007, the UN
contributes about $2.5 billion per year to off-geiectrification projects in developing
countries while the World Bank contributes anot®&00 million [2, 17]. Funds are
often provided as interest-free micro loans to camitres to cover the capital costs of
installation with the loans paid back over timehamioney raised by electricity rates
charged to the users. In addition to providinggmbfunding, the aid organizations
involved provide technical expertise for desigmnpling, installation, and operation of

the plants.

1.1 Motivation

Two important concerns for implementing pico-hyslvaver in developing
countries are to ensure that (1) appropriate tdolggaexists and (2) understanding
and awareness of such technology exists [13, Afpropriate technology for pico-
hydro includes low-cost civil works, locally manatared and/or standardized
components, including turbines and generators gffident load management
equipment. Proper understanding of pico-hydrorietdgy will improve the
likelihood of successful installations. Awareneas be generated by working with
organizations on the ground in the countries wineral electrification projects are

needed.

One area of appropriate technology for pico-hytied has lacked adequate

attention up to this point is the use of Turgo tuels. While Turgo turbines offer



many of the same advantages of Pelton turbinek, aubigh efficiency for a broad
range of site conditions, they also allow for mhalher flow rates of water for the
same size turbine because of the flow path threkighurbine. This advantage not
only means a smaller, less expensive turbine casuge the same amount of power
but also that the Turgo turbine can also be usdfldwer hydraulic heads than a
comparable Pelton. Currently, pumps-as-turbin@s @ are commonly used for

medium head schemes; however Turgo turbines maybals viable solution.

Unfortunately, at the moment there is little lgere specifically addressing the
application of Turgo turbines for pico-hydro, rathemphasis has been placed on
Pelton turbines. Obtaining turbine data from mantirers and distributors in the
United States (US) has proven difficult. Energgt®yns & Design [18], manufacturer
of the Stream Engine, a Turgo turbine-generatqreported peak turbine efficiencies
of approximately 70% and 80% for a Gilkes and threinouse designed Turgo
turbines used in their products [19]. More dethgpecifications for varying site
conditions (different heads, flow rates, jet diagngétc.) were not available. Other
companies such as Nooutage.com do provide dataeamwebsite [20] for different
head and flow rate conditions; however, efficiea@ee reported as water-to-wire

efficiency (including nozzle, turbine, and generafiiciency).

Additionally, a number of case studies of do-itigself (DIY) installations are

available on the Home Power Systems website [Ed}. most schemes, head, flow



rate, and electrical power are provided and watewite efficiency can be calculated.

A summary of a selection of the case studies isguied in Table 1.1.

Table 1.1. Summary of select DIY pico-hydro caselies (data from Home Power
Systems [21])

Flow Hydraulic Electrical Water-towire
SchemeHead (ft) Rate Power (W Power efficiency
(gpm) (W)
1 157.5 110 3258 1120 0.344
2 80 250 3761 780 0.207
3 90 150 2539 1500 0.591
4 110 130 2689 240 0.089
5 200 150 5641 1800 0.319
6 150 110 3103 216 0.070

Water-to-wire efficiency is quite low on most oktinstallations, ranging from 7% up
to 59%. The expected efficiency should be closé&0:-60%. Without any data on

component efficiencies, it is difficult to deterreiwhy the overall efficiency is so low.

Data on Turgo turbine performance is not readigilable on the turbines in
use today making it difficult to design systemshwitasonable operating efficiencies.
A study that demonstrates how parameters sucheaslsptio (ratio of tangential
turbine velocity and jet velocity), system designd installation impact turbine

efficiency would improve Turgo turbine implementati Installers would have a
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better idea of what the expected system efficiesimuld be as well as better

understand the operating conditions that will pedthe best efficiency.

A second area of interest is the use of permameaghnet alternators (PMA) as
electrical generators. Induction generators haenlthe preferred generator in the
past because of their availability and reliabi[it3]. PMAs, which require no
brushes, can be just as reliable as induction gémrst The permanent magnet rotor
means a magnetic field can be generated in the wotioout the use of an external
power supply resulting in a more efficient generai®compared to conventional
alternators and induction generators. Practidalination on the use of PMAs in
pico-hydro such as the impact of input conditionoperating efficiency is not

currently available.

1.2 Objectives

The goals of this research are to construct addbry scale test fixture for use
in education and research related to pico-hydropawwd to experimentally validate
the following hypotheses: 1) Turgo turbine effiagrdepends on speed ratio similar
to the way Pelton turbines do, 2) jet misalignnmanst be minimized in order to
maximize energy transfer from the water jet torapulse turbine, 3) a high quality
jet, characterized by minimal secondary flow stuoes, is necessary to maximize
energy transfer from the water jet to the impulsbinhe, 4) turbine efficiency for a
particular flow rate and head may be scaled torerdtow and head over a certain

range, 5) generator efficiency for a permanent rabghernator depends on both shaft
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speed and power output, and 6) a turbine and pemamnagnet alternator must be
properly matched based on operating speed forabieedl power output to achieve
optimal combined turbine-generator efficiency. Bhady presented in this thesis will
investigate several potential pitfalls of poorlymaged pico-hydro installations.
Particular emphasis will be given to the use ofgbuiurbines; however, Pelton
turbines will be addressed as well. The resultsimdicate the most important

conditions for consideration in order to ensureficient final product.
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2.1 Hydropower Classifications

Hydropower classification on the basis of sizaesafrom one reference to
another [16, 22-25]; however, the distinctions madeoften made arbitrarily [23]. A

widely accepted classification system for hydropoisgresented in Table 2.1.

Table 2.1. Classification of hydropower (adapt@af Sopian [22]).

Power Class
>10 MW Large
<10 MW Small
<1l MW Mini
<100 kw Micro

<5 kW Pico

For the purposes of this study, the definitionsyafropower classifications given in
Table # will be used, with the pico range beingftieis. Here, a distinction between
pico and micro-hydro, in accordance with the dé&fnis given by Williams [26] has
been made because schemes in the less than 5 k\&/teard to be cost effective only
if standardized equipment can be implemented. daraizved equipment, or modular
equipment as it is sometimes referred to as, caimmie site-specific design without
sacrificing too much operating efficiency. In dmet study by Alexander and Giddens
[16], micro-hydro was distinguished from mini-hydaod classified as less than 20
kW, using similar reasoning, while the term picadftywas not used. This range,
where minimal site-specific work is necessary fa@immaining reasonable costs is the
focus for this thesis. Making a determination@whether standardized equipment

should be used for hydropower application belovo26 kW was outside the scope of
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this thesis. The lesser value, 5 kW will be ugedughout this work since it appears
to be more widely used though the findings hereay mso be applicable above the

pico-hydro range.

2.2 Typical Scheme

A pico-hydro scheme typically consists of a whattdiverts water from the
river to a forebay. The forebay, which is gengrafpen to the atmosphere, acts as a
settling pond to reduce the sediment in the waieom the forebay, the water is
carried by the penstock to the power house, wheréurbine and generator are
located. Pressure builds in the water as it detscenelevation through the penstock
to the power house where it is forced through aleothat accelerates the water and
forms a high-velocity free jet. Energy is transéekfrom the water to the turbine as
the jet impinges on the turbine blades causinduh®#ne and shaft to rotate. The
turbine is coupled with an electrical generatot ghraduces electricity which can then
be distributed to electrical loads (i.e. the usbysjransmission lines. Downstream of
the turbine, the water can be returned to the saraeby the tailrace. This type of set
up is referred to as “run-of-the-river” scheme hessano dam is required to obstruct

the natural flow of the river. Figure 2.1 providasillustration of a typical scheme.



15

Headraca canal

Penstock ~

hY
Prwarhouse

Fig. 2.1. Typical pico-hydropower scheme (figused with permission from
Practical Action Publishing [24]).

2.3 Current Technology

2.3.1 Turbines

Water turbines used for pico-hydro are typicaligken down into two
classifications: reaction and impulse. Reactiohihes rely on a pressure drop in the
water across the turbine to transfer energy tskiadt while impulse turbines transfer

the moment of a high velocity water jet to the tneb{24]. Both types are commonly
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used for small scale hydropower with the seleatiepending on the head and flow
rate conditions of the site. Head is often bro#lewn into several classifications, low,
medium, and high, defined as less than 10 m, 16+58nd greater than 50 m [23].

Table 2.2 lists the types of turbines typicallydi$er a given head condition.

Table 2.2. Classification of turbines used foropiydro based on hydraulic head and
type (adapted from Paish [23]).

Turbine Type Low (<10 m) Medium (10-50 m) High (>81)
Impulse Crossflow Crossflow Turgo
Turgo Pelton
Pelton
Reaction Francis Francis
Propeller
Kaplan

Reaction turbines are further split into Franpispeller and Kaplan turbines
[23] pictured in Figs. 2.2 and 2.3. Using cengdlpumps-as-turbines, or PAT, [26]
has also been suggested; those operate as retacbores. Typically, reaction
turbines operate under low and sometimes medium t@aditions (<10 and 10-50 m
respectively) and high flow rates [23]. Reactiorbines can handle very high flow
rates due to the turbine geometry and flow of tiagewthrough the blades making
them the preferred turbines for low-head high-flapplications. The main
disadvantages are that efficiency is reduced diaalgtwhen head and flow rate are
not near design conditions and they generally reqeomplicated (expensive) turbine

housings. Pictures of various reaction turbimesshown in Figs. 2.2-2.4.
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Fig. 2.2. Francis turbine (used with permissiamfrPractical Action Publishing[24]).

. ﬁ' / \ W

T

Fig. 2.3. Propeller of Kaplan turbine (used widrpission from Practical Action
Publishing [24]).

Impulse turbines, which will be the focus of tetady, consist of Pelton,

Turgo and cross-flow turbines.
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A Pelton turbine, shown in Fig. 2.4, is usuallgdgor high head and low flow
rate conditions [13]. Pelton turbines offer highemting efficiency over a wide range
of flow conditions, are widely available, and aa@ly inexpensive to manufacture
making them a common choice for high head appbaoati Due to the cup design
however, higher flow rates tend to lead to intenfee between water entering and
with the water exiting the bucket resulting in pedficiency at high flow rates.
Empirical data suggests that turbine efficiencyibh&¢p drop when nozzle diameter
exceeds approximately 11% of PCD [24]. Above linnt, flow interactions inside
the turbine cups become more significant and retlwténe efficiency. Though
turbine efficiency drops when nozzle diameter egsekEL% of PCD, it may still be
advantageous to use a larger nozzle, provideddiempincrease resulting from the
higher flow rate offsets the power lost to the @ohn in efficiency [13]. Larger flow
rates can also be achieved by adding additiorsl jeor pico-hydro, up to 4 jets are
commonly used on vertical axis and up to 2 jethanizontal axis installations [24].
Turbines ranging in pitch-circle-diameter (PCD)frd00 to 400 mm can cover most
applications up to 100 kW with heads up to 200 mmere PCD is the diameter of the

turbine measured to where the jet strikes the taxbi



19

Fig. 2.4. Pelton turbine (used with permissiomfrBractical Action Publishing [24]).

A Turgo turbine, as shown in Fig. 2.5, like thdt®®eturbine, is also useful for
high head and low flow rate conditions. Additidgasince water passéisrough the
Turgo turbine (i.e. in one side and out the othegher flow rates can be handled.
With higher flow rates, Turgo turbines can opekftectively at lower head

conditions than the Pelton turbines but are daésified as medium to high head

turbines.
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Fig. 2.5. Turgo turbine (used with permission frBnactical Action Publishing [24]).

A cross-flow turbine, pictured in Fig. 2.6, is dder low head and high flow
rate conditions. A rectangular nozzle directswiag¢er flow across the width of the
turbine. Most of the water’s kinetic energy iswséerred to the runner as it enters with
a little more imparted upon exiting the turbinehey typically have lower peak
operating efficiencies compared to other turbingsclan operate near peak efficiency
for a wide range of flow conditions, unlike othew head turbines such as propeller
and Francis turbines. Figure 2.7 shows turbinieieffcy as a function of the
proportion of design flow for different turbine tgp. A well designed (fully
engineered) cross-flow turbine can achieve anieffiy as high as 85%; whereas,
locally-made versions tend to fall in the 60-75%ce&fncy range [14]. Cross-flow
turbines also tend to be easier to manufactureattasr low head turbines because (1)

they do not require complicated turbine cases apthé turbine geometry is simpler.
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Fig. 2.6. Cross flow turbine (used with permissimm Practical Action Publishing

[24]).
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Figure 2.7: Turbine efficiency vs. proportion ofstg flow for various turbine types

For medium-head applications, a Turgo turbinetddelurbine or a pump-as-

turbine (PAT) will most likely be the best choic&he selection among these three

(used with permission from Practical Action Pubingh[14]).
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turbine types will depend on availability of equignt, costs, and variability of site
conditions, among others. PATSs offer a couplelihg-generator set that has a peak
efficiency comparable to Pelton and Turgo turbiypstems. The downside of PATs is
that they must be sized for a particular flow tateperate near its best efficiency
point [26]. Since pumps are available in manysaielow costs, they are often used.
Pelton turbine systems for medium head may regquoee than one jet and/or a larger
(more expensive) turbine connected to the genebgtarpulley in order to
accommodate enough flow to produce the desired atafipower [24]. Despite
these modifications that add to the complexity emst of the system, Pelton turbines
can operate near their peak efficiency point evigh variations in flow rate. As

figure 2.7 shows, peak efficiency varies only a fevcent from about 20% of rated
flow up to 100%. Additionally, effective Peltonrbines can be constructed locally at
low costs making them available nearly everywh@rergo turbines can handle much
higher flow rates than Pelton turbines and cahmatiintain good turbine efficiency
with variations in flow rate. Like Pelton turbinéurgo turbines designs exist that
can be easily manufactured locally in developingntoes to help keep capital costs
low. Each of the three turbine types is suitablepico-hydro in the medium head
regime; however, the Turgo turbine is the mostaties The Turgo turbine could be
effectively used for the majority of medium-headghydro installations. One
potential reason Turgo turbines have been overlbakéhe past is that previous

designs were cast as a single piece [27], makicg lmanufacture with basic
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techniques impractical. The Turgo turbine desegpted in this study however, can be

built using manufacturing techniques availableeénaloping counties.

In the United States and Canada, various turbamegator sets are available

from retailers. Pico-hydro equipment vendors ofiesvide charts displaying the

applicable ranges of head and flow rate for a paldr turbine-generator set as shown

in Fig 2.8.
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Fig. 2.8. Log-log plot of head vs. flow rate shogiapplicable operating ranges for
various turbine-generator sets available in Nonthefica (adapted from ABS Alaskan

Hydro Power Design Booklet [28]).

The chart in Fig. 2.8 shows where each type oesyss most effective at producing

electricity and can be helpful in turbine selectighiwater-to-wire efficiency
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(combines nozzle, turbine, and generator efficignéyapproximately 53% is assumed
for each of the turbine-generator sets shown inEg Typically, water-to-wire
efficiency or estimated power output for differdoiv and head conditions is

provided for the hydropower products available mrth America and parameters such
as speed ratio (see section 2.6 for a discussi@peed ratio) are not discussed [18,
20, 29, 30]. With no data on turbine efficiencyadable to the user, proper system

design for optimal performance (maximum power ot)tumuch more difficult.

2.3.2 Electrical Generators

Both synchronous and asynchronous generatorsecasda for pico-hydro
applications. Generator selection will depend owumber of factors including the
generators available, cost, amount of power, typdeztrical output (i.e. AC/DC,
frequency, and voltage). The synchronous machised are either conventional
electromagnet or permanent magnet alternators (Pd)the asynchronous

machines are induction generators.

Induction generators offer a low cost, readilyilde method of converting
mechanical energy to electrical energy [31]. Witlew simple modifications,
induction motors, commonly found throughout the ibpcan be made to generate
electricity. Unlike conventional electromagnetatiators, over-speed is not usually a
concern for induction motors because of their mesdient rotor design. Yet one
more advantage of induction motors converted tegeors is that they are well

suited to generating AC power at the standard frqy and voltage since as motors



25

they were designed to run at those specificatidngduction generators, however, have
brushes and slip-rings that require maintenancéhamd lower efficiencies than

PMAs [24].

Conventional electromagnet alternators, such@setcommonly used in
automobiles, also offer a low cost, readily avdéaiethod of electrical generation.
They can be removed from old cars, refurbished,usmad for pico-hydro. Car
alternators are designed for battery charging nmegttiey will not be useful for
outputting standard frequency and voltage to be dgectly as AC power. Over-
speed protection is required to prevent damagegodtor at high rotational speeds,
adding complexity to the system. Power is lost wuenergizing the electromagnet in
the core thereby reducing efficiency. This loss lba quite significant for low power

applications.

Permanent magnet alternators, while more costlyless available than
induction generators, offer high efficiency, in th@ghborhood of 90% [24]. The
electromagnet of a conventional electromagnetradter is replaced with a permanent
magnet that requires no electrical power to fumctidhis modification eliminates the
need for brushes and slip-rings that both electgmatalternators and induction
generators require. Over-speed is also generatlgmissue since the rotor is a solid
piece of material. On the downside, part loaccedficy tends to be lower unless the
speed is adjusted which would change the outptdgeland current [32]. For

systems connected to batteries, designing a setielpthat the PMA can operate at its
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preferred speed for the expected power output dhwatl pose a problem.
Additionally, PMAs are now available with adjustalobtors that can change the

magnetic flux and thus the peak operating condstkorbetter match the turbine [18].
2.4 System Design

The amount of power that can be produced fromdpaiver at a potential site
depends on the volumetric flow ra@eof water and hydraulic headl available. The
flow rate can generally be measured directly anmesgted while hydraulic head is

calculated using Eq. 2.1,
H=z+ 2+ 2.1)

wherez is the vertical distance from datum (typically thebine elevation)p is
pressurep is densityg is gravitational acceleration, amds mean velocity [33].
Equation 1 was derived from Euler's equation arsliaees a steady, incompressible,
inviscid flow along a stream line. Any consistentt system can be used for Eg. 1 as

well as the other equations; however, the S| wstesn is certainly the simplest.

The design process begins at the forebay, wheré Egluces to the elevation
term only. We refer to the head at this locatisnhe gross head,. From the
forebay, the water must be carried downhill, togbe/erhouse, by the penstock.
Frictional forces in the penstock cause energye®sssulting in lower head at the

downstream end of the penstock termed net kadefined by Eq. 2.2 [33],
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H,=H, 6 -3H,, (2.2)

whereXH; is the sum of all head losses in the penstocknzentifold.

Head loss is made up of major and minor lossesechhy viscous forces in the
pipe and secondary flow structures resulting frévanges in direction and geometry
of the flow, respectively. For penstock optimipati only major losses need to be
considered since minimizing minor losses tendetiuce costs (whereas minimizing
major losses by increasing pipe diameter increessts). Neglecting minor lossés,

can be found using the Darcy-Weisbach formula [34],

Sl (2.3)

H —_
d 29

I, major

wheref is the roughness coefficient (found on the Moodiygtam),L is the pipe
length,D is the inside diameter, ands the water velocity (through the pipe). The

mean velocity of the water in a pipe (or jet) igagi by,

, (2.4)

> |0

whereA is the cross sectional area of the flow.

When minor losses do need to be accounted fae #re several approaches
that will lend useful results; one such methodidefine a loss coefficiett, that can

be substituted into Eq. 2.3 as,
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=K < (2.5)

Loss coefficients for various common fittings aravé been determined

experimentally and are available in tables [34].

Once net head has been determined, it can batstdxinto Eq. 2.1 along
with Eq. 2.4. Equation 2.1 can then be simplifed solved for jet diameter. The

resulting equation can be solved for diameter argivien as,

%
d, =2(&j (20H,) 7%, (2.6)

nle

wheren; is the number of jets. The nozzle(s) selectedlshioe sized as close to the
ideal jet diameter as possible or slightly smalleguation 2.6 neglects any head
losses in the nozzles however these are typicadigmificant for determining jet

diameter (on the order of a 0.1% difference).

With net head and flow rate known, the amountafer in the water, referred

to as hydraulic powew, , can be determined by [33],

W, = pgQH,, . (2.7)

To estimate the final system power output, efficiemalues for the nozzles, turbine,

and generator can be assumed. Thake providesad#dsoralues for each [24].
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Table 2.3. Various nozzle types with associatddoity coefficients (adapted from
Thake [24].

Nozzle Type Velocity Coefficient
60° rounded nozz|e 0.97

14° tapered nozzle 0.98

Sharp edged orifice 0.98
Rounded orifice 0.97

Limited generator options and specific input reguients mean generator
selection takes precedence over other componext®lg the turbine. The generator
criteria depend heavily on the end use of the mbattpower. Two types of machines
are commonly used for electrical generation in ffigdro schemes: asynchronous and

synchronous.

Asynchronous AC induction motors are often coraektb generators because
of their availability and reliability [35]. Theseachines must be operated at a
particular speed to generate the required frequandyvoltage. If the turbine is to be
directly coupled to the generator, it will haveozerate at the same speed. Induction

generators can be made from induction motors wdiielfound in every country.

The other type of generator that is commonly ufeslsynchronous generator,
is often a permanent magnet generator. Permarggmehmachines are generally
used to supply DC power to a battery bank whecantbe stored for later use. For
DC power, the machine speed will not impact poweality but permanent magnet
generators tend to become less efficient at higheeds making it advantageous to

operate at lower speeds. While alternators arencmmaround the world because of
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their use in cars, permanent magnet alternatora specialty item used only when
efficiency is particularly important and may be madiifficult to find in a developing
country. Regardless of the type of generator salleshaft speed is likely to be

determined by the generator.

For turbine selection, turbine type, speed ratia jet diameter must be
considered. This thesis is primarily concernedwitirgo and Pelton turbines which
are both impulse turbines. In the case of TurgbRelton Turbines, speed ratio, the
ratio of the turbine speed to jet velocity, is defl as,

‘o N77(PCD)
60y,

]

(2.8)

whereN is the turbine (or shaft) speed in revolutionsmperute (rpm) andPCD is
pitch-circle-diameter. Best efficiency is achieweith a speed ratio of about 0.45-
0.50 for Pelton turbines [13, 24]. The literatprevides no information how Turgo
turbine efficiency varies with speed ratio. In ttase of a Pelton turbine, empirical
studies have demonstrated that a jet diameter dxup&1% of the PCD of the turbine
will decrease peak turbine efficiency [24]. Abdhes jet diameter threshold, the
water cannot flow efficiently though the cups ahd fet is likely to interfere with the
cutout located at the outer edge of the cups. rEig® shows the cutout on of Pelton

turbine.
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Bucket cutout

Figure 2.9 Photo of a 1(-mm Pelton turbine showing the bucket cut

Turgo turbinesre not quite as restrictive when it comes to j@tneétter because of tl
cup geometry and water flow pe Jet diameter should not be so large such tha
of thejet misses the turbine as this would reduce theuatnaf energy transferre

from the jet to the turbin

Turbine performance can be quantified by deterngitinepower of the

turbine, which is the same as the shaft powernddfby

W, = 2mrw (2.9)

wherer is shaft torqu andw is the shaft speed in radians per seconabine
efficiency 77,,,,,which measures how efficiently power is transferfredh the jet to the

turbine, can thebe found uing Eq. 2.8,

= (2.10)

==



32

Generator performance can be characterized in ingceame way, by finding
the ratio of power out to the power in. The powet, referred to as electrical power

W, is simply the product the voltage across the geneterminald/ and current

through the circuit, as given by
=1V. (2.11)

The efficiency with which the electrical generatonverts mechanical shaft power

into electrical power, defined as generator efficie ., can then be found by

We| e
W

qgen =
(2.12)

25 Speific Speed

A dimensionless parameter, specific speed, has tbefined for turbines, to
allow for comparison between different operatingditions and turbine dimensions.
The method of repeating variables [34] dictates titvare should be four
dimensionless turbine parameters: the Head, Capacitl Power coefficients and
turbine efficiency [34]. For turbine applicationbere the flow is turbulent and the
Reynolds numbers are fairly close together, dynamimilarity between different
operating conditions and turbine dimensions isaeable, thus Reynolds number can
be ignored [34]. Additionally, the Head and Capacoefficients are both
approximately functions of the Power coefficie].3 The independent parameter,

Power coefficient, can be combined with one ofdbpendant parameters, the Head
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and Capacity coefficients, to cancel out the tueldimension. The result is a new

parameter, specific speed.

Some controversy exists in the literature as ¢oubefulness of specific speed
to nondimensionalize the operating conditions:tiotel speed, head, and flow rate,
to allow for comparison of geometrically similartitnes. Impulse turbine efficiency
depends much more heavily on speed ratio thanfgpspeed so specific speed is
often ignored [24]. For reaction turbines, it sedimat specific speed is useful since
turbine efficiency does depend heavily on the patans nondimensionalized in

specific speed. Specific speed is defined as [33],

)
v = N 213

(9r.)"
whereN is the turbine rotational speed in rp@nis the volumetric flow rate, artd is

the head. An alternative nondimensional specpgaesl that is written in terms of

turbine poweiWw, rather tharQ [34],

Ny, =——". (2.14)
p(gH,)"
To maintain nondimensionality in both Eq. 2.13 &nt¥, consistent units must be
used; however, more convenient units are often asddhe density and gravity terms

may be dropped, yielding a dimensional versionpefcsfic speed [36],
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(2.15)

_ r
where the units ar

To characterize turbines, specific speed is masingonly found for the best
efficiency point. Impulse turbines tend to faltlé lower end of the specific speed
scale, with reaction turbines at the higher enithcéSspecific speeds for impulse
turbines tend to fall within a fairly narrow rangempared to those of reaction
turbines, it is unnecessary to use specific speselect an impulse turbine. Using the
units of Eq. 2.15, specific speeds for impulseiheb tend to be less than 70; whereas,

reaction turbines go up to approximately 1000.
2.6 Speed Ratio

Impulse turbine efficiency depends heavily on operating parameter in

particular, the speed ratio of the turbine anddefined as,

x=—9 (2.16)

vcogy)’

wherey; is the mean jet velocity is the tangential speed of the turbine at its PCD,
andy is the jet angle. Theoretically, the turbine @éncy will peak whex=0.5; in
practice, the ideal speed ratio tends to be shidatls than 0.5, in the range of 0.42-

0.48 [24].
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The theoretical maximum is found by setting upnéd control volume
analysis which can be simplified to the Euler tumaehine equation for a turbine and
dotted with the angular velocity, resulting in ajuation for power. In scalar form,

that equation is,

W, = (v, -Vv,,) (2.17)

S
1

wheremis the mass flow rate of water, and théerms are the velocity components
tangent to the radial plane of the turbine at tilieént {) and effluent€) locations

[33].

In the case of the Pelton turbimg, the tangential velocity of the jet entering
the turbine, is simply;-U since the jet is in the radial plane. At the inebexit, the

tangential jet velocity is given by,
v, =U +(vj —U)cos(,b’e) (2.18)

wheref is the angle measured from the radial plane atiwthie water exits the
turbine, as shown in Fig. 2.9(a). By substitutingse terms into the power equation,

Eq. 2.17, that equation becomes
Vi =rmU (v, —U) cog(3). (2.19)

Then, taking the derivative of Eq. 2.19 with redged) and setting it equal to zero, it

turns out peak power occursv@dtJ=0.5. Figure 2.10 shows a schematic view of a
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Pelton turbine bladand velocit' vector diagram. The subscriptefers to the rotatin

reference frame.

(b)

Fig. 2.10. Water flow through a Pelton turbine blade. (ross section of a Peltc
turbine blade with jeimpingement in the rotating reference frame, and/@bocity
diagram of the effluent flow of a Pelton turbinadd showing the translation froi
rotating reference to absolute fre.
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For the Turgo turbine the tangential jet velositi the entrance and exit can
be determined by once again summing velocity vectéigure 2.11 shows a
schematic view of a Turgo turbine blade and a vsla@ctor diagram for the water

entering and exiting the turbine. The water jeeenthe turbine at some jet angle
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Figure 2.11. Water flow through a Turgo turbinad#®. (a) Cross section of a Turgo
turbine blade with jet impingement in the rotatme¢erence frame, (b) velocity
diagram of the influent flow of the turbine bladewing the translation from rotating
reference to absolute frame, and (c) velocity diagof the effluent flow of the
turbine blade showing the translation from rotatiefgrence to absolute frame.
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(b)

(c)
Figure 2.11
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Based on the velocity vector diagrams, the influerd effluent tangential water

velocities are found to be,

V., =V, coga,), (2.20)
v, cog(a;)-U
v, =—4——————cos(5,)+U
cos(4) 1A . (2.21)

Equations 2.20 and 2.21 can then be substitutddibaEq. 2.17 to solve for power.

2.7 Turgo & Pelton Turbine Comparison

Ideal peak turbine efficiency, as defined by EqO2drops slightly for the
Turgo turbine compared to the Pelton turbine dudéget angle and the exit angle of
the water leaving the cups. According to the vigyjogector model presented, at jet
angle of 0° (like a Pelton turbine) and an exitlartbat is also 0°, a maximum of
100% efficiency could be obtained. Realisticalhg water cannot exit the turbine at
the same angle it enters due to geometric consdramprevious tests have shown that
a 15-20° [24, 34] exit angle provides the bestgrenfince. The corresponding
maximum turbine efficiency for such a shift in eaiigle is 97.0-98.3%. For a Turgo
turbine with a jet angle and exit angle of 20°, th@ximum possible efficiency is
reduced to 96.6%, only slightly lower than the &elturbine with the added benefit of
a much larger maximum flow rate of water through tilrbine since the water exits on
the opposite side from where it enters the turbi@é&er sources of energy loss not

accounted for in this model such as viscous fonv@gjage losses, and those resulting
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from the changing jet impingement location on tmbine blades (due to the rotation
of the turbine), will reduce the actual operatifigceency of both turbine types. The
model, however, suggests that the associated @iftes in efficiency should not be

significant for pico-hydro applications.



Chapter 3 — Pico-hydro Background
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To put pico-hydro in context, this section bedwysproviding an overview of
how small-scale hydropower is being used arounavibrdd. Then a summary of

recent research aimed at improving the functiopalitpico-hydro will be discussed.

3.1 Case Studies

Small-scale hydropower has been implemented arthend/orld to address the
lack of access to reliable electricity in many f@mmunities as well as to produce
renewable energy in places where grid power isamatlable. Hydropower is a well-
established technology with a proven track recénelable operation and is among
the most cost effective sources of electricityrfoni-grid applications. In order for
small-scale hydropower to be effective in less tigyed countries however, efforts
must be made to introduce rural communities tde¢bbnology, demonstrate its
effectiveness and make sure it is economicallyilid&as The same can be said of more
developed countries; pico-hydro must be shown ta fdiable and economical

renewable power source.

3.1.1 Asia and the South Pacific

Across Asia and the South Pacific, small-scaletyyower has been used to
bring electricity to rural communities for decadlesome regions and continues to
grow today. Organizations have been at work indllapd India since the 1970s and
80s [23, 37] constructing small scale hydropowtassior mini-grid electrical systems.
More recently, projects in other countries whereead for low-cost electrical power

exists along with the water resources necessamy siavted to appear, including
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projects in Lao PDR, Afghanistan, Pakistan and isé\ather Middle Eastern
countries have begun to spring up. The schemessaiadly designed to supply
electricity to rural residents in small communitisere connection to a national grid
is not feasible. Mini-grids powered by hydropowbines can be set up in such
areas to supply power to a few hundred or a fewsaond residents to power lights
and small appliances such as radios. A summasgroge of the projects that have
been documented in case studies is presented la 3dband a map of the sites is

provided in Fig. 3.1. The numbered markers represase study sites.
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Table 3.1. List of documented small-scale hydrogoprojects in Asia.

Capacity

Flow rate

Turbine

5

=)

Location (kW) Head (m) (Iis) type Comments
. Used to provide
Thalpi, S
Nepal [38] 0.165 2.1 25 Propellerlighting to 30
P households
. 56% efficiency,
Kholis, o
1.1 2.5 80 Propellef used for lighting
Nepal [38] )
and heating water
Padisaw, , L
Afghanistan 7 7 Npt Npt Provides lighting
[39] available | available| for 35 households
. Designed for as
Kushadevi, 4.4 100 135 Pelton | low as 9 I/s in the
Nepal [40] d
ry season
Karimi, Cross | Provides power to
India [37] 50 70 130 flow 225 households
Kampung Flow rate
Tuil, 5 40 284 Not estimated based o
Malaysia (est.) | available| head and power
[22] output
X\(iangan Propeller Provide power to g
o . 100 11.12 1420 P rural village and
Indonesia (2x) school
[41]
Northern :
Supplies power to
Samar, 60 households as
Philippines 6 4.2 240 Propeller )
part of a hybrid
(Tangan- system
Ayan)[42] y
Northern Supplies power to
Samar, 44 households as
Philippines 32 28 190 Propeller part of a hybrid
(Epaw) [42] system
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Fig. 3.1. Map of documented small-scale hydropgwejects in Asia.
3.1.2 Africa

Small scale hydropower has been widely used ircafas well, where rural
electrification rates are some of the world’s loi&$. As in Asia, mini-grids
supplied by hydropower are often the most econdmieg to supply power to rural
communities given sufficient water resources. Mber of successful projects in
Kenya have been used as case studies to help mraénsoavailable hydropower
technology and demonstrate how it can be implendentth hopes that the concept
will spread to other parts of the continent. lagtrin small-scale hydropower now
exists in several other African countries includ@®@meroon, South Africa, Zimbabwe
and Tanzania just to name a few [43-46]. Tabldi8t2 some of the projects in Africa

along with details about each and Fig. 3.2 showsp of the sites.
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Table 3.2. List of documented small-scale hydrogoprojects in Africa.

Location TI?VV\\;? Head (m) Flo(\ll)/S;ate T?;S'ene Comments
Kathamba, Powers 65
Kenya [47] 1.1 28 8.4 Pelton households
Thima, Powers 110
Kenya [48] 22 18 28 PAT households

Powers 300
Tungu- Not households (3000
Kabriri, 14 13 200 available people), likely used
Kenya [43] a propeller turbine

or a PAT

Drives a centrifugal
Crammond, Not pump for irrigation
Soyth 40 12 400 available | likely used a
Africa [44] .

propeller turbine
Svinuray, Drives generator
Cashel and grinding mill,
Valley, 10 100 20 Pelton | flow rate estimated
Zimbabwe using 50% system
[44] efficiency

Powers a wood
Sioma shop, clinic, school
Zambia [7] 46.1 10 626 Propellerand 200

households, custon

—

built turbine
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Fig. 3.2. Map of documented small-scale hydropgwejects in Africa.

3.1.3 Latin America & the Caribbean

Many Latin American and Caribbean countries ama@icandidates for small-
scale hydropower systems with adequate water resgp@and low electrification rates.
Cuba, Peru and Columbia among others have instajlécbpower schemes for mini-
grid systems to supply the need for electricityural areas [49]. A patrtial list of
small-scale hydropower projects in Latin Americ@iisvided in Table 3.3 with a map

of the sites provided in Fig. 3.3.
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Table 3.3. List of documented small-scale hydrogoprojects in Latin America.

. Power Flow rate| Turbine
Location (KW) Head (m) (I/s) type Comments
Camata a7 | MO | Nt | o o brocessing.
Bolivia [50] Available | Available gro-p 9
facility
Cambamonterd, g 89.5 35 Pelton| 60 households
Peru [41]
Cajamarca, 35 50 110 Pelton | 85 households
Peru [51]
Powers to a coffee
San Jose de Cross- and corn plantation
Bocay, 3 6.35 100 flow power estimated fo
Nicaragua [52] 50% system

efficiency

[

i t‘j

........

6

1

1]

Fig. 3.3. Map of documented small-scale hydropgwejects in Latin America.
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3.1.4 Developed Regions

In the more developed countries of North Ameriearope and Australia and
New Zealand, low rural electrification rates tende less of a driver behind small-
scale hydropower; rather, environmental concennd te be the reason to explore
alternative forms of power generation with grid seation in mind. Several cities
including Gresham, OR, Wellington, NZ and Boulde® have looked into using
excess head from the cities’ water and sewageragsie drive turbines to generate
electricity. Boulder has already taken the negp 4ty installing several turbines that
are producing power [50-52]. Using water releasenh existing reservoirs is another
renewable energy concept being implemented [53, &fcasionally, new small-scale
hydropower installations have been consideredeasawhere the natural water
resources and a desire for clean sustainable ielgctzeneration exist but no reservoir
is present [15, 55-58]. While the emphasis omtlagority of these projects is to
generate renewable power at a cost that is conyeetvith conventional utility rates,
occasionally mini-grid generation is the only fédsimethod of supplying power to
rural communities [59]. A partial list of case dies in the developed regions is

provided in Table 3.4.
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Table 3.4. List of documented small-scale hydrogoprojects in developed regions.

ocation ower ead (m urbine type omments
Locati Power (kW)|  Head F'O(‘I’}’S;a‘e Turbi c
Proposal uses hydro
Gresham, OR 50 Not Not Not turbines to replace
available available available | pressure reducing valves
51 ilabl ilabl ilabl duci I
in water system at 12 site
Oreqon Cit Feasibility study, storm
OR ?60] Y 2.4 36.6 7.65/15.3 Pelton | drain system, Variable 2/4
jet Pelton
. Feasibility study, storm
8;69[188] City, 5.4 27.4 50.4 Pelton | drain system, Variable 2/4
jet Pelton
Installed at existing
reservoir, likely a Fransis
est. - turbine, estimated hea
Ei"]“’e' Run, PAl 35 26 (est.) 238 avg‘”o;ble bi imated head
based on 50% system
efficiency
Feasibility study, likely to
Pawnee, OK Not use a Francis turbine,
[61] 538 444 2411 available | estimated power based o
50% system efficiency
Hoopa Valley, Not
CA (Hostler 19 11.9 283 available Feasibility study
Creek) [62]
Salt Springs
Island, BC Not -
(Fulford Creek) 9.2 40 80 available Feasibility study
(58]
Salt Springs Not
Island, BC (Big 6.3 80 21 available Feasibility study
Creek) [58]
Newtownards, Feasibility study, power
Northern 56.4 13.55 500 Kaplan | estimated based on 85.59
Ireland, UK [63] system efficiency)
Feasibility study, used for
\F/{V?I/SSHﬂk 57] 1.77 62.8 4.7 Turgo education and power
' production
gggﬁ;‘r’]\’del[léts] 3.7 185 60 Turgo Installed, 4 jet Turgo
Dorset, UK Not
ards Mi . . - easibility study for rivers
Cards Mill 6.4 3.1 405 Feasibility study for ri
53] available
Dorset, UK Not
ordsmea . . - easibility study for rivers
(Lord d 6.2 2.85 416 available Feasibili dy forri
Mill) [53]
\(/g(e)lrlilpugattoLno,v'\:{z Feasibility study to use
Level 315 40 97.2 PAT micro-hydro for pressure
Reservoir) [52] reduction in water system
Feasibility study to supply
I\N/I?Egg]apohatu, 6 117 10 Pelton (2x)| power to a remote village
within a national park
Feasibility study to supply|
Tauranga, NZ 14 22 100 Turgo (2x) | power to a farm and

[64]

power grid
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Fig. 3.4. Map of documented small-scale hydropgwejects in developed regions.

3.2 Modular System Design

One of the most important research areas in rg@ars has been in
developing methods for streamlining the design @sedy minimizing the site
specific work required for each installation. Gkdrave been developed to aid in
reaction turbine selection based on specific spe@jd Turbines are available for a
range of specific speeds of up to 20 kW, above whiore site specific design tends
to be cost effective. The use of pumps-as-turbiRéd’) has also been explored with
several systems already built [31]. PATSs are inehyt efficient, low cost, and readily
available; additionally, they are generally alreathached to a motor that can be
wired to work as a generator. An instruction mahoiadesigning PAT systems has
also been developed [26], further streamliningdbsign process. One of the issues

that has been tackled recently related to PATglisrchining operating curves



53

experimentally that can be correlated to the martufar’'s pump operating curves

[65]. The Pico Power Pack, consisting of a Peltwhine directly coupled with an
induction generator, has been developed for a veidge of high head applications
[35]. An instruction manual describes, in stepdbgp detail, how to design the

facility from start to finish [25]. Even with mothr systems, proper site assessment is
important. Recent work has investigated how tteeagssessment process can be
streamlined by the use of software programs suéP#NET to model seasonal flow

variations and estimate head losses for pipe n&s\as].

3.3 Hybrid Systems

When the water resources are not present to riudigt the power demand at a
particular site with hydropower, it may be coseetive to design a hybrid system that
combines two or more types of power generatiorofAydro may be combined with
wind, solar, biomass, or battery systems to meetémand. For hybrid systems to be
economical and meet the power demand, the componargt be optimized to
account for peak and average loads and variatioresspurces. Developing tools,
such as the software package HOMER, to aid in degpgimization has been a focal
point for research. So far, hybrid systems hawnlgeveloped for sites in Cameroon
[66, 67] and India [68], where the wet, cloudy s#aand a dry, sunny season,
experienced by many equatorial regions, make hgddbsolar a complimentary
match. HOMER is an open source software packaggaale from the US National

Renewable Energy Laboratory [69].
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3.4 Low-head Pico-hydro

Historically, low head pico-hydro had been largedglected when compared
to medium and high head due to higher initial cosssilting from lower power
density. Demand for electricity in developing ctrigs, the abundance of low head
water resources, and a push toward renewable ehaggsnade these types of schemes
more appealing in recent years. Two thrust areésn head pico-hydro research

have been turbine and case design and modulansg&sign.

For low-head pico-hydro, reaction or cross-flowbtnes are typically used
[23]. While cross-flow turbines are cheap, easspnemufacture, and work for a wide
range of flow conditions, they have low peak effiwies. The lower head already
necessitates a higher flow rate, meaning largeeragpensive penstocks; low turbine
efficiency further exacerbates the low power dgnisgue. Reaction turbines on the
other hand, can be extremely efficient, if propeigigned, but only for a narrow
range of operating conditions. Scaling large lieadurbines down to pico-hydro
scale is impractical due to cost and manufactucorgstraints [44]. Reaction turbines
generally require complicated turbine housings itadlve shaft seals and guide
vanes to direct the flow into the turbine that aarive readily manufactured
inexpensively with simple methods. To addresséed for low cost, efficient low
head turbines that can be manufactured locallgaretiers have developed a series of
turbines that do not require complicated housiidgs 44, 70]. Computational Fluid

Dynamics (CFD) modeling and experiments are besggluwith the hope of raising
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turbine efficiency from the 50% range seen on tlagket (as of 2009) to above 80%,

for developing new turbine designs [71].

3.5 Medium-head Pico-hydro

Medium-head is often lumped in with either lowhagh-head for simplicity
though there are some distinctions that shouldbsidered. While Pelton and cross-
flow turbines can and are used for medium-headitiond, other options are at times
more economical. This is the region where Turgbities can be most effective.
Recent work on Turgo turbine design using CFD miaddias brought some attention
to the use of Turgo turbines for pico-hydro [72)ulgh published literature on the
subject is limited. Cross-flow turbines may alsoused at the lower end of the
medium head range, as well as the PATs discusssettion 3.2. Some recent studies
have focused on optimizing turbine selection bygheig all of the advantages and

disadvantages of each turbine type [31, 73]

3.6 High-head Pico-hydro

High head tends to be a more mature technologyltva head since it tends to
be more economical; although, there are still avdeeye research is being done.
Turbine flow modeling, manifold and injector flowoateling, design for local

manufacturability, and technology dissemination.
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Due to the irregular geometry of Pelton turbingdels and rotation, visually
observing the flow of water through the turbinegliiicult. Recent advances in
computer processor power have allowed for morerateunodeling of the flow [74-
76]. In the past, Pelton turbines had been dedigsang more of a trial and error
approach, where a prototype was constructed, testeldimproved upon in successive
prototypes. Over time, fairly high efficiency dgiss were built, though the
mechanisms that made one design superior to anwtrernot well understood.
Researchers are now using computer modeling tgmesid optimize turbines before
they are even built, saving valuable time and mdi8}. Although very efficient
Pelton turbines are already available on the maddsty, there is still room for
efficiency improvements in the Pelton turbines trat readily manufactured. For
example, some of the commonly used Pelton turbwezs found to have efficiencies

in the 70% range, leaving room for further improesn[13].

CFD is also being used to aid the design of mettRelton turbine systems
[76]. More jets, which allow for higher flow ratesd thus greater power output,
necessitate a better understanding of the flowutjinahe turbine and how manifold
design impacts water jets. For single or multisjggtems, jet quality can have a major
impact on turbine efficiency [77]. With the use@#D, manifolds can be designed so
as to minimize secondary flow structures in theewand deliver a high quality jet to

the turbine.
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3.7 Electronics

Electronic load controllers (ELC), first used witto-hydro in the 1980s, have
provided an effective means of regulating voltage eurrent of off-grid electrical
systems without the use of batteries. A needestilits for updated, more versatile,
low-cost ELCs that can deliver high quality poweaay operating condition [16].
Recent research has focused on developing ELCsdhaneet the needs of pico-
hydro by eliminating mechanical parts from the speentrol system, resulting in
simpler, more reliable designs that can effectividgl with both resistive and reactive
electrical loads [78, 79]. Work is also being deovith ELCs that regulate water flow
to improve performance and reliability in situaonhere it may be advantageous to

conserve water when less power is required [80].

Generator design is another area of researclesttir pico-hydro. For
systems under 1 kW, permanent magnet, synchronGugeferators are often used
because of their high efficiency and reasonable[8d$. Above 1 kW, AC induction
generators are typically more cost effective, degbieir lower efficiency. New
synchronous machines have been proposed thatdiferant geometry design that
will allow for higher efficiency power generatiob@ve 1 kW while keeping cost and
machine size down [81]. The new generators aréagito those currently used for

wind power in developing countries with great sssc82].
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3.8 Laboratory Test Systems

A number of laboratory scaled test fixtures hagerbconstructed for carrying
out experiments with small-scale hydro turbines eshdcating students in recent years
[83-86]. The Pico Turbine Laboratory in Nepal esijned for reaction turbines
typically used for low head pico-hydro applicatiarsl is used for testing vertical-
axis axial-flow turbines from 0.4-2 kW [86]. Fewtdils are provided on the test set-
up used by Singh and Nestmann but it was usedVertecal-axis propeller turbine at
around 1.5 kW [85]. For impulse turbine testingiahand Rasi describe in detail a
test fixture designed to operate with Pelton tuebim Finland [83]. The test rig was
constructed primarily for educational purposest aperates at very low power (only
a few watts). Results obtained clearly demonstreteelationship between speed
ratio and efficiency. A much more robust systens @aveloped by Baines and
Williams that can accommodate more practical pdesls for pico-hydro and Pelton
turbines from 100 to 180 mm pitch-circle-diametethe UK [84]. Turbines already
on the market and new turbine designs can be t&stestify reasonable efficiency
across a range of flow and head conditions. Ltesding facilities, in the regions
where pico-hydro is being implemented would be wideir verifying the performance

of locally manufactured turbines.



Chapter 4 — Experimental Methods

59



60

4.1 Test Fixture Design

For the experiments documented in this thesiabarhtory test set up, shown
in Figs. 4.1 and 4.2, was constructed to simuldygigal pico-hydro scheme. The
system consists of a vertical axis impulse turlimectly coupled with a DC-540
permanent magnet alternator (PMA, Wind Blue Ponerw Strawn, KS) and a 2 hp
centrifugal pump (MP Pumps, Fraser, MI) driving flosv of water to create a water
jet that turns the turbine. A pump performancereus included in Appendix B. The
set up can accommodate both Pelton and Turgo &ship to a pitch-circle-diameter
(PCD) of 170 mm. Currently, a 100-mm PCD brasgisl&elton turbine (ABS
Alaskan, Fairbanks, AK), a 131 mm PCD plastic Tungbine, and a 169-mm PCD
plastic Turgo turbine (Hartvigsen-Hydro, Kaysvillé]) have been tested. The
turbine and nozzle are located inside an inver&dhcbasin that contains the water
leaving the turbine. The generator is mountedoprnof the catch basin on a bearing
that allows the generator to spin freely aboutsth&ft. Polyvinyl chloride (PVC)
pipes and tubing have been used for the flow loép.isolation valve is located in the
flow loop to stop the water flow without turningetipump off and a ProFile2 flow
control valve (Hayward Industrial Products, ClemmsaddC) can be installed to adjust

the flow rate.
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Fig. 4.2. Pico-hydro lab test fixture.

Various instruments have been installed throughmeisystem in order to
characterize the performance of the principle camepés, the nozzles, turbine and
PMA. An FP-7001A paddle wheel flow sensor withegptated temperature sensor
(Omega Engineering, Stamford, CT), with a rang@-&0 gpm, measures the
volumetric flow rate of water through the flow laopdditionally, the flow loop
pressure is measured using a PX309-050GV pressungducer (Omega Engineering,
Stamford, CT) over a range of 0-50 psig. A FluR8 (Fluke, Everett, WA) and a
Model 982015 (Sears Hoffman Estates, IL) digitaltrmeter are used to measure
voltage and current produced by the PMA. Shafedpe.e, is measured using a
Model 461920 laser tachometer (Extech Instruméfitdtham, MA). A list of the

instrumentation is provided in Table 4.1.
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Table 4.1. List of instrumentation used for daifiection.

Instrument Instrument Test Graduations| Accuracy Manufacturer
Range Range

Paddle Omega

Wheel Flow 3-50 13-30 0.001 +/- 2% FS$ Engineering

Meter (gpm)

Pressure i o | Omega

Transducer 0-50 12-40 0.01 + gésm Engineering

(psi)

Hanging 0-50 Ibs. 11b. 6 o0z.- 10z, +-30z. Berkeley

Scale 8 Ib.

Laser o. | Extech

Tachometer | 2-99,999 | 400-2000 0.1 | *005%

(rpm) Reading

A calibration was performed on the paddle whemkfimeter to reduce the

uncertainty jet power and turbine efficiency. Tdadibration is discussed later in

section 4.2. Factory calibrations were used foothler instruments used in data

collection.

Water stored in a tank is pumped through the flwop by the centrifugal

pump. The water flows through the flow meter, asioin valve, flow control valve (if

installed), and the nozzle. The pressure transdsdecated just upstream of the

nozzle. Downstream of the nozzle the water forret @hich impinges on the

turbine, thus transferring its kinetic energy te #haft. The water then exits the

turbine and returns to the holding tank where reisycled back in to the flow loop. A

schematic of the test rig is shown in Fig. 4.2.
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4.1.1 Turbines

Three turbines have been selected for testing]tariPand two Turgo turbines.
The Pelton turbine is a 100 mm PCD Harris Peltobinhe (ABSAK, Fairbanks, AK)
made of bronze and cast as a single piece. ThgoTurbines are 131 mm and
169 mm PCD (Hartvigsen-Hydro, Kaysville, UT) resppely and are made of
individually injection molded cups secured to ardé&ss steel hub. The turbines are

pictured in Figs. 4.3 and 4.4.

—
e el

Fig. 4.3. Picture of the 100-mm Harris Pelton toebused in this study.
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Fig. 4.4. Picture of the 133-mm Hartvigsen Hydwodo turbine used in this study.

4.1.2 NozzZle Mount System

A nozzle mount system was constructed to allowéosration in the nozzle
position. Having the ability to adjust nozzle pgmsi is necessary in order to test
different types and sizes of turbines and is atsgful for fine tuning the jet alignment.
The nozzle mount system constructed allows for tlmgrees of freedom: elevation,
radial and tangential position, and nozzle angldditionally, the entire nozzle mount
structure can be moved in relation to the turbioesdmng when large adjustments are
necessary. Elevation is adjusted by moving thelecapparatus up or down on its
vertical axis while radial adjustment are carried loy rotating the nozzle apparatus
about the vertical axis. Tangential position igiated by moving the apparatus in or

out along the tangent line of the turbine. Nozzlgle is measured in relation to the
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horizontal planaising a Dasco Pro Angle Finder with 1° resolutiol. A picture of

the nozzle mount system is shown in Fig.

Tangentiai adjustment -

Fig. 4.5. Photo of the nozzle mount system with position sijients and water flo
path annotated.

4.1.3 Summary of Capabilities

Pelton and Turgo turbines of up to approximatel§ tvin PCD can be test
in the tesfixture for shaft speeds fron00 to 1900RPM by varying the electrici
resistance on the output circuit of the generafomaximum of 350 W of hydrauli
power can be delivered to the turbine and a maxirhead of 29 m can be achieve
Currently, four noz# sizes, ranging froi7.94 to 12.7 mmcan be used to produ
different jet diameters and flow conditions. Avil@ontrol valve can also be install

to change the head and flow r.
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4.2 Data Reduction

Like a typical pico-hydro scheme, hydraulic head be calculated at any
location where elevation, pressure, and velocigykaown using the head equation

introduced in section 2.4,

H=z+ 2+ 2.1)

For the laboratory test set up used in this thbsiglow meter and pressure transducer
can be used to directly determine net head, loagtetteam of the nozzle. Head
losses in the system can then be used, along witR.B, to determine gross head, the
head at the pump outlet, which can be compareldetpamp manufacturer’s pump
performance curve. The pump performance curvéhipump used here is available

in Appendix B.

To find jet headd; and jet velocity;, the head and velocity downstream of the

nozzle, Eq. 4.1 and 4.2 are used,

— 2
H, =C/H, (4.1)
v, =C,/20H, (4.2)

For a turbulent flow, it is a reasonable assumptinat velocity coefficient depends
only on nozzle geometry. The velocity coefficiémta particular nozzle can then be
found in a table. Nozzle efficiency is directlyated to the square of velocity

coefficient meaning it is also assumed. Accordmthe literature [24], for a 60°
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rounded nozzl€,=0.97 and for a 14° tapered nozZg=0.98. The brass nozzles
used for this study all fall between these two geties saC,=0.975 was assumed.
The plastic nozzles used for jet quality comparisave a lower velocity coefficient
that can be approximated using the same methodtasextount for minor head
losses in section 2.4. The result from that me#sidnates a velocity coefficient of

aboutC,=0.82.

Using the measured parameters discussed in thimpsesection and
calculated jet head, the hydraulic power in theaewgdt, shaft power, and electrical
power can be found for the system. Jet power lvam be found by replacing the net

head in Eq. 2.4 with jet head as shown in Eq. 4.3,
W, = pgQH, (4.3)

where the flow rat€) is the same value used earlier. The power trenesféo the
turbine, and thus the shaft, can be found by rejatie shaft speaed and torquer

using Eq. 4.4,

V\'/S = ﬂ) . (4.4)
60

For Eqg. 4.4, shaft speed is in units of revolutipas minute (rpm). Shaft power is
then converted to DC electrical power by the getioerahich can be found using

Eq. 4.5,

W, = IV (4.5)
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wherel is the current through the circuit axds the voltage across the alternator

terminals.

With jet power, shaft power, and electrical pokmeown, the efficiency with
which the turbine and generator convert power foma form to another can be found
by taking the ratio of the power out to the powetd the two devices as shown in

Egs. 4.6 and 4.7,

=

(4.6)

==

w§.|m§.

Noen = (4.7)

For impulse turbines, turbine efficiency is comnygpiotted as a function of
speed ratio since there is a strong relationshiydzen the two. For PMAs, it is useful

to plot generator efficiency as a function of sisqieed.
4.3 Uncertainty Analysis

Experimental uncertainties for all calculated eslwf power and efficiency
were estimated to ensure the validity of the rasulthe method described by Kline
and McClintock [87] for uncertainty propagationsimgle measurement experiments
was used to account for uncertainty in the caledlatlues. The total uncertainty

from a single measurement can be described by.Bg. 4

6, =B2+(tS,)", (4.8)



70

whereB is the bias errot,is the student t-factofis the standard deviation, and the
subscriptx designates which parameter the uncertainty apfdie€ombinedt andS
are the random error. The t-factor is a measub®af much the distribution of a set
of measured values differs from the standard dewviatFor a large enough sample,
more than 30 can be taken to be 2. Standard deviations fréfardnt measurements
that are input into an equation can be combindohtbthe standard deviation for the

result using Eq. 4.9,

6, = i(e E) , @9

=\ ox

where 0R/0x is the sensitivity coefficient for a particular nse@ement. The

estimated uncertainties for the salient calculatddes are given in Table 4.2.
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Table 4.2. Uncertainty estimates for notable dated parameters.

Calculation| Nominal| Best Case| Worst Caseg Major Contributor(s)
Range | Uncertainty| Uncertainty
Net Head 9.00- 0.32% Pressure measurement
0.98%
(m) 28.00
Jet Velocity 13.0-22.8 1.04% 113% Velocity poefﬁment
(m/s) assumption
Jet Power Velocity coefficient,
140-350 2.41% 2.75% | Flow rate measurement,
(W) :
Net head calculation
Turbine 100-300 4.08% 8.32% Torgue measurement
Power (W)
Electrical 40-170 0.51% 5 30% Current measurement,
Power (W) voltage measurement,
Turbine | 50 085 4.89% 8.93 | |Urine power, jet
Efficiency power
Electrical | 4 38.0.69| 41206 |  8.479 | Turbine power,
Efficiency Electrical power
Combined 0 o | Turbine efficiency,
Efficiency 0.19-0.60 6.29% 9.79% Electrical Efficiency
. | 0.4000- 3.96% 0 Jet velocity calculation
Speed Ratic 0.5000 3.97% PCD measurement

Due to changing operating conditions in the sysa@chnumber of measured
parameters used in calculations, some of the @ldiparameters have a wide gap
between the best and worst case for uncertaintybiiie power depends primarily on
the measurement of shaft torque. Larger valushalft torque result in lower turbine
power uncertainty as a percent of the total valeammg higher power and higher
torque produce lower uncertainty. In the casdexftacal power, uncertainty in the
current measurement leads to the majority of theedainty. The worst case is where
the measured current is very low which occurs wtheramount of electrical power is
low or shaft speed is high causing high voltaghe Targe variation in uncertainty of

the efficiency parameters is due to the variatiogaay discussed in the power
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parameter uncertainties. For the conditions wpesk efficiency occurs in the
turbines, generator, and combined turbine-generatmertainty tends to be closer to

the best case.

For the jet velocity, jet power, and speed ragions, the velocity coefficient of
the nozzles contributes the majority of the undéetya The uncertainty also
propagates to the turbine efficiency term; thougocity coefficient is not the most
significant contributor there. Since the veloabefficient is based on an assumed
value (i.e. not actually measured), it is valuableonsider what impact variations in
the value can have on calculated parameters suyehasocity, jet power, turbine
efficiency, and speed ratio. A large value foremainty of 0.01 (slightly more than
1%) for the nozzle velocity coefficient has beens#n so as to include the range of
expected values suggested by Thake [24]. Tablprésents the sensitivity analysis

for a representative turbine efficiency test.
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Table 4.3. Sensitivity analysis for nozzle velgaobefficient for a turbine efficiency
test with a 169-mm Turgo turbine and an 11.11-maele The sensitivity and
percent of nominal value terms were calculateceakurbine efficiency assuming an
uncertainty value of 0.01 for velocity coefficient.

Sensitivity Local

Coefficient Sensitivity Percent of
Parameter Nominal value (9R/9x) g (0R/x,) nominal value
Velocity
Coefficient,C, 0.975 1 0.01 1.03%
Nozzle
Efficiency, 7no; 0.951 1.95 0.0195 2.05%
Jet Velocityy,
(m/s) 19.37 19.86858 0.198686 1.03%
Jet PowerW,
(W) 346 709.9235 7.099235 2.05%
Turbine
Efficiency, n 0.867 -1.77937 -0.01779 2.05%
Speed Ratiox 0.490 -0.50307 -0.00503 1.03%

The sensitivity coefficients represent the ratelenge of each parameter for a change
in velocity coefficient while local sensitivity stus the impact of the sensitivity
coefficients on the uncertainty of the calculatedapeter. The analysis shows about
a 2% contribution to the jet power and turbineafncy uncertainties and 1% to the
speed ratio due to velocity coefficient given tkswamptions made about its value and
uncertainty. These uncertainties are very readevaften compared to other

parameters.

4.4 Flow Measurement Calibration

One of the largest sources of error in the powereificiency calculations was

due to the volumetric flow rate measurement. Adcw to the manufacturer’s
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specifications, much of the error was due to biasorder to minimize the bias error
in the flow measurement, a calibration was conduotethe instrument. The
calibration consisted of filling a container witlater while measuring the total time to
fill and final weight of water in the drum. Flowater readings were taken every
second for the duration of the fill, averaged au®e used to generate a curve fit for
the bias error. Table 4.4 shows the degree towihie uncertainty in flow rate was

improved following the calibration for several floates.

Table 4.4. Uncertainty estimate for flow rate meament before and after

calibration.

Q, Flow Rate Oq, pre-calibration | 0o, post-calibration
(gpm) (+/- gpm) (+/- gpm)
17.426 1.0 0.143
23.048 1.0 0.173
28.254 1.0 0.281
32.431 1.0 0.403

45 Procedures

To ensure consistent results and safe operatiset, @ procedures for set-up,
startup, shutdown, and data sampling procedures gveated. Flow charts have been

made to aid the operator(s) during experiments.

Prior to operation, all equipment must be set+ugh grepared for use. The
turbine and nozzle to be used for the experimerstine installed and the nozzle
aligned with the turbine visually. Once everythingide the turbine housing is

installed, the panels on the sides of the houdioglsl be inserted to ensure the water
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is contained when the jet is turned on. The fleamperature, and pressure meters are
also turned on at this time. Prior to turning ploenp on, it must be primed by filling
the lines with water. Once priming is complet& gump suction hose should be
placed in the tank and secured so it does not mbnle the pump is operating. The
pump is turned on by the wall switch and the ball/g can be opened to allow water
to flow. The flow control valve is then used taluee the flow and thereby reduce the
shaft speed (with no load circuit connected, theraator will spin very fast if the
water flow is not reduced). Fine tuning of the ziezposition can be done by making
slight adjustments and measuring shaft speed td geeent up or down. First, the
radial position of the jet should be adjusted ktgtiag the nozzle mount about its
vertical axis. Second, the tangential position lsaadjusted by moving the nozzle
mount toward or away from the turbine housing. mbezle mount system is pictured
in Fig. 4.5. Once jet positioning is complete, biadl valve can be closed and pump
turned off or the data sampling procedure can begitt away. The set-up/start up

flow chart is shown in Fig. 4.6.
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Start Set-up/Startup
Procedure

Install turbine

Install nozzle

Connect hanging scale to alternator

Set jet angle

Align jet nozzle to center of turbine

cups by sight

Install turbine housing panels

e  Turn measurement instrumentation ON
(flow, pressure, temperature)

. Prime pump by filling lines with water

. Secure suction hose to bottom of tank

v

Turn the pump on

v

Crack isolation
valve OPEN

\
v

Adjust nozzle
position in radial
plane of turbine

Is shaft speed at a
maximum?

NO YES
v

Adjust nozzle
<4— position in tangential
plane of turbine

Is shaft speed at a
maximum?

A 4

Proceed to data
sampling

Fig.4.6. Set-up/startup procedure flow chart.

A general sampling procedures was created to acoulat®a all experiments;
however, for certain experiments some steps cambited. Once set-up and startup
are complete, the ball valve is shut (if not algeadut) and the load circuit is
configured. The circuit consisted of two 0-G0heostats and up to three light bulbs.

To achieve lower speeds, the bulbs can be placpdrailel with the highest wattage
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bulbs available to produce a lower resistanceercticuit. Care was taken to not
exceed the 1.41 amp limit on the rheostats. Thaeter used to monitor the current
flowing out of the PMA was also be used to moniter rheostats. Higher shaft
speeds were achieved by raising the circuit resistédy aligning light bulbs in series
and using lower wattage bulbs. Once the circwaligned, the ball valve can be
opened to allow water flow. The alternator andiloacuit were given time to warm-
up prior to data taking. If the system was at rdemperature prior to starting (cold
start), about 20 minutes were allowed before begmto check for a steady voltage at
the alternator terminals. When the terminal vadthgd stopped changing, data was
taken at approximately 50 rpm increments by adjgsiine rheostat position to change
shaft speed. Data points taken at this inten@ige enough points for smooth plot
curves. The load circuit was altered to coverfthlerange of shaft speeds required for

a particular test. The Data Sampling Procedung @ibart is shown in Fig. 4.7.



Start Data Sampling

Procedure

4

SHUT ball valve to N
de-energize the 0
load circuit

v

. Configure load circuit
to produce desired
resistance range

. Connect to PMA DC
terminals

v Allow 5 more minutes

OPEN ball valve to of warm-up
energize the circuit

Allow system to warm-up
(approximately 20 minutes
for cold startup)

Is voltage
constant over
time?

A
Adjust the rheostat knobs to
change circuit resistance (and
shaft speed)
Record shaft speed, force on
hanging scale, flow rate,
pressure, voltage, and current
in approximately 50 rpm

ata over the desire
range of shaft speeds
collected?

increments

¢ YES
e  Shutball

valve
e  Turn pump

OFF

Fig. 4.7. Data sampling procedure flow chart.
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The general procedure for collecting data appbdssts involving both the
turbine and generator. For turbine only testinggmrup times can be omitted since
turbine performance is not significantly impactgdtémperature changes in the
alternator. Additionally, voltage and current dui need to be measured. When only
the generator is considered, the flow rate andsprescan be left out. For flow rate
and pressure measurements, a digital camera wdsaisecord at each sampling
point for approximately five seconds. Pressurengka little over the five second
period and the entire data set; whereas, the flde/fluctuates continuously. To
remove the fluctuations in flow rate, five values eecorded over the five second
period and averaged. Since pico-hydro operatesrstdady-state conditions, the five

second average is justified. Sample datasheefzaveded in Appendix B.
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5.1 Speed Ratio

As discussed previously, turbine speed as itesltd jet velocity is an
important parameter to consider, as it can havgrafisant impact on turbine
efficiency. Speed ratio, defined in section 2ah be used to select the proper turbine
speed given a particular jet velocity. A momenteance, as described in section
2.6, dictates that the speed ratio should be €ebatvhereas, experimental studies put
the actual value between about 0.46 and 0.48. p&=de efficiency, the curve is
relatively flat, so the efficiency does not chamgach with a small change in speed
ratio but losses increase more rapidly the furipered ratio deviates from the ideal
value. Because turbine speed is determined primstallation, it is valuable to be

able to accurately predict the optimal speed atkwkhe turbine should spin.

Figure 5.1 depicts how peak efficiency as a fuorcof turbine speed shifts as
jet velocity changes. As jet velocity increashs, peak shifts toward the right, to
higher turbine speed. The increasing jet velasityaused by an increase in head and
causes peak turbine efficiency to occur at a higlmdxine speed. Second order
polynomial trendlines are used to show the shifieak efficiency more clearly.

Speed ratio can be used to nondimensionalize thenauspeed and jet velocity,
resulting in the curves collapsing onto each ofRéy. 5.2). Peak efficiency occurs
around a speed ratio of 0.45 in Fig. 5.2. Othstisten the two Turgo turbines used for
this work showed that peak efficiency consistefelyin the speed ratio range of 0.45-

0.50. Error in the jet velocity calculation andtfas impacting the water velocity as it
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exits the turbine such as losses resulting fronv fltside the cups likely accounts for
much of the deviation from the ideal speed rati®.6f Speed ratios below
approximately 0.45-0.46 may be the result of jggrehent problems that will be
discussed later. Peak efficiency for the 169-mmgduurbine was measured to be
over 85% for while the best efficiency for the 11381 model was just over 81%.
Compared to Pelton turbines used for the same pramge, the Turgo turbines tested
performed quite well. Pelton turbines in pico-hytend to operate in the 75-85%
peak turbine efficiency range [24] while other Taitgrbines have been found to
operate from 70-80% efficiency [13, 19]. GilkeF]2a hydropower company in the
UK, reports peak turbine efficiencies around 85%their Turgo turbines ranging in

power outputs from 20 kW to 10 MW).
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Fig. 5.1. Turbine efficiency vs. turbine speedddr69-mm Turgo turbine with a
9.53-mm nozzle and three different jet velocities.
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Fig. 5.2. Turbine efficiency vs. speed ratio fdt@®-mm Turgo turbine with a 9.53-
mm nozzle and three different jet velocities.

As expected, the Pelton turbine efficiency vavigh the speed ratio just like
the Turgo turbine efficiency. The same theoretisamentum balance applies
resulting in the efficiency curves collapsing op tf one another when plotted against
speed ratio. Figure 5.3 shows turbine efficiensyturbine speed for the 100-mm
Pelton turbine. Once again, second-order polynbim@ad lines are added to the data
to clearly show that for increasing jet velocityetturbine efficiency curve shifts
toward higher turbine speeds. Figure 5.4 showsdhee data plotted vs. speed ratio
resulting in a common peak at a speed ratio of a@d®-0.42. Other tests on the
same Pelton turbine, using various flow and headlitions, resulted in
approximately the same preferred operating poiflhe value for speed ratio is lower

than would be expected for a Pelton turbine basetth® literature [13, 24] and is
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likely the result of losses due to flow disturbaneethin the turbine blades. A
previous study found that a smooth cup surfaceretilice energy losses in the
turbine and increase efficiency [13]. No attempswnade to polish the Pelton turbine
used for this study though doing so may improvégoerance by shifting the peak
efficiency point toward a higher speed ratio andeasing turbine efficiency. An
alternative explanation could be that the loweicefhcy and shifted speed ratio
results from poor jet alignment. This explanat®uanlikely however, since multiple
tests showed identical results (refer back to seati5). The highest Peak efficiency
for the Pelton turbine tested here was 73%. Talsevis close to the peak efficiency
obtained by Williams and Simpson [13], 72% for egshydro Pelton turbine. For

large scale hydropower, turbine efficiency is gaiigrabove 90% [24].
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Fig. 5.3. Turbine efficiency vs. turbine speedddr00-mm Pelton turbine with a
9.53-mm nozzle and three different jet velocities.
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Fig. 5.4. Turbine efficiency vs. speed ratio fdtG)-mm Pelton turbine with a 9.53-
mm nozzle and three different jets velocities.

5.2 Misalignment

In order to achieve the desired energy transtanfthe water jet to the turbine
the jet must strike the turbine in the correct tmra Improper jet alignment will
impact the flow of the water through the turbinadds and possibly cause some of the
water to miss the turbine altogether resultingeiduced turbine efficiency and lower
than expected power output. A number of tests haes conducted to determine the

significance of the effects of poor jet alignment.

For Pelton turbines, proper radial alignment isaal to maximizing turbine
efficiency. The jet should strike the turbine ldadangent to the pitch-circle. Figure
5.5 shows what impact poor radial alignment careha¥hen the jet struck the

turbine blades on either the inside or outside geffieiency dropped from over 70%
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to just over 50%. Moving the jet further from thgtimal radial position would result

in further reduction in efficiency; however, thesitle and outside edge of the blades is
the worst case based on what is reasonably possible inside edge appears to show
less of a drop in efficiency but the differencevighin the margin for uncertainty,
discussed in section 4.4, and should not be takem andication that misalignment to
the inside is better than the outside. For thegaarly aligned cases in Fig. 5.5, the

peak efficiency point shifts to a lower speed rasoa result of the inefficient energy

exchange.
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Fig. 5.5. Turbine efficiency vs. speed ratio fdtG)-mm Pelton turbine with a 9.53-
mm nozzle for three radial jet positions.

Figure 5.6 shows the results of angular misaligmrnoéthe jet on the same
Pelton turbine. As expected, efficiency decreasget alignment increases.

Surprisingly, a jet angle of 15° results in justpercentage-point loss in efficiency.
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About half of the lost power can be attributedhe fet power that is now parallel to
the axis of the turbine which will not be transéztito the motion of the turbine.
Angular jet misalignment of this magnitude is urlikto occur without a major
mistake by the installer but it does demonstratgaificant tolerance for angular

misalignment.
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Fig. 5.6. Turbine Efficiency vs. Speed Ratio fdatG®D-mm Pelton turbine with a 9.53-
mm nozzle for three angular jet positions

Like the Pelton turbine, the Turgo turbines carnbavily impacted by
improper radial jet alignment. Figure 5.7 showl@p in peak turbine efficiency as
much as 15 percentage points for the outside rgiaként and a smaller reduction for
the inside. This plot also clearly shows a shifthie speed ratio at peak efficiency for
both misaligned cases. The shift in speed ratiluesto effectively changing the PCD

of the turbine by changing where the jet hits tirbine blades and added energy
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losses in the turbine blades from the altered fi@ttern. Figur&.7 appears to sho
that misalignment to the inside is not as bad estlisid, similar to Fig.5.6. For
misalignment tdhe outside, it may be more likely that water frtiva jet will miss the
turbine altogether; however, the most importanhptm take is that a modest rac
misalignment can have a noticeable negative impacttirbine performance t

reducing the peak #¢iency and shifting the speed ratio at peak afficy
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Fig. 5.7. Turbinefficiency vs. speed ratio for a 168m Turgo turbine witlan
11.11-mmnozzle for three radial jet positic. Error bars are shown for speed re
(horizontal) and turbine efficiency (vertic:

Angular misalignment is more of a concern for Turgdbines thn it is for
Pelton turbines for the simple reason the installed jet angle is nimitended to b
zero. Figure 5.8hows how much of an impact the jet angle has agdturbine

efficiency. Reducing the jet angle from 20° to &@pears to reduce iciency by a
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little less than 5 percentage points, though sohtki® reduction could result from the
repeatability of the experiment. Repeated testsveld that both 18° and 20° jet
angles produced peak turbine efficiencies of apprately 85%. A more significant
drop in efficiency is observed for 14° and 24°gagles, with close to a 10
percentage-point reduction. For the jet angle al97, peak efficiency appears to
shift to the right toward a higher speed ratiom#ty be possible that the jet strikes the
turbine closer to the inside of the blades foralé test, resulting in a smaller

effective PCD.
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Fig. 5.8. Turbine Efficiency vs. Speed Ratio fdtG®-mm Turgo turbine with a 7.94-
mm nozzle for four angular jet positions.

5.3 Jet Quality

Figures 5.9 and 5.10 show what impact a poorlystranted nozzle and

manifold can have on jet quality. The jet in FBg is much smoother than the jet in
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Fig. 5.10. A well designed rounded nozzle was dsethe first jet compared to the
homemade plastic nozzle made by drilling a hole ptug placed at the end of a pipe,
essentially a sharp edged orifice. Proper nozesega allows for a smooth reduction
in cross-sectional area from pipe to the jet r@syliin less of the kinetic energy of the
flow being lost to secondary flow structures arldss divergent jet. For the
homemade nozzle (Fig. 5.10), the jet begins tordvédnmediately, has a non-
uniform cross-section, and has a much rougher&irfahe roughness and early
divergence in the jet are caused by secondarydtouctures in the jet that give the
water momentum in the radial plane. Energy trartsf¢he turbine will be reduced
due to some water missing the turbine altogethdrraduced mean jet velocity of (i.e.
lower kinetic energy in the direction of the jeBased on the head loss calculations
discussed in section 2.4, as much as a 10-m heaatém be expected in the plastic
nozzle compared to about 1 m for the brass noZZiece the jet head was not
measured directly in this study, the head loskéniozzles cannot be verified.
Nonetheless, the results clearly indicate thanhthezles, which are important for
producing a high-quality jet, can have a significampact on energy transfer from the

water to the turbine.
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Fig. 5.9. A good-quality jet from a well-made mangd brass nozzle.

Fig. 5.10. A poor-quality jet from a homemade ptasozzle.

Figure 5.11 shows the difference in efficiencyt fledquality can have on a
Pelton turbine. The plot shows about a 10 pergenpoint drop in efficiency for the
lower quality jet to the right of the plot whereetburve from the plastic nozzle
terminates. Due to the poor energy transfer frioenjét to the turbine, the turbine
could not be rotated fast enough to reach a pebinriefficiency. A larger load
resistance would be necessary to achieve the hggieed. Had a peak been reached,
it most likely would have been shifted toward tag bf the graph due to more energy
losses in the turbine arising from less uniformexdiow through the turbine cups.

For the efficiency test, every attempt was made®up both jets where the most
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efficient energy transfer took place. In the cafsthe plastic nozzle, efficiency would

have been nearly zero had alignment not been adjistaccount for the non-

uniformity in the jet.
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Fig. 5.11. Turbine efficiency vs. speed ratiodat00-mm Pelton turbine with smooth

5.4 Scaling

and rough jets.

To verify that results from this research woulddpplicable to flow and head

conditions outside of those tested, the impachahges in head, specific speed, and

flow rate were investigated for both Pelton andgbuturbines. Installed pico-hydro

systems may utilize heads up to about 100-200 h [2dr medium head

applications, where Turgo turbines are most likelpe used, head is below 50 m

[23]. The system used in this study is capablerofiucing heads up to about 30 m.

For the lower power applications encounter wittoghgdro, the impulse turbines used
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are generally not so large that they need to bedgakwr, so little consideration we
given to changes in turbi size. Figure 5.12 shows typical head and flow rate rau
for different size Pelton turbin¢ As Fig. 5.12 shows, a 2G8m Pelton turbine shou

be capable of accommodating most flow and headitons up to about 5 kV

100
e 300-mm PCD
E \
®
10
T N /
‘6 A 0 kW
= L4 \ 200-mmPCD \
100 -mm PCD
1o:kw
100 k]
1 T T 1
1 10 100 1000

Flow (1/s)
Fig. 5.12. Pelton turbine application ranges100, 200, and 3063m PCD (adapted
from Thanke [24]).

Figure 5.13hows turbine efficiency vs. speed ratio for a Dungbine with &
constant nozzle diameter but eriable hydraulic head. The plot shows effectivad,
difference in efficiency from one head to anothBeak efficiency for each test w
over 80% efficiency and a speed ratio of about.0l& worth noting that as he:
changes the specific speed ains nearly constant as long as the nozzle cter does
not change as Fig. 5. shows. In Fig. 5.14all four curves are once again ne¢
indistinguishable from one another. The two pioticate that a change in he

should not have much of an imp on turbine efficiency at least for the case wt
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specific speed does not change significantly. angje in head with little or no

change in specific speed can be achieved by vathimpead while keeping the nozzle
diameter constant. For practical applications thsult suggests that for a particular
nozzle size, turbine efficiency of a Turgo turbwi not change significantly for a
change in head over the range tested here, 13-ZBhehead range from 13-28 m is
significant since it includes the most applicalalege for Turgo turbines [27]. Similar
plots can be generated for Pelton turbines as showig. 5.15 and 5.16 with the

same result seen in the Turgo turbine data.
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Fig 5.13. Turbine efficiency vs. speed ratio fdrG®-mm Turgo turbine with a 7.94-
mm nozzle for various values of head.
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Fig. 5.14. Turbine Efficiency vs. Specific Speedd 7.94-mm nozzle and a 169-mm
PCD Turgo turbine for various values of head.
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Fig. 5.15 Turbine efficiency vs. speed ratio fdrGd-mm Pelton turbine with a 7.94-m
nozzle for various values of head.



96

0.7 ~

o
(o)}
1

o
(52}
1

Turbine Efficiency, n,

0.4 T T T T T T T T T T
4 6 8 10 12 14

Specific Speed, N,

Fig. 5.16 Turbine efficiency vs. specific speedddt00-mm Pelton turbine with a
7.94-mm nozzle for various values of head.

In Fig 5.17, several different values of head wesed; this time however, the
change in head was accomplished by a change inendzaneter. Since a centrifugal
pump was driving the flow in the experimental spi-&a change in nozzle size resulted
in a higher flow rate and lower head due to a ckangump efficiency corresponding
to the pump performance curve (see Appendix Akelin Fig. 5.13, no change in
turbine efficiency is observed for a change in heligure 5.18 shows the same
turbine efficiency data as a function of specifieasd, showing a clear change in
specific speed due to the difference in head aowl fate. The data show that even
when specific speed is not held constant, changkead have no noticeable impact
on peak efficiency for Turgo turbines. It is ligghat under more extreme operating
conditions, such as very low or high head, othetois such as bearing or windage

losses will have a significant impact and causengha in efficiency. For medium
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head, between 10 and 50 m, these other factorddshotihave a major influence on
turbine performance. Another likely important caolesation is nozzle size. No
guidelines for maximum nozzle diameter for a pattcturbine are widely available,
though above some point turbine efficiency will mosrtainly be negatively
impacted. For this study, the maximum nozzle di@amesed was 1/2” corresponding

to roughly 10% of PCD and 33% of the cup width pparent impact on turbine

efficiency.
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Fig. 5.17 Turbine efficiency vs. speed ratio fod48m Turgo turbine for various
values of head and nozzle size.
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Fig. 5.18 Turbine efficiency vs. specific speedddt31-mm Turgo turbine for various
values of head and nozzle size.

Similarly, the Pelton turbine efficiency showssigns of changing appreciably
for changes in head and nozzle size within theeaelile range (Fig. 5.19). The
specific speed is also shifting for the three caddsad and nozzle size presented for
the Pelton turbine (Fig. 5.20). Published guidedido exist for sizing nozzles to
maximize Pelton turbine efficiency [24]; it has hemiggested that a maximum nozzle
size of approximately 11% of PCD be used for Peltwhines. If greater flow rates
are required than will be allowed by this nozzleesiadditional jets can be added or a
larger turbine is recommended. Another investayainto maximum nozzle size
found that when maximizing the power output to casib, a maximum nozzle
diameter closer to 17% may be advised [13]. Thafibiency begins to drop

appreciably above the 11% limit, the higher floweraaises the power output faster
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than efficiency lowers it, up to a nozzle diametet 7% of PCD. Provided the water
flow rate can be raised with no added cost, theaost of power ($/kW) will be

reduced up to the higher limit.
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Fig. 5.19. Turbine efficiency vs. speed ratiodat00-mm Pelton turbine for various
values of head and nozzle size.
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Fig. 5.20. Turbine efficiency vs. specific speedd 100-mm Pelton turbine for
various values of head and nozzle size.

Two different sizes of Turgo turbine were usedtésting, a 133-mm and a
169-mm PCD turbine. Identical cups were used erwlo turbines though the larger
one had 28 compared to the other’s 20. It isdiffito draw conclusions as to the
extent PCD has on turbine efficiency for Turgo tnés since only two sizes were
used, though the data shows the larger of the wvgdrturbines consistently operated
at a higher efficiency. It is possible that thega turbine provides more room for
error with jet alignment. A more likely answetti&t the larger PCD allowed for a
better transfer of energy because of cup oriemtaposition or greater number of
cups.

From the literature, it is clear that changedowfrate with relatively constant
head and jet diameter have little impact on turlgffieiency over a wide range.

Figure 2.7 shows turbine efficiency vs. proportadimated flow for various turbine
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types. The curve for Pelton turbines, which i@ @pplicable to Turgo turbines [14],
shows that turbine efficiency varies only a fewgaetage points from about 0.20-1.00
of rated flow. For the purpose of pico-hydro, sacémall change is insignificant.

The data presented show that for heads from at®uot up to 30 m, for the
range of specific speeds presented here, and sozzl® at least 12.7 mm, peak
turbine efficiency is impacted little by changedlow and head. For this study, the
specific speeds for tests done in this study fethe range of 10-20. To produce 5 kW
at 30 m of head, the specific speed would be clmsB0. An increase in head will
result in a higher jet velocity which is not expatto impact efficiency provided the
proper speed ratio is used. As for nozzle diaméterresults of this study show that
%" is not too large for the Turgo turbines useddwhot indicate how much larger the
nozzle could be. The results presented in thdysshould then be applicable to
higher power applications over a similar rangep#csfic speeds for both Turgo and
Pelton turbines. A slightly larger variation iretbfficiency curves from one condition
to another is apparent in the plots where nozzke wias changed though no trend is
present. The shift can be attributed to havingetaljust the nozzle position following

the nozzle change.

5.5 Generator Efficiency

Generator efficiency for a permanent magnet atem(PMA), such as the
DC-540 (Windblue Power, New Strawn, KS) dependsigan generator power and

shaft speed. For a particular amount of powergtigean optimal speed at which to
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operate. The speed will depend on the alternasigd and the sources of power loss
within the alternator. In this study, a seriegpperiments were conducted to
characterize how the generator efficiency of the320 PMA varies with changes in

power and shaft speed.

Figure 5.21 shows generator efficiency vs. eleatppower for several shaft
speeds. Both data provided by the manufacturdr, @90, 870, and 1160 rpm) and
those were gathered through this experiments ateeglon the same graph. As shaft
speed increases, the electrical power at whichieffcy peaks shifts further to the
right of the graph. This shift indicates that &oparticular PMA, shaft speed should
increase as the power generated increases. Thgeiaefficiency of the PMA as
shaft speed and electrical power change can baiergl by impedance matching (i.e.
the generator operates most efficiently when teestance of the load circuit matches
the impedance of the armature windings of the PM&])[ This matching can be done
by adjusting the resistance in the load circugyévy changing the voltage, current
and shaft speed. The data provided by the manu&dor the DC-540 PMA
indicates a lower efficiency than the data gendratehis work. An error in the
generator efficiency from this study could be calisg measuring higher than actual
electrical power or lower than actual mechanical@o Electrical power can be
measured with a high degree of confidence usinigatligulti-meters as was the case
here making that an unlikely source of error. Eherless confidence in the
mechanical power measurement into the PMA; howdeegctual mechanical power

to be higher than what has been measured, eith@néuefficiency or jet power would
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need to be higher than calculated. Peak efficidocthe Turgo turbines has been
found to be near 85% (already a very high valugfoo-hydro) and the jet power
measurement, which is primarily influenced by tifgegpressure measured by a
pressure transducer, is expected to be accurdie mbre likely scenario is that the
testing procedures differed in the amount of tith@nsed for the PMA to heat up.
Properties of the magnet and stator windings dhaeinced by temperature effects and
significant changes in temperature do occur irRNEA when in operation [89].
Further investigation is required to show thattéraperature effect is responsible for
the change in performance. Nonetheless, the weatlernator efficiency varying
with shaft speed and power is clearly shown in l@ita sets. Also important to note,
as shaft speed and electrical power increase fficepcy curve flattens out leading

to less variation over a wider range.
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Fig. 5.21 Generator efficiency vs. electrical pofra DC-540 PMA at various shaft
speeds.

If AC power is the desired output of the altermatbe frequency of the output
must also be properly controlled. The electricafjfiency is determined by the
number of poles in the alternator and the shakdpe\ four pole alternator for
example must operate at 1800 rpm in order to fietgency of 60 Hz. To achieve a
reasonable efficiency and a particular electricadfiency, an alternator must be
selected that closely matches the expected pov@tage can easily be modified by
installing transformers in the load circuit but A& that produces power at the
desired voltage and frequency at the same spdbd istter option. Unfortunately,
retailers in the US often do not provided inforroaton power rating and efficiency

making it difficult to correctly size PMAs.
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5.6 Turbine-Generator Efficiency

Figure 5.22 shows turbine, generator and combimdxine-generator
efficiency vs. shaft speed. The plot clearly shevdependence on shaft speed. For
the turbine, efficiency goes up as the shaft sphatiges such that the operating
condition approaches the preferred speed rati@ gBmerator curve is slightly more
complicated. As discussed earlier in sectionth® PMA has an ideal speed at which
to rotate for a particular power. To the left log tpeak generator efficiency, the
increasing shaft speed takes the generator closer preferred speed for the amount
of power being put into the generator. This inseem efficiency, however, is
somewhat mitigated by rising power caused by imgdawrbine efficiency. This
second effect flattens out the generator efficienaye. To the right of the peak
generator efficiency, these two effects are stilark; this time both are working to

reduce efficiency, resulting in a steeper curve.
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Fig. 5.22. Combined turbine-generator efficiensyshaft speed for a 169-mm Turgo
turbine and DC-540 PMA with good turbine-generat@tching.

In Fig. 5.22, peak efficiency for both the turbered generator occur at nearly
the same speed. The result is higher peak eftigiear the combined turbine-
generator efficiency. Figure 5.23 on the otherdhsimows a turbine and generator that
are not well matched. The efficiency curves pdatiféerent speeds, the generator at
about 800 rpm and the turbine near 1400 rpm. Tiferesulted in a drop on
efficiency from over 55% to less than 50%. Hawuing two curves out of phase
results in lower combined peak efficiency sincahasithe turbine nor the generator
will be operating at or near its best efficiencyrpavhen the combined efficiency
peaks. Peak combined efficiency in Fig. 5.23 isuld8.4%, 5.4 percentage points

lower than if the two curves had peaked at the gaoid.
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Fig. 5.23. Turbine-generator efficiency vs. stspkted for a 169-mm Turgo turbine
and a DC-540 PMA with poor turbine-generator matghi

These results illustrate the importance of selgdine right combination of
turbine and generator when dealing with PMAs faoghydro. The two examples
provided showed that a significant reduction in borad efficiency can result from
poor turbine-generator matching. Knowing the prefe speed of the PMA for a
given mechanical power input would be very usebulselecting the proper generator
for a particular application. The turbine coulddstected based on the desired shaft
speed and jet velocity in order to maximize syséiiciency. If the intent is to
generate standard frequency and voltage electmgitythe PMA, a generator with a
power rating near the expected power output muselexted to avoid a reduction in

efficiency caused by the power/speed mismatch.
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Chapter 6 — Summary & Conclusion
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Pico-hydropower is a viable technology for ruraicgrification in some of the
most distant, impoverished regions of the worldhefé suitable sites can be found,
with adequate and consistent water resources,lpidom should be the first option
considered for off-grid electrification. Providadequate consideration is given to
site-specific conditions and installation [15], gilydro is likely to be the most
economical solution. As shown by the experimemtfis study, proper equipment
selection and installation are key components hieatng reasonable system
efficiencies, and thereby raise power output. ABi&hs and Simpson [13] have
shown, raising system output without added costls@duce the unit cost of

electricity ($/kW).

For impulse turbines, proper speed ratios arendaséor efficiency energy
transfer from the water jet to the generator shafteoretically, the Pelton turbine
efficiency peak will occur at a speed ratiaxef0.5. However, as the analysis in
section 2.6 shows, the theoretical peak efficigmuynt for the Turgo turbine happens
at approximatelyx=0.53 for a jet angle of 20°. In reality, peak efficognoccurs at a
lower speed ratio for both turbine types, but tt@8&hift remains evident. A second
consideration pertaining to speed ratio that mastdnsidered is the shift in peak
efficiency due to low turbine efficiency. The foer the turbines’ maximum
efficiency deviates from the ideal conditions, keer the optimal speed ratio
becomes. Correctly accounting for the shift inexpeatio can prevent a 5-10% loss in

turbine efficiency. The effect that the speedorain have on turbine efficiency also
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means it is important to accurately determine tehead prior to installation, since it

is required for determining jet velocity.

Proper jet alignment is another essential compiioeconsider. Even small
misalignments (a few centimeters or degrees) caa hignificant negative effects on
turbine efficiency. While angular misalignmenttbé jet for Pelton turbines had a
fairly small impact (only about 5% for a 10° miggiment), the radial misalignment
was quite a bit worse (closer to 15-20% for hattip width). Care must be taken in
the installation process to make certain the jétes the turbine in such a way that an
efficient transfer of energy can occur. Resulterfithis study demonstrate that visual
adjustments are not adequate for achieving theekighirbine efficiency. A
standardized turbine housing with built in nozzleumts would simplify alignment.
The housing would need to allow for large scaleisitipents to accommodate
different turbine sizes, as well as for fine adjusits to optimize the position during

testing.

Jet quality can also have considerable impacudsirte performance. For the
pico-hydro scale, perfect jets are not essent@ldver, divergence, non-uniformity
and jet roughness can have an impact. Well-madelemare the most important
component to ensure that a jet is smooth enougpi¢orhydro. The machined brass
nozzles used in this study produced fairly smoets jhat performed well enough that
reasonable turbine efficiencies were obtained. Adraemade plastic nozzle added

significantly to head loss and produced a rouglhhjat lead to lower turbine
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efficiency, approximately 10-15 percentage poiasslthan the brass nozzles.
Accordingly, this study clearly demonstrates thadjquality nozzles are worth the
added short-term expense. To a lesser extentsppipe fittings, and contractions in
the penstock and manifold can also contribute tos@ary flow structures in the
water that can have negative effects on the jfforts should be made to minimize
these types of flow disturbances but nozzle selee much more important for jet

quality.

Since not all flow and head conditions that efastpico-hydro could be
simulated using the laboratory test fixture, ih&pful to consider how different
conditions will impact turbine performance. Theadaresented in this study show
that changes in head, flow rate, and specific spewd little if any impact on turbine
efficiency over the ranges tested. Previous stusligport this finding with the added
caveat that the jet diameter must not be too largthe turbine to accommodate. For
the Pelton turbine, the limit at which efficiencggins to drop appreciably is
approximately 11% PCD. No such limit has beenbdistaed for Turgo turbines,
although it is known to be less restrictive tham limit for the Pelton turbine. With
this limitation on jet diameter in mind, the turbiperformance results in this study are

applicable within the pico-hydro range.

PMA efficiency is clearly related to the power jputt and shaft speed. For a
particular shaft speed, there is a particular payagput (or input) at which the

generator efficiency peaks. Additionally, as slsgked increases, the power
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corresponding to peak efficiency increases anethaency curve flattens. The
relationship between shaft speed, power outputanahe efficiency is explained by
impedance matching. For practical application$\pito-hydro, generator
performance data on PMAs would be extremely useiiith AC power generation,
shaft speed will be dictated by voltage and fregyerquirements; therefore it is
important to know the rated power of the PMA aslaslthe percentage of rated
power that it must run at to operate efficientiyhen DC power is the desired output
(e.g. battery charging), shaft speed is not didtaiefrequency and voltage

requirements and can thus be chosen such thaeefficis maximized.

Both PMAs and impulse turbine efficiencies varyhaiotational speed. When
selecting a PMA and turbine that will work togetlsare must be taken to match the
speeds of both components. If shaft speed of & B dictated by other
requirements (e.g. voltage and frequency), themtarte must be chosen that can
work efficiently at the same speed. The turbin®R@n be selected to match the

PMA, or the turbine can be connected to the PMA lggar or pulley.

There are several areas for future work on thogept that have the potential to
improve pico-hydro. The flow limitations for Turgorbines need to be established in
relation to PCD and/or cup size (similar to the wdyas been established for Pelton
turbines). A Turgo turbine and turbine-generatdrshiould also be designed that can
be built using basic manufacturing techniques. tNtaportantly, a general awareness

and technical understanding of successful pico-tyelthnology needs to be
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developed and fostered at the local and regionaldeso that rural electrification

projects can be implemented effectively.
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Appendix A — Pump Performance Curve
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Fig. A.1.
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Pump performance curve for Series 6Qardagal pump (MP Pumps,

Frazier, MI, adapted from [90]).



Appendix B: Sample Datasheets

B.1 Turbine Datasheet

Turbine Specs (Type, PCD):

Test Condition

Nozzle Size (in)

Jet Angle (%)

Radius (in)

Elevation (in)

Distance (in)

124

Data Point

Test Condition

Parameter 1 2 3 4 5 B 7 8 9

10

11

Pressure (psi)

Flow Rate (gpm)

Temperature (*C)

Speed (RPM)

Force (Ib, oz)

Pressure (psi)

Flow Rate (gpm)

Temperature [*C)

Speed (RPM)

Force (Ib, oz)

Pressure (psi)

Flow Rate (gpm)

Temperature [*C)

Speed (RPM)

Force (Ib, oz)

Pressure (psi)

Flow Rate (gpm)

Temperature (*C)

Speed (RPM)

Force (Ib, oz)

Fig. B.1. Sample datasheet used for turbine tgstin
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B.2 Generator Datasheet

N (RPM})  Force Valtage  Current N (RPM)  Force Voltage  Current

G0Oo 1400
700 1500
800 1600
ann 1700
1000 1800
1100 1900
1200 2000
1300

Fig. B.1. Sample datasheet used for generatongest






