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1. INTRODUCTION

It is well known that the principal source of energy in Peru consists of its
water resources; the country's large hydroelectric projects undoubtedly constitute one

of the pillars of the future development of Peru.

However, it can also be said that smaller-scale hydroelectric projects constitute

the principal base for the development of rural energy.

The object of this study is to present the most important aspects of the process
of design and construction of a pilot hydroelectric micro-power-station in a small
rural locality, as pert of the experimental implementation of a research project aimed
at developing national technologies that will enable the initial investment required
for the instellation of small hydroelectric power-stations to be reduced, and at the
same time permit the development of equipment design and manufacturing capacity in

Peru.
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2.  SUMMARY

This is 8 report cn th: technologicul meseriiu crojact being couducted by
ITINTEC (Institute of Industricl Teehnologicul Research and lecknical Stendcrds), the
mein purposz o’ which is Lhc cerelopment of he technclogy o~ equipping small
aydroeleciric power-station:. ol 1imised easpocaty (inisiadly within the range of

5..50 kW) and sov speciTfic sp2.ds.

Tc ~ikewise contains o degerivticn cf the project for the installseition and
runctioning of the pilot bydroclectric micco--plent el Oorajillo (Peru) 8z an
experimentzl unit for the oplicaticu of techne? ozizs develcped end edanted through the

research project, mainly eovaring:

Adantation of existing - rization ceanuls:
Use f nom-metalliec pressure tubivg (PVC and polyethylenz):

Developuent of stardardized seriec of turtines (Micheil-Bauri and Pelton), %o be
manufactured in Peru,

Develonment of speed regulators:

Turbine/goneratcr Sransmissicn Y v-oettse;

Asvachroncus eiuernaLors md ZE0erdios s,

Various acpects (inst umnent vanels, lishtning condncbors, etc. ).

The followinm ccnclumions acve bren Jraup Zo0T she expeviemcs gained ct the pilot
plant with rs2spect 1o the achrology Aevclopad:

“t i3 moscible substarLially to rsdans sventnert in cqaapriony and eivil

engineering.

The eantire eguiym~:t {z:00pt (0w the netruuentation) cen be manuractured in
Peru wnder seiisfutery condltiis as zegard. cosy, qualicvy ana efficiency.
Another conclusior is thai, aithourn smelld uylroelestric mower-stations arc one

of S Hest cnargy soiuticns Jjo L COuUNTYY wiih wntar reacurces suck as Peru possesses,

riral electrification «ill have o2 b2 subis@izes inm ite dnitial. development stages if

the ajm is to pursus en eggrersive pollcy of translosing preduchive structures in

rural areas.
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3.  BACKGROUKND

3.1. The technological research project on hydroelectric micro-power-stations

In October 1977 the Institute of Industrial Technologicael Research and Technical
Standards (ITINTEC) initiated the applied technology research project on hydroelectric
micro-power-stations with the object of studying, in the first instance, the problems
of micro-plants within the > to 57 )V range wider conditions characteristic of their
potential use in the Andean region, i.e. with low specific speeds, resulting from high

heads (drops) in relation to small flows. using water from irrigation canals.

The project is aimed at the development and adaptation of technologies which will
make it possible to overcome the factors limiting the installation of hydroelectric
micro-plants, principally with regard to reducing initial investment to permit
economic feasibility, with a view to installing the pla.ts in isolated rural

localities in the Andean region with less than 2,000 or so inhabitants.
Investment budgeted for the research project:
S/. 14,226,000.NC (approx. $US 61 .000)
Duration: 30 months starting October 1977.
The following are the objectives of the project:

{a) Development of the technology for designingy and constructing equipment,
installations and materials for hydroelectric micro-plants

This mainly concerns:

Development of technoloriies for designing and uanufacturing Pelton and
Michell-Banki turbines, with an eye to standardiz.tion of sizes and inter-
changeability of components, as well as the nse of materials available on the
market and superficial trestments.

Development of technologies for the design and manufacture of speed regulators
for turbines, both oil-mechanical and electro-electronic regulators.

Development of mechanical V-belt transmission systems between the turbine and
the alternator, permitting standardization of wheel diameters and speeds of the
alternator, and at the same time allowing the use of a wide range of heads.

Adaptation of the design of alternators for thermal units for use in
hydroelectric jpowver-stations { complementury ranazement project beins carried
out by the firm ALGESA).
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Adaptation of the use of asynchronous electric motors as generators for

hydroelectric micro-plants (complementary management project being carried out
by the firm DELCROSA).

Use of non-metallic PVC and polyethylene tubing as pressure tubes for pover-
stations with heads of uader 100 1.

Perfecting the designs of basins and sand-removers to make them easy to adapt to
irrigation canals. at low cost and with no loss of excess water.

Perfecting designs of water conduits from the main channel in order to lower
initial investuent, retainirg acceptabie levels of catchment and reliability.

Other complementary aspects such as modular electric instrument boards, plant
disposition, transmission lines, etc.

Development of instructiou manuals for users und planners, as guidance for
carrying out studies

Manual for the approximate evaluation of hydroelectric resources, for use by
p2rsons with secondary-school education, to provide a better technical basis for
preliminary evaluations, principally as regards estimating demand, available flow,
available head and the order of magnitude of utilizable pover, and investment
required.

Project and design manual for hydroelectric micro-plants, for use by non-
specialized and/or recently graduated engineers, to aid in the preparation of
projects for hydroelc~tric micro-plants, in order to reduce consultant costs which
become very burdensome in the case of low-capacity plants.

3.2. The need for a pilot hydroelectric micro-plant

The purposes of the building of & pilot plant as part of the technological
research project were the fellowing:
(a) To have an experimentel unit for making thorough tests of all the
technologies developed.

(b) To experiment in the assembly, installation and start-up of equipments whose
technology had been developed.

(¢) To obtain comparative costs for evaluating the economic parameters of the
technology developed as compared with conventional technologies.

(d) To orient the design and construction of prototypes towards practical
application.

(e) To eveluate the socio-economic aspects of the installation of a hydrc-
clectric micro-plant in co-operation with a rural community.

(f) To meke immediste practical use of the experimental work involved in the
technological research project.
Bearing in mind that the project was not specifically an investment project but
concerned the installation of a pilot plent as part of a research project, Obrajillo

vas selected for the following reasons:
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(a) The demand for electric power and tnhe water resources available were typical
cases within the ranges of application of the research project, with regard
to power and head, other advantages being the existence of an irrigation
canal and an apparent site for the power-station.

(b) The Obrajillo Rural Community&/ vas organized and was interested in the
pilot plant being built there, for which purpose it was prepared to
contribute the necessary unskilled labour and the aggregates for the
concrete,

In November 1977 ITINTEC and the Obrajillo Rural Community signed an eagreement
to co~-operate ir installing a pilot hydroelectric micro-plant, whereby ITINTEC
undertook to provide the designs, the main materjals and equipment and the technical
staff required for carrying out the project and, when the trials had been completed,
to sand the plant over to the Community to operate it after an operator had been
trained.

The Rural Community will make aveailable to ITINTEC an old mill to be converted
into a power-station, authorizes ITINTEC to use the water from the irrigation canal
for the experimental operation of the plant, allows ITINTEC the use of the necessary
lands for installing the tubing and undertakes to provide the unskilled labour and the
concrete aggregates necessary to carry out the project.

L.  CHARACTERTSTICS AND SPECIFICATIONS OF THE PILOT PLANT

4,1. General description

The village of Obrsjillo is situated near the town of Canta and 105 km north-east
of Lima; it is on the left bank of the Chillén river at an altitude of approximately
2,700 m above sea-level (see fig. 1).

Its climate is particularly pleasant, the soil fertile, water fairly plentiful
and the landscape rural and attractive.

The main economic activity is crop-farming (potatoes and maize) followed by the

rearing of livestock (cattle and sheep). The low-lying land in the valley is split
into small individual holdings, the higher lands are communaily owned.

1/ Rural Communities are rural organizations dating from pre-Spanish days.
Originaily they were based on collective land tenure, but todsy they comprise various
forms of social organization and property patterns.
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Obrajillo has 1 drinking vater service (not Piped to the houses) but 1loes not
pPre.ess any drainage or electric power. Some 30 vears ago it received clectric ourrent
fiom g hydroelectric Pover-stvation which supplied Cantz ang the surrounding illages,
tut this wag dismantled eng later repluced by a thermal bover-station which diqg not
heve sufficient capucily to meet the needs of the villages around Canta, so

Obrajillo’s supply was discontinued.

Canto is connected tce Lime by a oaved road which is normally open all year round,

except for brief periods due ‘o lendslides during the rainy season.

20 years due to migrations to Lima.

L.2. Pnergy demang and potential

4.2.1. Demang

into consideratioi,

Consequently, it is reckoned that for the first year of operation peak demand

will be of the order of 11 kW, rising to 1& kW from the secongd year,

Requiremenis for any eventual agro-industrial development will have a margin of

umption since the productive activities are
carried out in the daytime; nevertheless, the instalied capacity available will

elso be limited by the Starting torque requirements of the electric motors u-eqd.

k.2.2. Resources available

It is plannec to use ar existing irrigation canal which takes its water from the
Chillén river neap the village of Acochaca. The existing intake installation is of

artican construction with no real civil engineering,

The canal extends some 3 km and has some 50 outlets for irrigation.

oshers, The topographical survey made (1:1,000, plan No. 3215-T-00) showed that the
channel could be improved to bring it up to a capacity of 80 litres/second.
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According to .he survey the gross usable drop is 56.5 m (plan No. 3215-C-07).

The compatibility of the irrigation with the generation of electric energy will
be ensured by the ( mnunity itself, since L.th tic quantities »>f water used for

agriculture and the periods of irrigation vary throughout the year.

4.3. Specifications of the project

According to estimates for the dewand at the eni of the first year of operation,

an installed capacit: of approximately 18 k¥ will be required.
Research requirements called for the project to be implemented in two ctages:
(a) First stage
Use of polyethylene tubing combined with a Michell-Banki turbine desigied for

experimental purposes, to operate with a kVA (3.2 kW) alternator or alternatively

with an equivalent asynchronous generator.

(b) Second stage

Use of polyvinyl chloride (pvc) tubing to feed either a Michell- Banki turbine or
a Pelton turbine (both prototypes of en industrial series), with either of them driving

& 20 kVA (16 kW) alternator or an equivalent asynchronous generator,

It should be pointed out that the civil engineering work required for the water
intake and improvements to the channel, tesin and sand -remover are comuon to both

stages.

The principal specifications for the design of the pilot Plant are summarized

below. The annex shows scme of the calculations considered for th. recond stage of

the project.
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PARAMETER

“recuency

VA, alternator
[PM, alternator

Yower factor

Altemater
efticiency

Maximum powe::
~enerated

Power transmitted

. Lo the generator

’lTansmisslon

elviciency

Power at the

~turbine brake

Mechanical efficiency
of the turbine
Hydraulie power

ol the turbine
Hydravlie power

of the turbine
liydraulic e“ficiency
cf the turbine

Power absorbec by
the powar-station

GROSS DROP

ateriel/nominal
aia./type (tubing)

Internal diameter
x wall thickness
(toing)

«»inimum acceptable
‘thickness

iLength of tubing
v

Equivalent length

* Loss of head

in tubing

Yet drop

—t

1st STAGE

2nd STAGK

60
Y

5€.5

Polyethy~
lene/L '/
class 10

90.8 x
11.6

8.67
115
1%

557

50.93

L/ Wae o
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TOTAL

24

(continued)
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PARAMETER SYMBOL UNITS 1st STAGE 2nd STAGE
e e s i i, it st i - i . | . ot . i i O i T___..... 3 — e —n e 1 = e st o Al . s e i1 4 W
Flow required @ m~/second 0.01352 0.0k4802
Runner diameter ) n
(Michell-Banki D " 0.20 0.20
turbine)
Runner diameter Dn m - 0.60
(Pelton turbine) :
RPM, Michell-Banki -
turbine N r.p.m. 1 420 1 L8o
PPM, Pelton turbine N r.p.m. . 51k
Trensmission ratin
(Michell--Banki - 2.54:1 1.22:1
turbine)
Trans.ission ratio ‘
(Pelton turbine) 3.50:1
Spec_ific speed r.p.m X
ng (Michell-Banki ng (hp) /2 27.39 52.20
turtine) {m)-5/k
Specific speed r.p.m. x
n_ (Michell- Banki n (m3/s) 1/2 8,66 15.98
turbine) Q (m)--3/b
Specific speed n
. s r.p.m. x 18.13
ng (Pelton turbine) (hp) 1/2
(m) 5/4
Specific speed n, r.p.m. x ) 5.55
n_(Pelton turbine) - (n3/s) 1/2 )
1 m) 3/ l

TOTAL

0.0615k
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5. OBJECTIVES ACHIEVED AND PROBLEMS OF TECHNOLOGICAL DEVELOPMENT

Below we reviow the objeetives achieved during the execution of the project and
seme of the problems encountered, together with the solutions adopted, which we do not
in any way cleim to be unigue ~r definitive. Rather d» they illustrate the multiple

options which may arise in the process ~f applied technelogical research.

This rcview alse aims to make it clear that the development of the technology of
hWydrrelectric micro-plants must be of ar integrated nature, geared tewards studying
211 the elcments which go te make up a hydroelcetric power-station. Any one-sided
emphasis on the develepment of a particular component of the power-station, such as

the turbine, or some methodological aspect, must be avoided.
5.1. Intake

The project is aimed primarily ot studying the usc of existing irrigation canals,
where intake installations are frequently of artisan construction. Some criteria for
improving and adapting existing intake installaticns have boen developed but in the

pilot plant anly cenal and flew control work has been done (see plan No. 3215-C-06).
5.2. Canal

In the context ~f the foregeing considerations, criteria have been developed for
the evaluation of irrigation channcls for use in combination with hydroelectric power
generation. A methrdology has been adoptcd for the study of particular improvements
designed to incresse the carrying capacity of an irrigation canal; this provides for
a2 form of scection pgrading and dimension tabulation which is easy for the contractor
in charge of the extension work to understand. Some types of improved intake installa-

tions have =lso been developed which avoid loss of water (sce plan No. 3215-T-00).

5.3. Basin or fore-bey

As the basin was built on an existing irrigation canal the following points had
to be tsken into consideration with regard to its design and construction:
- Tt was nccessary to ensure that the water not used for power gencration
returned to the canal to be used downstream for irrigatien.

- As the canal bed is of carth it was nccessary to ensure that the sand
removal was carried cut within the basin.

- 1t was necessary to combine minimum technical requirements with economy
of materinls (principally cement and steel).
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- In selecting the site for thc basin, in addition to satisfactory utiliza-
tion of the drop, economy in tubing and loss of heaZs, onc: had to consider
the degree of risk presented by alluvium. on the basis only of a Feo-

morphologic 1 appraisal and historical information provided by the local

inhebitants . as well as ~ppraisals on thc stability and behaviour of the
soil obtained by visual obszrvation and diggings: gcological and
mechanical studics of the soils were not conducted in view of the high

cost in relantion to the size of the project.

- The difficultics and costs of transporting the materials, mainly the
concrcte aggregates, and the limited space available for preparing the
mixture by non-mechanical means. Planning this transport by animal-power
called for a careful engineering study as regards conditioning of paths
to ensure casy and rapid movement with minimum fatigue, loading and un-
loading systems, rotation of animals, recgulation of weight, ctc.

- It is worth drawing attention to the frequent mistake of ignoring these
costs where they relate to the work contribution from rural communities
in the carrying out of electrificeticn precjects, since such factors often
have a decisive influence on their willingness and capacity to co-operate.

- The method and degree of mechanization in the construction has to be
considered from the designing stage, mainly bearing in mind the production
rate of mix and its transport.

5.4, Pressure tubing

Steel tubes with seams constitute the usual classical solution but their use is

not alweys suitable for mini-power-stations in Peru for the following reasons:

- The high price of stecl and of steel tubes in particuler.

- In Peru standard cold-shaped scam tubes arc only made up to 4" (schedule 40);
larger-sized tubes arc made from rclled and welded steel sheet.

- Imported standard tubes with diameter cxceeding 4" are excessively expensive,
constituting in some cases the most costly clement of a power-station.

- In most cases the rolling of tubes is technically possible for diemeters
exceeding 10", but they must be rolled in short lengths which call for a
great deal of welding and checking.

-~ The final joiniung of the steel tubes requires either installing clamps or
welding on the spot, which presents difficulties, is costly and problematic
as regards quality.

- Although the steel tubes are in short lengths and of small diameter, they
are heavy end difficult to cerry to their final site without the help of
g mechanical means of transport.

- A very careful topographicel survey of the slope is neceded as well as
exact positioning of the supports, because a mistake here would make it
necessary to excavate, reconstruct supports and/or recondition the tube
using hot-processing.
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- Long delivery periods.

1

Expansion Joints ere necessary as well as careful calculation of
anchorages and supports, which are fairly massive.

1

Relatively high losses of head because of surface roughness.

1

L4
Sensitivity of long tubes to water impact because of their high
modulus of elasticity.
The great advantage of steel tubes lies in their adaptebility, as they are
suitable for a very wide range of applications, ranging from high heads to conditions
of large flow which call for large diameters. in many cases stecl tubes are

irreplaceable.

In the range of applications under consideration for the present project
(5-50 kW for conditions in the Sierra), the heads usually vary between 20 m and 150 m:
for the capacities indicated the diameter of the tubing generally varies between 4"
and 15". Under these conditions consideration was first given to the possibility of

using fibreglass, asbestos-cement , PVC and polyethylene.

Fibreglass wns eliminated owing to its high price; asbestus-cement is a promising
alternative for large flows: wood cannot be considered in the Andean area but its
use could be studied for forest conditions, where falls are very low, and in heavily

wooded areas.

PVC and polyethylene were short-listed and it was decided to investigate their

possible use.

Research and experiments carried out during the implementation of the project
and the utilization of PVC and polyethylene tubes in the pilot hydroelectric micro-

plant showed the following characteristics for their use:
(a) PVC

- Peru makes PVC tubes in diameters up to 12" (305 mm) and adequate for
manometric pressures of the order of 10 kg/cm® (class 10), which provides
a coverage adequate to the project range of conditions (5-50 kW), for
maximum gross drops of between 75 and 80 m, the margins being considered
sufficient for water impact.

It would be possible to produce class 15 tubes and larger diameters if the
. market were sufficient.

- The tubes are purchased in sections 5 m long, which can easily be trans-
ported. As an illustration, an 8" tube section, class 10, weighs 55 kg
and can be carried by three people, even in hilly terrain.
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- The tubes are joined by a system of socket and pin, using an appropriate
adhesive.

- The purchase price of the PVC tubes is about 1/3 that of imported steel
tubes. Taking an 8" tube, the cost of insulation is equivalent to that
of assembling a steel tube whose sections are joined by mecans of clamps.

- hlthough & PVC tube is rigid, its elastic deformation properties make it
possible to bend it up to 3° in a length of 5 m, which permits great adapt-
ability to ground conformation without the nzed for accessnries to change
direction except in the case of very proncunced irregularities of terrain.

- Tts thermal expansion properties arc modcrate and its elastic properties
provide ample deformation margins, so that in most ceses it does not
require expansion joints.

- The anchorsages and supports must be spaced fairly close, because the ratio
of the weight of the tube when full of water to its maximum working force
may be a critical factor.

PVC does not integrate structurally with concrete, so the anchoring must
be mechanical.

- PVC tubing has the disadvantage that it is fragile and its mechanical
resistance is less than 1/10 that of ordinary steel, which makes it very
lisble to accidental breakage (stones), or to deliberate damage.

It also ages rapidly in sunlight (mainly through the action of the ultra-
violet band), as a result of which its fragility increases.

To overcome this two alternatives were considered: to bury the tube
underground or to put a protective covering over it. The first alternative
is obvious and resorting to it depends on the costs of excavating and re-
filling. At the pilot plant the tube was experimentally covered with jute
stuck on with dextrine; this form of protection is relatively satisfactory
except for the solubility of dextrine in water and its sweet taste which
attracts goats.

In our opinion, various low-cost alternatives still have to be tried out.
In the near future, the tube installed at the pilot plant will be covered
with a layer of pitch dissolved in kerosene.

Sample experimentation with some alternatives is also being considered,
e.g. the use of putty, direct application of pitch, forest planting, etc.

- Losses of head are considerably less than in the case of equivalent steel
tube, as there is less surface roughness. Owing to the lower elasticity
modulus, lower tolerances are required for water impact super-pressure.

(v) Polyethylene

- Peru produces polyethylene tubes of up to 8" nominal diemeter with a
resistance to working pressures of up to 10 kg/cm? (class 10): they are
very flexible and possess substantial deformation capacity.

- Polyethylene tubes can be made of any length which facilitates handling
them in the plant, and loading and transporting them to their final site.
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They are delivered in rolls whose diameter is proportionate to the outside
diameter of the tube.

- The lengths of tubing are joined on the spot by means of mechanical

. couplings inserted under pressure and heat into the ends of the tubes. The
adjustment of interference between the coupling and the tube needs to be
studied carefully in view of the frequent irregularities in the internal
dimensions of the tube (calivre and shepe). The dimensions and surface of
the coupling must be carefully designed to avoid tearing or, conversely,
loss of grip. Braces are used to strengthen the coupling. The couplings
themselves are connected by means of universal Joints or clamps.

The pilot plant has experimented with steel cog couplings of various
lengths and degrees of adjustuent, and has succceded in defining empirical
design criteria which give perfectly satisfactory results.

Welding the ends of the tube can also be considered as an alternative, but
this has been abandoned as not being sufficiently reliable at pressures
over 2 kg/cm®. Commercial adhesives capable of joining polyethylene tubes
do not exist.

- In view of their cost and of the care required to install them, it is
desirable to reduce the number of joints to a minimum compatible with a
section length allowing the section to be hoisted, moved and t» ‘nsported.

For the pilot plant, 4" class 10 tubes were transported in 25 m sections from
Lima to Obrajillo (105 km) and were then moved on community haycarts to the
site (head 56.5 m and length of tubing 115 m).

- From the viewpoint of deformation or maintenance in Place, no supports are
necessary because of the ability of the tubing to adapt to any ground
formation; it is recommended that the minimum design criteria of one
anchorage at the foot of each joint be adopted, thereby avoiding traction
on the couplings caused by the weight of the tube with its water content.

The anchorages must be installed level with the ground and must hold the
tube by means of braces since, like PYC, polyethylene does not integrate
structurally with concrete.

- The purchase price of polyethylenre tubing in Peru is higher than that of
PVC but is in any case lower than that of equivalent steel tubing.

The couplings with their universal joints are very costly items.

- Transport, haulage and installation costs are considerably lower than for
PVC, polyethylene tubes are well suited to communal installation, skilled
personnel only being required for putting in the couplings. The installa-
tion of a L' class 10 tube 115 m long with a head of 56 m can be done in
one day.

Costs for anchorages are considerably lower than for PVC as the numbers and
the sizes required are lower.

- The loss of head in polyethylene tubes is comparable to that of PVC tubes,
if we do not consider the couplings. However, the introduction of these
» reduction elements markedly increases losses of head.
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- Their behaviour vis-3.vis the water stroke phenomenon is c¢ven better than
in the case of PVC {tubes.

- Polyethylene tubes do not nced outside protection and are impervious to
solar radiation.

- Their resistance to irpact is good and they are less fragile than PVC.

It may be stated that both PVC and polyethylene tubes are technically and
nconomically viable alternatives for hydroelectric micro-plants. Nevertheless,
practical and laboratory testing must be continued with a view to perfecting design
criterie, and especially to establishing projecetions for useful life expectancy under

various conditions of work and betier defining thc scope for economic use of such
“uhes.

9.5. Michell-Banki and Pelton turtines

Definition of the types of turbines to be used in the proJect was conditioned
Wy the projected use (5-50 kW for conditions in the Sierra), with an approximate range
of specific specds (ns) between 10 and 2C0, and by the development of technology

enabling hydraulic machines to be constructed at low cost.

For the lower level of specific speeds (ns<29), the single-nozzle Pelton is an
ideal option. For higher specific speeds it is traditionally considered better to
usc multiple-nozzle Pelton turbines (nsf'59) » and Francis turbines for still higher
values:; thesc two options imply constructing elatively costly machinery which can
be satisfactorily substituted by Micheli- Bank: type turbines., whosc design can be

easily adepted to specific specds of between 9% and 200.

Here consideration was given to dcveloping and ndapting the technology of the

Pelton single-nozzle turbine and the Michell--Banki turbine, mainly for conditions of

Low specific speeds.

To sum up, the development of the technology of the above-~-mentioned turbines has
the following objectives:

-~ Total manufacture within the country: technology at the level of the
current stage of development of the enginecring industry in Peru.

- To make maximum use of national materiecls and, in cases of imported
materials, give preference to “hose which can be commercially obtained.
in a manner compatible with the minimum requirements of resistance to
erosion of essential parts and the scrvice life required: +to consider
the low-cost renewal of parts most suvbjcct to wear and tear.
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To minimize the total ccst¢ of the turbines, making sure that the cost of
. national turbines will be lower than their imported equivalents.

- To ensure meximm inierchangeability of components by means of stendardiza-
tion of the turbines (it is not adv. seble to consider "standardization' of
hydroeleciric nower-stations, oecausc thet would lead to inadequate :
economic utilizetion of resources), and to benefit from the flexibility
given to the rctatiecn speed o che turbine by the use of a transmission
system between the turbine and the generator.

- To have turvines wviich operetc sleadily and reliaebly, even bearing in
mind a relatively short service life, limited to that of the parts most
subject to we=.

- To develop modular units which are e:.sy to instell, operate and maintain.

In the context of the objectives listed, the research programme on hydraulic

“urbines has been pursued as follows:

{a) Michell-Banki turhines

Fmphasis has been «iver tc turbines of low specific speed, concerning
which little informatiorn is available at the international level.

From the experience geined in the construction of the first experimental
protctyn2, it has tean round that it is possible to produce Michell~-Banki
turbines at highly competitive prices, equivalent to one fifth of the price
of an Imported machine suitable to similar conditions of use.

Additionel knowl=dge has been acquired for the theorctical/practical
analysis, principally with vegard to the profile cf injector and blade,
the dimensions nf the ruhner, a2 theoretical analysis using the general
equaticn of the turbine ané the sdimensional analysis, and the processing
of design datae hy meezns oi' a minicomputer,

An integrate i metuocology bas been 2viced for the mechanical design,
permitting certain optimizaticiic such as analysis of the position of
the bearings. To siupl’.fy soasiructio~ for lover capacities the design
of prcjecting runrers hes bceu given pref:rence.

A mejor conclnsion nas been the ccutorration of the importance of the
{ mechanical design of the axle in considerstion of its critical speed,
because this s nearly alvays tne decisive factor irn determining the
size of the axle, mor: thar the vending end torsion loads in themselves.

A suiteble metnod has heen devised permitting the injector to be positioned
in exact irelationship to the rurrer, with minimum gap.

g - Mechanical design criteria nave been periected for simplifying the support
structure of the turbine, combinins 1% with its concrete base, for
establishing adequeie dimensionel -~ osrticns for the framework in rela-
tion to the runner, defining limits for ovei--designing the width of the
runner in relation to the widtk of the injector, optimizing the position
of the injector in relation to the runner and perfecting criteria for
dimensioning the turbinc cutlet.
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- A hydraulic efficiency of 76 per cent was achieved in the experimental *
turbine instelled at the pilot plant. Here 1t is worth mentioning for
purposes of reference that in resecarch carried out at the University
of Oregon i.- the United Statec&’ a naximum hydraulic officiency of ,
80 per cert was attained, while in cxperiments carried out at the
University of the Andesij a maximurm hydraulic efficiency of 61 per cent
was achieved. The firm of Ossberger indicates that the maximum
hydraulic efficiency r2ached by its iMichell-Banki turbines is something
over 80 per cent. We consider thet with thc second prototype to be
installed at the piict plant hydraulic efficiencies of the order of
80 per cent will be achie.ed.

The literature on micro-power-stations often affirms that efficiency is
not very important, on the basis o’ the supposed cpposition between
costs of equipment end efficiency achieved. But in our opinion this
argument is not very realistic Dv.cause a low rate of efficiency involves
the use of larger-sized (and th:rcfore more expensive) machinery, .

and unnecessary reduction of the water flow which might be used for
irrigation at a higher level: morcover, the lost energy must be
dissipated, and it frequently occurs that intensive wcar and vibretions
are associated with inefficiency.

- In the prototypes, welded steel-sheet construction is considered. For
the runner and injector, experiments have been made with various types
of stainless steel and surface hardening treatments.

(v) Pelton turbines

- There is information available which makes the development of this
technology easier than in the case of Michell--Banki turbines. Neverthe-
less, during the execution of the project, complementary theoretical
aspects were developed with regard to the handling of the general
equation of the turbine, adimensional analysis, the processing of design
data by mear.s of minicomputers. a wcthod for the analytical calculation
of the engie of the “uckets {instead of an estimate by graphic methods),
evolute prnfile of the bucket edge, ete.

Plens of turbines made by experienced manufacturers were also studied,
and compared with their design specifications and cperational efficiency,
for the purpose of determining their empirical design elements.

- A mechanical design methodology was develcped which permits the inter- '
changeable use of a series of standardized buckets and discs, critical-
speed verification of the axle, simplification of the design of the
framework and chassis on o concrete base, parallel displacement of the
deflector, etc.

2/ "The Banki Water Turbine", C. A. Mochmore, Oregon State College.
3/ DOC. IM T2--29 - Colombia.
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- At prototype level, experiments are being conducted on various cast
materials ror the buckets (13 per cent Cr steel, aluminium bronze,
phosphoirous bronze, cast iron, etc.), which will be bolted on to the
disc of the runner, csreful attention being paid to dynamic balance.
Various materials sre l:kewise being considered for the mouth of the
nozzle, the point of the needle and the deflector.

For the remaining elements only the use of carbon steel sheets is
being considered.

{e) Industiisl prototypves

4 series of standardized turbines (Michell-Banki and Pelton) has now been developed -
one of each type of these is being construcied as s prototype to be installed ir
the pilot plant to work with a 20 kVA alternator. The standardized series will be

crfected on the basis of the experimental results of this second stuge of the project.

5.6. Turbine/alterrator transmission

The need to have available a standardized series of turbine runners (with given
diameters) and their use wiih a wide range of heads has the result that the turbines
will rotate at a speed which will depend on their specific application, which will

conflict with the need for developing alternators for one or two speeds at the most,

£3 we shall see furither on.

To overcomu this apparent contradiction in objectives, a speed transmission

system must be available between the turbine and the generator.

For the capacities and speeds required by the range of application of the project,
an analysis wes mace of the various alternatives such as gear transmission, which
did not prove very cconomical for small reductions and capacities, chain transmission,
which proved very limited as regards circumferential speeds, flat belt transmission,
wkich did not prove very efficient, and finally the alternative chosen of employing

V-belts cf a special type, which allows for reductions up to L4:1 throughout the range
ol the project.

According to the experiments conducted st the pilot plant, the use of V-belts

is a satisfactory solution, but their effective application requires an integrated

design of the turbine/generator chaesis, reducing distances between tneir centres to
a Jainimum,
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Relative standardization of the turbine pulleys was found to be possible, leaving
the final dimensions of the generator pulley in be established for each hydroelectric

micro--plant.

A specific methodology has been evolved for the selection of belts and the

design of pulleys.

5.T. Speed regulators

The tynical conditions of rural electrificetion permit variations of I 2 hertz
in the frequency (60 hertz), and even greater variations where applications are
restricted to illumination: consequently, the problem of the turbine's speed regulator
does not concern its precision but rather its stability, reliability and resistance
under conditions of involuntary inattention, sudden load changes, humidity, lack of
skill on the part of the operator, etc.

Some authors suggest as an alternative the dissipation of the excess energy
resulting from operating continuously at full load. We believe this is only justifiable
when economic use can be made of the dissipated energy (mini~fertilizer-plants, heat~
ing, etec.). Otherwise, dissipating energy in the surroundings becomes excessively
costly in terms of rational use of the water, particularly when the latter is used

for generating as well as irrigating.

Two technical alternatives ure being dcveloped in the project, the conventional

oil-mechanical regulator and the electric/electronic regulator.

The former is being developed on the basis of adapting existing designs, paying
careful attention to conditions of stability and reliebility, compatible with the aim

of keeping costs down.

The first prototype of an electric/electronic regulator is in process of being
made and will subsequently be tested at the pilot plant. Its operation is based on
sensing and amplifying electronically the changes in frequency so as to produce dis-
placement of the system of regulation of the flow of the turbine by mechanical action
operated by a triphase electrical motor, the dirction of whose rotation can be

reversed.

If this electric/electronic system proves operable we would have a low-cost

device which would be easy to replace. It should be noted that an air-conditioned

design is being considered with ample capacity to resist excessive voltages.




In the case of the Pelton turbine the automatic regulator would only act on the
deflector.

5.8. Alternators

In Peru the firm of ALCESA manufactures alternators of between 3 and 200 kV.. for

Jenerator units.

This firm is carrying out an industrial technological research project complemer: -
tary to the one being conducted directly by ITINTECE/ for the purpose of adapting their
decign to the most demanding conditions of racing found in hydroelectric power-stations
(racing speeds approaching double the design sneed), raising the integration level of

the components and developing a more robust design for the voltage regulator.

The trials of the first prototype (4 kVA) have proved satisfactory. A new 20 kVi
prototype will be installed duriny the second stage of the pilot plant.

For developing micrc-power-s‘.ations within the range of the project (5-50 kW and
conditions in the Sierra) » only the use of two-pole and four-pole alternators
(3,600 r.p.m. and 1,800 r.p.m. respectively) is considered, because it is not

economically feasible to produ:e alternators with a higher number of poles domestically.

5.9. Asynchronous generators

The firm of DELCROSA makes squirrel-cage asynchronous electric motors.

To study their use as asynchronous generators, this firm has embarked on an

)1/

industrial technological research project using 2 per cent of net income generated. -

The project has two purposes: first, to determine the limits of an asynchronous
generator working parallel with an alternator, and, secondly, to evaluate the autono-
mous operation of an asynchronous generator with a special voltage regulator and its

own exciter system, assuming the use of waterproof machinery.

A first 3.6 kv prototype has been satisfactorily tested at the pilot plant,
operating autonomously. Subsequently (second stage) a second prototype will be

installed to operate parallel with a 20 kVA alternator.

_13«/ In Peru there exists a system of incentives for technological research by
industrial firms using 2 per cent of their net income for that purpose: otherwise
the sums concerned are added to ITINTEC funds.
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Besides developing the technology of the regulation system, the project will
establish the conditions suitable for the autoncmcus operation of an asynchronous

genelrator.

Its operaticn in parallel with an alternator will make it possible to expand
the installed generating capacity of a micro-power-station, with minimum additional

investment.

The possibility of using waterproof machinery is also particularly interesting
in the case of units installed without much environmental protection or when leseks

occur in the plant.

An additional application of the technology developed concerns storage stations,

where the generator would serve as a motor for pumping requirements.

5.10. Miscellaneous aspects

Technologies in some additional fields are being developed as part of the

project:

- Design of low-voltage modular electric instrument panels for hydroelectric
micro-plants.

~ Design methodology for low-voltage iLransmission lines for rural areas,
assuning the use of eucalyptus poles, bare conductors etc. It should
be pointed out that for the range of capacities envisaged in the project
it is mainly planned to use a low voltage: thus in the specific siting
of a micro-plant careful consideration must be given to the distance
between the plant and the village.

-~ Design for lightning condauctors.
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6. OPERATION OF THE PLANT

6.1. Operaticn

As is normal in isolated rural villages, the initial operation of the plant is
from 5 p.m. to 11 p.m. In addition, the local bakery requires electricity (2 kW) in

the early morning from 2 a.m. to 6 a.m.

As part of the agreement with the rural comrunity, local operators are being
trained. This is very important if one is to avoid the big effects on operating costs
of recruiting a qualified operator from the town, or else run the risk of having to

employ an unskilled operator.
6.2. Maintenance

With a pilot hydroelectric micro-plant routine maintenance requirements are
minimal, limited to occasionally ciling the bearings, checking the adjustment of the

belts, examining the generator and generally cleaning the plant.

The main components subject to wear by erosion are, with the Michell-Banki
turbine, the injector, the entrance blace and the blades of the runner, and, with the

Pelton turbine, the nozzle, the needle, the deflector and the buckets.

So far the pilot plant has had no repair problems, and no projections for the

service life of any of the parts have been determined experimentally.

Routine maintenance and minor repairs must be carried out by the operator. The
hydroelectric micro-plant has only minimal workshop facilities. An interesting
possibility would be for the operator to perform minor electro-mechanical repairs at
his village, thereby adding to his earnings without increasing the operating costs of

the power-station.

The intake installation, the channel and the basin will need maintenance and
periodical cleaning: this will not be very different from the requirements for

maintaining an irrigation canal, normally taken care of by community work.

6.3. Rates system and controls

By the terms of the agreement the Obrajillo rural community is responsible for

the electric service to the community. Installing electricity meters in the houses

is not justified because of the high cost involved compared with the small quantities
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of energy consume¢. The rates have Lherefore been set in accordance with installed
consumer canacity. The community leaders are alsc responsitle for checking and

inspecting the inst *lled capacity of cach 1 use.

6.4, Compatibility with irrigation_requirements

Most of the irrimation take-off points are locatced upstreai from the basin so
that priority for irrization is autoratic.

For irrigation downstream fron the basin normal requirements are less then
20 litres/second. considering that +he maximum demand of the power-station is of the
order of 61.5 litres/second, it can be seen that it will be suffiecient to increase the

canal's capscity to 50 litres/second.

However, in times nf drought, when it is not possible to obtain the flows
indiceted and when it becomes necescary to irrigate at night, the hydroelectric micro-
plant will be out of actior or will operate at part-load (street lighting only). This
will present no major precblen since it is the rural community which itself decides on

priorities, and conflicts can be avoided.
T. COSTS

7.1. Details of the cost structure of the pilot_plant

Owing to the very nature of a research project, there can be no direct comparison
between the costs : icurred in constructing .nd egquipping the “brajillo pilot hydro-
electric micro-plant and the costs of an investment project utilizing advanced
technology, as can bc seen from the noints below:

(a) For experimental reasons two sets of tubing were installed (one made of PVC

of 8" dia. and the other made of polyethylene of k' dia.) whereas in an

investment project only one would be needed. The sluice velves are also
duplicated.

(b) The plant bas three turbines where a single turbine would suffice.

(e) Tne plant has two alternators and two asynchronous generators where one
would suffice.

(@) In addicion to the minimal instrumentation of the panel, further
instrumentation is required for research messurement purposes.

(e} Construction of various turbine runners to test different designs.

(f) Development of prototypes, modificetions, individual production of parts,
higher costs for design and computation, etc.




TABLE 1.

ELEMENT

MICRO-PLANT OF 1G.2 KW

INVESTHERT WITH CONVENTIONAL
TF‘C” e _;J’ .'.’)l/"‘,'

SIMULATED APPROXIMATTL COST STRUCTURE OF A HYDROELECTRIC

INVESTMENT WITH NON--CONVENTIONAL
TECHNOLOGY

Intake

Classical construction including
a sand sluice.

$US b, 250

r — o+ v e e o it i

Adaptation of the existing
irrigation canal intake.

bus 650

Lead canal

Excavating and lining a canal
3 km long.

tus 2.500

Utilization of and improvements
to an existing irrigation
canal.

508 850

Basin or fore-bay

Concrete construction and steel
sluices.

$US 1,700

Precision tubing

Imported 8 Sch. L0 steel tube
sections joined with welded
clamps (115 m long).

MATFRIALS

Tube SUs 5.100
Clamps WS 5L b
Expansion joint SUD L50

Sub-total:
INSTALLATION

Anchorages $us 50
Assembly $Us 3,200
Painting fUsS_ 1,050

Sub-total ¢Us 5,100
TOTAL: $Us_17.090,

frim o
AR S1. 00

Sluice wvalve

Lean concrete construction®
including sand-remover and
wooden sluices.

TS 1 050

PVC & class 10 tube made in
Peru joined with pegs and
sockets stuck on (115 m long).
MATERIALS

FVC tube 5US 2,450
Clamps $us 450
Adhesive Us 200
Sub-tctal  $US 3,100
INSTALLATION
Anchorages $us 850
Assembly $US 850
Coating 4Ug 1,500
Sub-total  $US 3,200
TOTAL- $Us_6,300

SuUs 850

us

Powerhouse

¢us 3.L0O

sUs 1,700

Electro-mechanical
equipment and in-
struments (turbine,
speed regulator,
transmission, al-
ternator and pancl)

According to an up-dated
quotation from an overseas
supplier (including a com-
plete modular unit with a
Michell Banki turbine).

$uUs 36,200

Total cost of the Michell-Banki
turbine. electro/electronic
regulator, transmission by
special "V -belts, ALGESA al-
ternator and modular wooden
panel.

$Uus 7.650

GRAND TOTAL:

“ve 71,950

et e e e e e o = - s e ————— -

tpye 10,050
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7.2. Simulated cost structure of an equivalent investment project_and
comparison with the use of conventional technologics

Taking as reference tne specifications of the Obrajillo pilot hydroelectric micro-
plant (19.2 kW), and excluding duplications required for an experimental plant, we can
determine the approximate cost structure for an equivalent investment project, as

shown in table 1.

For the estimates we have taken prices and costs prevailing in Peru in June 1979

and converted these into United States dollars at the current rate.

Although the costs given have & purely indicative value, not. only because of
their approximate nature but also because the amount of investment needed depends on
the specific characteristics of each investment project, comparing the costs or
conventional technology with the costs of the technolory developed for the conditions
in Peru shows an investment cost ratio of about 3.8 to ! and, in the case of the mein
electro-mechanical equipment, advantages of 4.7 to 1 in favour of the tecnnology

considered for the project.

7.3 Production cost of electric energy

(a) Energy to be produced

With an installed capacity of 19.2 kW, two hypotheses are assumed:

TABLE 2. ENERGY GIVERATED

o e e e ey = m e e s e o e e = w——

—
Annual hours of ! Average load Energy generaived
operation (percentage) (kWh/year)
First hypothesis 3,000 80 46,080
Second hypothesis 5,000 90 86,040

These results are calculated as follows:

average percentage load
100

kWn/year = P (kW) x hours/year X



TD/VIG . 305/7
Page 29

(b) Annual cost of production

In a hydroelectric micro-plant, annual costs are virtually fixed and almost

independent of the amount of energy genera.2d.

Given the conditions assumed for the investment structure indicated under 7.2.,

with the technology developed in the project, the total annual costs would be as

follows:

(1)

(2)

(3)

(W)

(5)

Interest and amortization in respect of loans

Assuming an interest, including commissions, of
10 per cent a year, payable for 30 years on the
basis of ordinary annuities calculated on present

value.
Annuity = Present value x.}gberzit/lggs . 19,050 x O.;O -
1 -1+ _:'Epteresg). °- ye E_-. (1+ 0.1)" ]
100

$US 2,020.681
Repairs
An amount of 1.5 per cent of investment is assumed.
0.015 x 19,050, $Us 287.75
Insurance

An amount of 1.2 per cent of the value of equipment
is assumed. 0.012 x T,650. $Us 91.80

Sundries

An amount of 0.3 per cent of investment is assumed.
0.003 x 19,050. $Us 57.15

Wages

An index of 1.4 is applied to take into account social
benefits and bonuses.

1 worker x $US 65/month x 12 months x 1.4 $Us 1,092.00

Wages peid in respect of maintenance and cleaning

of civil engineering works (intake installation,
channel and basin) are not taken into account because
it is assumed that these are performed by community
services,

TOTAL ANNUAL COST: $us 3,549.51
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(c¢) Unit cost of energy

This is obtained as fcllows:

Unit cost ($US/kWh)

- Total annual cos: ($US)
Energy generatea (kwh)

TABLE 3. UNIT COST OF ENERGY
Energy generated Total annual Unit cost
(kWh) cost ($US/KkWh)
First hypothesis 46,060 $ 3,549.51 0.077
Second hypothesis 86,040 $ 3,549.51 0.041

In addition, there is an investment of $US 6,000 in respect of a three-phase low-

voltage transmission and distribution line because the hydroelectric plant is located

200 m from the townm.

Assuming use of bare copper wires and eucalyptus poles supplied

to the project by the community free of charge, and also essuming amortization over

20 years and an annual interest of 10 per cent, the implication for energy cost will be

as shown in table L.

TABLE 4.

IMPLICATIONS FOR ENERGY COST OF INVESTMENT
Ol THE LOW-VOLTAGE LINE

nual st of i - .
Energy ﬁlzzzleg: 1 :moﬁﬁz?re Additional | Total unit
produced tion) unit cost cost
(k¥Wh/year) " ($US/kvn) ($US/kVh)
($Us)
First hypothesis LG, 060 661 0.014 0.091
Second hypothesis 86,040 661 0.008 0.0k49
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3. PROSPECTS FOR 'SZ

3.1.

Advoatap s _and limisatious of el:xctrification of irolated rural
comntiaities msiig -_rn_qgj__p_yuroelgc_:l:rlc plants

Tn the case of Feru, the edrantages are as follows:

Wide evoilarlity of water resources which can be exploited on a small scale:
higa heade iv the Andean raage wnd large flows in the forest region;

Low oprreting rasng,
Ease of maiaicaance

Proven lecin.clogins vhich recuire only diversification e.nd adaptation to
speciiic conditions

In th2 cLise >f sinzll oa.pe.cities, it is possible to use the water for both
ircigation and reaeraticy of electricity.

The meair liaitineg Doztors 2 o “he following:

‘a)

(b)

foR
p—g g o

)
"

(&)
(1)

8.2

Ciapt

‘vepe of ¢

folloving:

ligh invesiniont costs by comparison with the small capacities installed;

High co't =7 cuesvarion and inlet and channelling works, if used only for
the gererctisu of eizetwict Lhre

Inadeat: ¢evolorment of domestic production of equipment; high price:
Ligh ensy n” Tenciollity arni engineering studies,
Digh 2ot of pressure tubing:

Litelr krawlelre 50 rural 4demand for electricity and the small-scale hydro-
eleatrie resovrer3 zvailabhl c,

D.llicnlt o0 ontaining funwnce on easy terms;

Shortays~ ¢ 22i1lse workerv ir rural aress.

Prospee z fov use of “hs tecnnology developed

er 5 indicates sh~ nmnin implications of the technology developed within the

e project uier invesviga*ion, whose prospects for use are indicated by the

A entential vedurtion in the initial investment required has been achieved.

It is possiolc o menutac.ure 11 the equipment for small hydroelectric
Plente domeswicslly (with the exception of instruments), at competitive
mi:es, ensuring «dequate auarity and prompt delivery. Additional
industrial invesineay is nct raquired.

It Las becr 10s33ibl~ Lo define parameters for the standardization of
equirrer - rerpuneats.

Spreinlicte £nd techuniocians able wo cope with all aspects of the problems
reised LY sussl hivarc-leobtric plants are being trained.
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8.3. Existing government policies ’

Action required

(a) Technological development

The project described in this document is only one step towards the development of
vechnology for the equipping of hydroelectric micro-plents, the study being confined

to a range of capacities of between 5 and 50 kW and conditions of high heads and small
flows characteristic of the Andean region.

In the short and medium term, the following technological research projects,
inter alia, should be initiated under the responsibility of ITINTEC:

Small hydroelectric Plants in the range of 20-500 kW, for conditions in the
Andean region (high heads);

Hydroelectric micro-plants in the raenge of 5-50 kW, for conditions in the forest
region (large flows and low heads) -

Design and manufacture of hydraulic ram pumps:
Comprehensive study of demand for electricity and availability of hydroelectric
resources in rural areas.
(b) The Ministry of Energy and Mining is taking action aimed at initiating
& programme of rural electrification using small hydroelectric Plants.

(¢) Electrical interconnection

Peru is a country with an extremely irregular terrain, and its rural population
is scattered in small, isolated villages with few inhabitants, meking it impossible to
carry out rural electrification by interconnection with the high-voltage grid because

of the high cost of transmission lines and sub-stations to meet a small demand for
electricity.

lonetheless, for any rural uses, the establishment of a small medium-voltage
interconnected system linking a group of neighbouring communities and making it
possible to take advantage of the economie benefits of generation of electricity on a
large relative scale is feasible.
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R 8.4, Cost of energy

The sale of eleciric pover is governed by a system of rates laid down at the
national level whicn tends to balance out the higher cost of generation on a small
scale, but also negatively influences the evaluations of feasibility studies which do
not take into account all the problems of rural electrification, but consider only

specific profitability with respect to an established rate.

For reference purposes, we would indicate that rates of around $US 0.025/kWh are
charged by the small rural hydroelectric plants operated by ELECTRO-PERU (the

State-owned electricity enterprise), those rates being heavily subsidized in relation
to costs.
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ANNEX
MDTHOD OF PRELIHINARY CALCULATION FOR TYT DESIGN OF A HYDROELECTRIC MICRO--PLANT

This annex sets forth some bacic design principles fcr establishing the
specifications for a hydroelectric micro-plant and its prime movers, taking as reference
the approximate calculations for the second stage of the pilot hydroelectric micro-

plant at el Molino (the mill). Obrajillo.

(a) DETERMINATION OF THE INSTALLED CAPACITY OF THE MICRO--PLANT
For isolated rural communities in Peru, a typical peak demand of 20- 30 ¥ per

inhabitant is estimated.

In line with the project specifications (L.2) for the second phase, installed
capacity will be:
P = 16 kW
(b) DETERMINATION OF THE GROSS DROF
On the basis of the levelling obtained from the topographical survey carried out,

the gross drop from the basin to the level of the intake spindle of the turbine is as

follows:
| Hy = 56 5 m
(c) DETERMINATION OF THE TURING PROFILE
In accordance with the results of the topographical survey the length of the
tubing is
L =115 nm
Taking into account the losses of head in the accessories. for purposes of the

calculation the following length is assumed:

LT =125 ™

(4) PRELIMINARY SELECTION OF THE ALTERVATOR

A domestically manufactured alternator (ALCESA), with the following specifications,

is assumed:

60 ¢/s, 1,800 rpm (four poles)
20 kVA generated

Cos ¢ = 0.8 (assumed)
Efficiency = 0.35

4
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(e) CALCULATION OF POWER

Power generated = kVA x Cos @
= 20 x 0.8
Fower generated = 16 KV

Assuming an alternator efficiency of 0.85. the power transmitted at the generator
111 be:

4

Power transmitted = GJ%B = 18.82 kW

Assuming V-belt transmission with an efficiency of 0.95, the power at the turbine

brake will be: _ 18,

82
Pp = "5l55

Pp = 19.81 kW = 26.3h hp

Assuming a mechenical efficiency of the turbine of .95. its hydraulic power will

be:
]:) - 1'.9_' .8_1.
HYD .95

= 20.8 i = 28,36
PHYD 0.86 kW = 28,36 hp

Assuming a hydranlic efficiency of the turbire of 0.8, the power absorbed by the

power-station will be: _ 20.8€

, = SN0 o g
Fape = “Hp = eb-0T
?ABS = ??.07 kW = 35.h5ﬂf?i
(f) CHARACTERISTICS OF THE TUBING
PVC tubing - class 10 (150 pounds)
Nominal Fxternal Internal
diameter diameter diameter Thickness
(inches) (mm) (mm) (ram}
2 60-0 ?)00 3’5
21/2 73.0 65.0 k.5
3 88.5 78.9 4.8
L 11Lk.0 102.0 6.0
5 141.8 126.0 7.5
6 168.0 150.2 8.9
8 219.0 195.8 11.6
10 273.0 2kl 0 1k4.5
12 323.0 291 16

- —— o —— s — | i




ID/WG.305/7
Page 36

Length of sections = 5 m

Breaking strength (tension) (25°C) = 5..5.2 kg/mm2
Breaking strength (bending) = 7-9 kg/mm2

Breaking strength (compressicn) = 6-7 kg/mm2
For operation under pressure . at 20°
recommended .

C. a safety factor of 5 1is

]
Working strength = £ = 1.0 kg/mm”

o

Density of matcrial = 1.43

(g) CALCULATION OF LOST OF HEAD BY FRICTION NET DROP AND FLOW BY ITERATION

For each size and typc of tube, the seqQuence followed is:

(1)

Note

(2)

()

(5)

Calculation of flow

pHYD
9‘80717HYD Hn

Q:

Peyp = hydraulic power of the turbine (kW)

77 HYD = hydraulic efficiency

{
Hn = net drop {(m)

Q = flow, m3/second

In the first iteration it is assumed that there are no losses of head.

Calculation of speed in tubing, € {(m/sec)

C = P-}.loé Q
77 Dic

Di = internal diameter of the tubing (mm)

Calculation of loss of head, h, (m), for PVC tubing

) L.C2
n.8217 2.7209 T
VS EAREN o o S Y

LT = equivalent length of tubing (m)

hw = (O.h893 +

Calculaticn of net usable drop, H (m)

B, = HB_hw

HB = gross drop (m)

Iterate to point 1 with the new value of Hn, and so on, until Q has

been ascertained to a given accuracy.
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(nh) ASCERTAINMENT OF MINIMUM THICKNESS. Min (mum)

DiH
Oyin = 000 Zo
D
Ob = designed strongth. kg/mm2
HT = maximum equivalent height (m). For our purposes, We
apssune a water impact superpressure of 30 per cent, thus:
FT = 1.3 HB
Simplifying and replacing HB” we have:
H_ Di
Min = 0.00065 -?%;~

Comparc the minimun thickness with the real thickness of the

tubing under consideration.

If epip \} “Real

/

scrap the tubing.

(i) CALCULATION OF WEIGHT OF TUBING, W (kg)

T 1.000 T !

W
/LDT = density of tubing material
(3) DATA PROCESSING

Using & programme for micro-plants. the data in respect of the above points were

processed for various sizes and types of pressurec tubing.

125 m)

H = a . = ~
(LB 56.5m. PT 1f kW, LT

=0.8, V), " 0.95, F)qg = 9-95 ’V/A 0.85

!

D)
[F l ~- [

PVC tubing ~ class 10 (150 pounds)
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Nominal Diameter e h Hp C Q emi
disaster (m ) (mm) (mg (m) (m/3) (m3/s) (mm
5 126.0 7.5 - - - - -
6 150.2 8.9 4. 82 51.68 2.903 0.051kk 7.17
8 195.8 1.6 1.1k 55.36 1.595 0.0L802 9.35
10 2kl .0 1L.5 0.376 56.12h 1.013 0.0L4736 11.65

{k) SELECTION OF TUBES

This is based on economic optimization, minimizing thc sum of the investments

necessary for tubing together with the encrey shortfall due to loss of head.

(1) FINAL SPRCIFICATIONS

= J
Pinst. 16 kv
Cent. =  0.6137
Gross drcp H = 56.5m

B

with PVC (150 1b) tubing and 8 nominal dia.

Length L = 115 n (125.0 n for friction)
Inss of hoad hw = 1.1 m
= 55.36 m

Net drop Hn

0.0k480 m3/second = 48,0 litres/second

F 10w [

(n) SELECTION O:f TURBINE

General censiderations

The type of turbine to be used in each case is determined by the
specific speed (ns or nq) which corresponds to the operating conditions

given by the capacity, head. speed (r.p.rn.) and efficicncy.

In figure A.1.1 a nomogram is shown for the selection of turbines in

relation to their principal parameters.
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Michell-Banki turbines
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For reference efficiency n, = 80%
TYPE OF TURBINE ng nq . Hﬁax. adm.
) Pelton with single nozzle 10-29 3-9 1,800-400 {
Pelton with 2 or more nozzles 29-59 9-18 400-350
[ Michell-Banki 29-220 9.68 100-80
Slow Francis 59-12) 18-38 350-150
Normal Francis 124-220 38-68 150-80
Rapid Francis 2°0-L4o 68-135 80-2Q_
Propeller and Kaplan 342080 105-300 3565

Figure A.1.1.

Selection of the type

of turbine according to operating conditions
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There arc two cxpressions for specific speed. The first is dependent

on the efficiency of the turbine, its formula being:
- 1/2
n =N

s 0. 5/L
iy 2

Where
F = net cepacity in hp

=2}
§

= net drop (m)

=
1]

Speed (r.p.m.)

The second specific speed allows us to establish similarity criteria

independent of the output, and is shown =5 follows.

1/2
n =X 3——é7h
q iy °
Where
Q= m3/s

The following relationship between the two specific speeds can also dbe
deduced:

n, =n_ /1000
5 a, "7 Chtyd

In this formulsa:

*JHyd = turbine efficiency (fraction)

/

In our particular case we consider:

77Hyd = 0.8, so that we have:

n, = 3.266 n,




ID/WG. 305/7
Page L1

Thos cur o2 Celined ag & cross-fiow, radial entry, partial-admission action
turbine, or eccentiul reature being that e laree flow of water of rectangular
section impinges on “he rcior tindas twice, 1a a doubie-effect action

(see fig. A...2).

From the ocing ¢f vic7 o1 the sp2rilic numper of revolutiong, the
Michcll-Baaki Surtine ccv.rs the ficld couworised belween the double- injector
Peloom tuerin: “nd SL- clow Prencd: e bline.

With rolercicc Lo ohe porsovience of tne variable-load turtine, this has the
advantoge ol opavralinug e70d ‘entiy withia & broad rangz of flcw, in a manner

similers to the Felver whrbine,

£5 rosv of the applications derived from the project are characterized by
substantial heads, v ree pe peint in designing the turbine with partial suction
tube, since the irc»ease “r useful hzad vould bte marginal, raising the cost and
inereasing the complexity of the machinery unnecessarily.

Ihe Pelton turbire

This ic o classienl °xample of = tengential-flow action turbine whose
operatinn ig¢ characierszec by the impulse provided by the Jet of water expelled
through 2nc or more nsrzles. vhich impinges on a series of buckets placed around
the periphery of the vhecol.

Its vse is vestrintel 4o the Lower ranges ot specific speed.

Ac te dts nhysicul d_sposition. the axle 18y be vertical or horizontal. lor
hizk rmiacific sncads ne cepacivies the wurbines are designed with two or more

nozzles. This wal r iy possible to reducc the size of the runner but it increases
its complexity, Leinly in regard o ihe reguvlating system.

For tie preprses ¢t our vroject. we are onlv considering Pelton turbines
N (8 - v
wilh a single 2cazle or “ajector aad with a horizontal axle. See fip. A.1.3.
o J

As %o their adiusbmet, it i¢ prelimiuary sssumed that there will be automatic
ragulation by moars of s deliector , wnd iurther wanual adjustment. by means of a
seedle valwve

volewiation of the rotatinn specq of & Michell--Banii turbine

The idecl nvmber of revolutions 7or a Yichell-Benki turbine is obtained by
the fellicwing foimla:

M
N = .M?_\.__ .‘N_
Al <A

where
N = rotation spred of the turbinc {r.p.m.)
Hn = nev efietive drop ‘n)
Do = cxtern:l diameter of the ruaner () ?
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H‘nh A.1.2. Michell-Banki laboratory turbine
' Installed at Obra) illo - Canta
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Figure A.1.3. 8ingle-nozzle Pelton turbine
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This formula is derived from theoretical considerations relating the
optimum speed to the net drop for a given angle of entry of the jet and typical
experimental coefficients for the losses in the injector and the runner.

In the conditions of the project if we assume a standardized runner diameter
of De = 0.2 m and a net drop of Hn = »5.36 m, the optimum rotation speed of the
turbine will be:

§=3219VY5 V55.36
0.2

N =1,480 r.p.m.

With a 1,800 r.p.m. alternator we have a transmission ratio of 1.22 which is
suitable for the use of belts.

Calculation of the rotation speed of a Pelton turbine

The optimal number of revolutions of a Pelton turbine is expressed by the
following formula:

¢« 4145 Vin
D
P

vhere .
Dp = Pelton diameter (m)
This formula is deduced from the theoreticl considerations relating the

optlm\m speed to the net drop and assuming typ1ca.1 experimental coefficients for
the losses in the nozzle and buckets.

Under the conditions at the pilot plant, involving a net drop of
H = 35.36 m, and assuming a Pelton diameter of Dp = 0.6

’41.!45~ \/655.36

N=
W

"N =514 r.p.m.

With a 1,800 r.p.m. alternator we have a transmission ratio of 3.5 which is
suitable for the use of belts.

Specific speed of turtines

In accordance with the specifications of the power-station and considering
the rotation speeds selected, the specific speeds of the turbines will be:

Michell-Banki turbine
nB = 52.20
n = 15,98
q 5.9

Pelton turbine
n, = 18.13

n = 5,

q 5.55

These are within the typical application ranges.

L]
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