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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 he 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 part of the experimental implementation of a research project aimed 

at developing national technologies that will enable the initial investment required 

for the installation 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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3UMMARÏ 

This Ì3 a report on th> technological >-¿3en~u projet Kâr^ conducted by 

KTHÏEC (Institute of Industriel Technologies ^search and Technical Standards), the 

main purpose o* vhich in  .he ae^lopment of  :hc technology fo- equipping small 

hydroelectric power-station'. 01 l>i^ à capacity   (initially within the range of 

^-50 kW) and J.OV;  specific .vp3-df,. 

Io likewise contains a description of th.-  project for the installation and 

functioning of th, pilot hydroelectric mlcro-plent  at Obrajillo (Peru)  as  an 

experiments! unit  for the application of techno?.-^« developed onci adapted through the 

research project, mainly covering: 

Adaptation of existing irrigation canals; 

Use   >f non-metal] ir pressure tuhir5 (PVC and Polyethylen-): 

Development  of standardized serie-  of turves  ( Micheli-Baur.i and Pelton), to be 
manufactured in Peru, 

Development of speed regulators-, 

Tm-bine/gcneratco:   transmission by  v-bcJts; 

Asynchronous pl.ttmatovs ".nd gererv.tc/ s, 

Various arpects  (instant v^elr,, lightning conductor?, etc.). 

The followin« cenciai»"*" heve  o^eu ôr,:^  f^rr the expe'ienco pained  at the pilot 

pl'iut TTith r^->p<=-ct •) c  the t-chro.Vgy d-r/cJop-'d: 

vt is Tïosriule su^tai ,iaLly t,- rsd ^ luv intner-t in .-.qai-p^nv, and civil 

engineering. 
The entire equi^t  Ucc,pt  fov  th, Jurtrinrcntation) can be manufactured in 
Peru under ôetiyi-v-.rrv  conditio s a.   -.gard,  cost, qu»lvcy ana efficiency. 

Another conclusior  is that, alVaour.h : m,U. isoelectric ?owe restât ions  arc one 

of toe best .n.rgy sortions  J, c country vii* v.-*-* source, ouct  as Peru possesses, 

rural electrification .ill have V. 1»? subito:   in it,  i^tial development stages if 

the aim is  to pursu, en aggrr^i"e policy of transferring productive structures in 

rural areas. 
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3.       BACKGROUND 

3•1 •    The technological research project on hydroelectric micro-power-stations 

In October 1977 the Institute of Industrial Technological 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 Y< };V ran¿;¿ under 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 wat°r 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 installine the plants in isolated rural 

localities in the Andean region with less than 2,000 or so inhabitants. 

Investment budgeted for the research project: 

S/.  lU,226,O00.00  (approx.  $Uf 6l.noo) 

Duration:     30 months starting October 1977. 

The following are the objectives o-r the project: 

va)    Development of the technology for designing and constructing equipment, 
installations and materials for hydroelectric micro-plants 

This mainly concerns: 

Development of technologies  for designing and manufacturing Pelton and 
Michell-Banki turbines, with an eye to standardization of sizes and inter- 
changeability of components, as well as the use of materials available on the 
market and superficial  treatments. 

Development of technologies for the design anci 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 pover-stations  (complementary rana-ement project bein./ carried 
out by the firm ALGECA). 
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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 power- 
stations with heads of under 100 m. 

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 investment,  retaining acceptable levels of catchment and reliability. 

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

(b)    Development of instruction r-onuals for users und planners, as guidance for 
carrying out studies 

Manual  for the approximate evaluation of hydroelectric resources,  for use by 
parsons 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 power,  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 hydroelectric 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 a pilot plant  as part of the technological 

research project were the following: 

(a 

(b 

(c 

(d 

(e 

(f 

To have an experimental unit  for making thorough tests of all the 
technologies  developed. 

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. 

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

To evaluate the socio-economic aspects of the  installation of a hydro- 
electric micro-plant in co-operation with a rural community. 

To make immediate 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 plant as part of a research project, Obrajillo 

vas selected for the following reasons : 
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(a) The demand for electric power and the 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-^ was 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 agreement 

to co-operate in installing a pilot hydroelectric micro-plant, whereby ITINTEC 

undertook to provide the designs, the main materials and equipment and the technical 

staff required for carrying out the project and, when the trials had been completed, 

to «hand the plant over to the Community to operate it after an operator had been 

trained. 

The Rural Community will make available 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. 

1».       CHARACTERISTICS AND SPECIFICATIONS OF THE PILOT PLANT 

U.l.    General description 

The village of Obrajillo is situated near the town of Canta and 105 km north-east 

of Lima;    it is on the left bank of the Chillón river at an altitude of approximately 

2,700 m above sea-level (see fig. l). 

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 communally owned. 

1/   Rural Communities are rural organizations dating from pre-Spanish days. 
Originally they were based on collective land tenure, but today they comprise various 
forms of social organization and property pattern». 
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Obrajillo has a drinking water servin-   /    +     • 

•     P— an, araina6e or ^cLc      „¡J"!    P1Ped t0 "» « ^   - not 

ft« a bioelectric p^r-ataticn 1    , "*"" ^ " •WlWd C"^ic ••* ljuwer-oration which supplied rsn+o  =,«,* *v. 

ta« .-«lei«« capacity t0 .eat Jmi. 0    ' T*    »»»«*«"« «"* did not 

Pajino, supply „tts 4t!contiaued. °' "" """•> °•* «-f.  • 

i^r..ods  due  .o léatelas  during the rainy season. 

It has a permanent population -if wc; „, • ,   , 

20 .ears due to pratici to^I aS remalned StatlC f0r thS « 

k-2-    aierQT dgngnd^^^otentig^ 

* • 2.1.    Demand 

into consideration. e "* ^^ cons-Ption being taken 

Consequently,  it is reckoned that for the fir,t y,ar of 
will be of the order o" 11 tw      •   • operation peak demand 

o. 11 UJ, risme to 16 kW from the second year 

Requires  for any eventual agro-industrial development vin  h 
oemand-growth equivalent to PWni« development will have a margin of -ied out in i j£ : ::;:~n.si"« «- ~ ^^ „ 

y .tartu* tore« requirenents of the electr.c ^ ^ 

,2-2-    %f£ur££G__a2ailable 

It is planned to use an existinr •; „*„*+• 

-116n ,iw _ the vmage 0/;• ;: 1:1-;-- - — - - 
«ti«. construction „lth uo resi ^ „¿„.J^""« ""*• •fU«l« is of 

At its original intake point it can receive „„ t„ .„,..>       , 

-istin, confions it ecu!. not reacn the    Uo   t !        ^'^ *" »«» 

~~ than 20 litres/seconC, „ithout overf 0   ^ ' ^«** ""> • «« «* 

-».    - toponea! s_y m.e U.^.'«^^»0; T7 " 

—i—, ^ to «.. it UP t0. capacity of 8T :: s :r
that the 



ID/WG.¿05/7 
pap;e 10 

According to ohe survey the gross usable drop is 56.5 m (plan No. 3215-C-07). 

The compatibility of the irrigation „ith the generation of electric energy will 

be ensured by the C mmunity itself, since I,th the quantities of water used for 

agriculture and the periods of irrigation vary throughout the year. 

h.3. Specifications of the project 

According to estimates for the demand at the en i of the first year of operation 

an installed capacity of approximately l8 W  will be required. 

Research requirements called for the project to be implemented in two ctages: 

(a) First stape 

Use of polyethylene tubing combined with a Micheli-Banki turbine desired for 

experimental purposes, to operate with a 1* kVA (3.2 kW) alternator or alternative^ 
with an equivalent asynchronous  generator. 

(b) Second stage 

Use of polyvinyl chloride  (PVC) tubing to feed either a Micheli-Banki turbine or 

a Pelton turbine  (both prototypes of an industrial series),  with either of them driving 

a 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,  basin and sand-remover are common to both 
stages. 

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

below.    The annex shows seme of the calculations considered for *h, recond stage of 
the project. 
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PARAMETER SYMBOL UNITS 1st STAGE 2nd STAGS TOTAL 

2k 

'"'ret. uency 

i'-VA,   alternat jr 

f 

kVAA 

h 
kVA 

60 

1» 

60 

2C 

rPM„  alternator NA r. ;;.m. 3 600 1  800 

Power factor Cos 0 .. 0.8 0.P 
Alternator 
efficiency 'YA 

•• 

0.7O 0.85 

Maximum power 
venerated 

?A kW 3.20 I6.OO 19.2 

Power transmitted 
_ to the generator 

FF kW lt. 57 18.82 

J* Transmission 
! efficiency - o. 95 0.95 

' Power at the 
turbine brake 

PT kW íi. 81 19.81 

Mechanical efficiency 
of the turbine Lm - 0.95 0.95 

ü/ciraulic power 
of the turbine 

PH kW 5.065 20.86 

Hydraulic power 
of the turbine 

PH hp 6.867 28.36 

Hydraulic efficiency 
cf the turbine '% - 0.75 0.8 

Powar absorbed by 
the powsr-station 

P 
ABS kW 6.75 26.07 

GROSS  DROP HE m 56.5 56.5 

• "at erial/nominal 
aia./type  (tubing) 

Polyethy- 
lene A 7 
class 10 

PVC/8r/ 
class  10 

Internal diameter 
x wall thickness 
(tubing) 

Di x e mm x mm 90.8 x 
11.6 

I95.8 x 
11.6 

•«minimum acceptable 
{thickness e   . 

min mm 8.67 9.35 

'Length of tubing L m 115 115 
Equivalent length L 

e m l;0i 125 

Loss of head 
in tubing hw m 5 57 l.lU 

Net  drop h m 50.93 55.36 

(c ontxnued) 
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PARAMETER SYMBOL 

Flow required Q. 

Runner diameter 
(Micheli-Banki 
turbine) 

DE 

Punner diameter 
(Pelton turbine) 

D 
p 

RPH, Michell-Banki 
turbine 

N 

PPM, Pelton turbine N 

Transmission rati^ 
(Michell-Banki 
turbine) 

transmission ratio 
(Pelton turbine) 

Specific  speed 
n    (Michell-Banki 
turbine) 

Specific  speed 
n    (Michell-Banki 
turbine) 

Specific speed 
n    (Pelton turbine) 

Specific  speed 
n    (Pelton turbine) 

n 

n 

UNITS 

m /second 

TR 

m 

r. p. m. 

r.p.m. 

r.p.m. x 
(hp) 1/2 
(m)-5A 
r.p.m.  x 
(m3/s) 1/2 
(m)-3A 

r.p.m. x 
(hp) 1/2 
(m)   5A 

r.p.m.  x 
(m3/s) 1/2 
(PI)  3/' 

1st   STAGE 

0.01352 

0.20 

1 U20 

,5k :1 

27.39 

8.66 

2nd STAGE 

0.0U802 

0.20 

0.60 

1 1+80 

1.22:1 

3 50:1 

52 20 

15 .98 

18.13 

5.55 

TOTAL 

0.06151* 
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5.      OBJECTIVES ACHIEVED AND PROBLEMS OF TECHNOLOGICAL DEVELOPMENT 

Below we review the objectives 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 claim to be unique rr definitive.     Rather do they  illustrate the multiple 

options which may arise in the process of applied technological research. 

This  review also aims to make it clear that the development  of the technology of 

hydroelectric micro-plants must be of an  integrated nature ,   geared trwards studying 

all the elements which go to make up a hydroelectric power-station.    Any one-sided 

emphasis on the development 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 at studying the use of existing irrigation canals, 

where intake  installations  are  frequently of artisan construction.    Some criteria for 

improving and adapting existing intake installations have been  developed but in the 

pilot plant  only canal and flow control work has been done   (see plan Ne.   3215-C-06). 

5.2. Canal 

In the  context of the  foregoing considerations, criteria have been developed for 

the evaluation of irrigation channels  for use in combination with hydroelectric power 

generation.     A methodology has been adopted for the study of particular improvements 

designed tc increase the  carrying capacity of an irrigation  canal;    this provides  for 

a form of section grading  and dimension tabulation which is   easy  for the contractor 

in charge   of the extension work to understand.     Sont types  of  improved intake  installa- 

tions have  also been developed which avoid loss of water  (see  plan No.   3215-T-OO). 

5.3. Basin or fore-bay 

As the basin was built on an existing irrigation canal   the  following points had 

to be taken into consideration with regard to its design and construction: 

- It was necessary to ensure that the water not used for power generation 
returned to the canal to be used downstream for irrigation. 

- As the  canal bed is  of earth it was  necessary to ensure that the sand 
removal was  carried out within the basin. 

- It was necessary to combine minimum technical requirements with economy 
of materials  (principally cement and steel). 
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- In selecting the site for the basin,  in addition to satisfactory utiliza- 
tion of the drop, economy in tubing and loss of head, one had to consider 
the degree of risk presented by alluvium,   on  the brir,  o;.ly  o" a rco- 
morphologic 1 appraisal  and historical information provided by the local 
inhabitants ,  as veil as  appraisals  on the stability and behaviour of the 
soil obtained by visual observation and diggings-    geological and 
mechanical studies of the  soils were not  conducted in view of the high 
cost in relation to the size of the project. 

- The difficulties and costs of transporting the materials, mainly the 
concrete 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 easy and rapid movement with minimum fatigue,  loading and un- 
loading systems, rotation of animals, regulation of weight,  etc. 

_ 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 electrification projects, 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.k.    Pressure tubing 

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

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

- The high price of steel and of steel tubes in particular. 

- In Peru standard cold-shaped seam tubes arc only made up to k"  (schedule kO) ; 
larger-sized tubes are made from rolled and welded steel sheet. 

- Imported standard tubes with diameter exceeding V are excessively expensive, 
constituting in some cases the most costly element of a power-station. 

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

- The final joining of the steel + ubes 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 and difficult to carry to their final site without the help of 
mechanical means of transport. 

- A very careful topographical survey of the slope is needed 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. 

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

- Relatively high losses of head because  of surface roughness. 

- Sensitivity of long tubes to water impact because of their high 
modulus  of elasticity. 

The great advantage of steel tubes lies  in their adaptability,  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 steel 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 k" 

and 15".    Under these conditions consideration was  first given to the possibility of 

using fibreglass, asbestos-cement, PVC and polyethylene. 

Fibreglass was eliminated owing to its high price;    asbestos-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/cm2 (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 l/3 that of imported steel 
tubes. Taking an 8i! tube, the cost of insulation is equivalent to that 
of assembling a steel tube whose  sections  are joined by means  of clamps. 

- Although a 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 need for accessories to change 
direction except in the case of very pronounced irregularities of terrain. 

- Its thermal expansion properties  are moderate and its elastic properties 
provide ample deformation margins ,   so that in most cases it  does not 
require expansion joints. 

- The anchorages 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 
liable 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. 

(b)    Polyethylene 

- Peru produces polyethylene tubes of up to 8" nominal diameter with a 
resistance to working pressures of up to 10 kg/cm2 (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 (calibre  and shape).    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 adjustment,  and has succeeded 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 *as been abandoned as not being sufficiently reliable at pressures 
over 2 kg/cm2.    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 transported. 

For the pilot plant, k" class  10 tubes were transported in 25 m sections  from 
Lima to Obrajillo (105 km)  and -/ere 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 PVC., polyethylene does not integrate 
structurally with concrete. 

The purchase price of polyethylene 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 h" 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-à-vis the water stroke phenomenon is o-ven better than 
in the case of PVC tubes. 

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

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

It may be stated that both PVC and polyethylene tubes are technically and 

economically viable  alternatives  for hydroelectric micro-plants.     Nevertheless, 

practical and laboratory testing must be continued with a view to perfecting design 

criteria, and especially to establishing projections for useful life expectancy under 

various conditions of work and better defining the  scope for economic use of such 
J"ubes. 

5*5.    Michell-Banki and Pelton turbine? 

Definition of the types of turbines to be used in the project was conditioned 

by the projected use  (5-50 kW for conditions in the Sierra), with an approximate range 

of specific speeds  (ns) between 10 and 2CÜ,  and by the development  of technology 

enabling hydraulic machines to be constructed at low cost. 

For the lower level of specific speeds  (ng<29), the single-nozzle Pelton is  an 

idea] option.    For higher specific speeds it ia traditionally considered better to 

use multiple-nozzle Pelton turbines  (ry'59),  and Francis turbines  for still higher 

values:,    these two options imply constructing relatively costly machinery which can 

bo satisfactorily substituted by Michell-Banki type turbines, whose design can be 

easily adapted to specific speeds of bttween ?.lj  and 200. 

Here consideration was given to developing and adapting 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 engineering industry in Peru. 

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

- To ensure meximvm interchangeability of components by means of standardiza- 
tion of the turbines (it is not adv.'sable to consider "standardization" of 
hydroelectric power-stations, because that would lead to inadequate 
economic utilisation of resources)., and to benefit from the flexibility 
given to the rotation speed o:'  che turbine by the use of a transmission 
system between the turbine and the generator. 

- To have turbines vhich operate steadily and reliably, even bearing in 
mind a relatively short service life, limited to that of the parts most 
subject to wear. 

- To develop modular units vhich are e ;.sy to install, operate and maintain. 

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

turbines has been pursued as follows: 

(a) Michell-Banki turbines 

- Emphasis has been <dven tc turbines of low specific speed, concerning 
which little information is available at the international level. 

- From the experience gained in the construction of the first experimental 
prototyp.3, it hat, bean found 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. 

- Additional knowledge has been acquired for the theoretical/practical 
analysis, principally with regard to the profile cf injector and blade, 
the dimensions of the runner, a theoretical analysis using the general 
equation of the turbine one the «.dimensional analysis, and the processing 
of design data by means o¿ a minicomputer. 

- An integrate i methodology has been r'avited for the mechanical design, 
permitting certain opt irai z at i cur such as analysis of the position of 
the bearings. To simplify construction for lo'.rer capacities the design 
of projecting runners has been given preference. 

A major conclusion nas been the ecuformation of the importance of the 
mechanical design of the axle in consideration of its critical speed, 
because this is nearly always the decisive factor in determining the 
size of the axle, mora than the oending end torsion loads in themselves. 

A suitable nidthot has been devised permitting the injector to be positioned 
in exact relationship to the rurrer, with minimum gap. 

- Mechanical design criteria have been perfected for simplifying the support 
structure of the turbino, combining it vith its concrete base, for 
establishing adequate dimensional -'•*•- motions for the framework in rela- 
tion to the runner, defining limits for over-designing the width of the 
runner in relation to the width of the injector, optimizing the position 
of the injector in relation to the runner and perfecting criteria for 
dimensioning the turbino cutlet. 
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- A hydraulic efficiency of 76 per cent was achieved in the experimental 
turbine installed ut the pilot plant.    Here it  is worth mentioning for 
purposes of reference that in research  carried out at the University 
of Oregon i.   the United Statesf/  a uaxirmun hydraulic efficiency of 
80 per cent was  attained, while  in experiments  carried out  at the 
University of the Andesi/ a maxiinurr hydraulic efficiency of 6l per cent 
was achieved.     The  finn of Ossburger indicates that the maximum 
hydraulic efficiency reached by its Hichell-Banki turbines  is  something 
over 80 per cent.    We consider that with the second prototype to be 
installed at the pilot plant hydraulic efficiencies of the order of 
80 per cent will be achieved. 

The literature on micro-power-stations often affirms that efficiency is 
not very important,  on the basis  o ' the  supposed opposition between 
costs of equipment  and efficiency achieved.     But in our opinion this 
argument is not very realistic "because  a low rate of efficiency involves 
the use of larger-sized (and thirefere more expensive) machinery, . 
and unnecessary reduction of the water flow which might be used for 
irrigation at a higher level;    moreover, the lost energy must be 
dissipated,  and it  frequently occurs that intensive wear and vibrations 
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. 

(b)    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 meai.p of minicomputers.,  a :n<;thod for the analytical  calculation 
of the angle of the T>ucketa  [instead of an estimate by graphic methods), 
evolute profile of the bucket edge, etc. 

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

- A mechanical design methodology was developed 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 a concrete base, parallel displacement of the 
deflector, etc. 

2/    "The Banki Water Turbine", CA.  Mochmore, Oregon State College. 

3/    DOC. IM 72-29 - Colombia. 
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- At prototype level, experiments  are being conducted on various cast 
materials  ior the buckets  (13 per cent Cr steel,  aluminium bronze 
phosphorous bronze,  ,;ast iron,  etc.), which will be bolted on to the 
disc of the runner,  careful attention being paid to dynamic balance. 
Various materials  are likewise bein^ considered for the mouth of the 
noazie, the point of the needle and the deflector. 

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

'c)    Industrial prototypes 

A series of standardized turbines  (Michell-Banki and PeltorO has now been developed 

on,  of each type of these is being constructed as a prototype to be installed ir 

the pilot plant to work with a 20 kVA alternator.    The standardized series will be 

perfected on the basis of the experimental results of this second stage of the project. 

5.6.     Turbine/alternator transmission 

The need to have available a standardized series of turbine runners  (with given 

diameters)  and their use with a wide range of heads has  the result that the turbines 

vi?.l 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, 
es we shall see further on. 

To overcome 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 was mace of the various alternatives such as gear transmission, which 

did not prove very economical for small reductions and capacities,  chain transmission, 

which proved very limited as regards circumferential speeds,   flat belt transmission, 

which did not prove very efficient,  and finally the alternative chosen of employing 

V-belts of a special type, which allows  for reductions up to k:l throughout the range 
ox' the project. 

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

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

design of the turbine/generator chassis, reducing distances between tneir centres to 
a minimum. 
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Relative standardization of the turbine pulleys was  found to be possible, leaving 

the final dimensions of the generator pulley to be established for each hydroelectric 
micro-plant. 

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

5.7.    Speed regulators 

The typical conditions of rural electrification permit variations of t 2 hertz 

in the frequency (60 hertz),  and even greater variations where applications are 

restricted to illuminationr     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, etc.).    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 ¡ire being developed 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 reliability, 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 triphasé 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. 
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In the case of the Pelton turbine the automatic regulator would only act on the 
deflector. 

5.8.    Alternators 

In Peru the firm of ALGESA manufactures alternators  of between 3 and 200 kVA for 
generator units. 

This  firm is carrying out  an industrial technological research project complemen- 

tary to the on, being conducted directly by ITINTEC^  for the purpose of adapting their 

design 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  (k kVA) have proved satisfactory.     A new 20 kVA 

prototype will be installed durin, 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 produce alternators with a higher number of poles domestically. 

5.9.    Asynchronous generators 

The  firm of DELCR0SA makes squirrel-cage asynchronous  electric motors. 

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

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

The project has two purposes:     first, to determine  the  limits of a* 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 kW 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. 

<  A    ¥•  ïn,PerU there exists a systei* of incentives for technological research bv 
ÎnfîÎT i""6 2 Per Cent °f their net •°• for thaï pujóse:    otntSise the sums concerned are added to ITINTEC  funds. oxnerwise 
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Besides developing the technology of the regulation system, the project will 

establish the conditions suitable for the autonomous operation of an asynchronous 

generator. 

Its operation in parallel with an alternator will make it possible to expand 

the installed generating capacity of a mioro-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 leaks 

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 transmission lines  for rural areas, 
assuming 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 conductors. 
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6.  OPERATION OF THE PLANT 

6.1. Operation 

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 community, 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 oiling the bearings, checking the adjustment of the 

belts, examining the generator and generally cleaning the plant. 

The main components subject to wear by eroóion are, with the Mi cheli-Bar.ki 

turbine, the injector, the entrance blade 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 conaumed.     The rates have therefore been  set in accordance with installed 

consumer capacity.     The community leaders are also  responsible  for checking and 

inspecting the inst aied capacity of each 1 mse. 

6.U.    Compatibility with irrigation,requirements. 

Most of the irri-atio-i take-off points are located upstream from the basin so 

that priority for irrigation is automatic. 

For irrigation  downstream fron, the basin normal requirements  are less than 

20 litres/second:,     considerine that the maximum demand of the power-station is of the 

order of 61.5 litres/second,  it can he  seen t.at   it will be sufficient to increase the 

canal's  capacity to  GO litres/second. 

However, in times  of drought, when  it is not  possible to obtain the flows 

indicated and when  it becomes necessary to irrisate at night, the hydroelectric micro- 

plant will be out of action or will operate at part-load (street lighting only).    This 

will present no major problem since  it  is the rural community which itself decides on 

priorities, and conflicts can be avoided. 

7.       COSTS 

7.1,    Det aij£_oXJ^_çûs^s t ^ t ur È-9î. «ÌEJ^iiÌLEìSSt 

Owing to the very nature of a research project, there can be no direct comparison 

between the costs  :• purred in constructing   *d equipping the    brajillo pilot hydro- 

electric micro-plant  and the costs of an investment project utilizing advanced 

technology, as can be  seen from the points below: 

(a) For experimental reasons two  sets of tubing were installed (one made of PVC 
of 6" dia.   and the other made of polyethylene of U"  dia.) whereas in an 
investment project only one would be needed.     The sluice valves are also 

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

(c) Tne plant  has wo alternators and two  asynchronous generators where one 

would suffice. 
(d) In addle ion to the minimal  instrumentation of the panel,  further 

instrumentation is required for research measurement  purposes. 

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

(f) Development of prototypes,  modifications,  individual production of parts, 
higher costs for design and computation, etc. 
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TABLE 1.  SIMULATED APPROXIMATE COST STRUCTURE OF A HYDROELECTRIC 
MICRO-PLANT OF 19.2 K" 

ELEMENT 

Intake 

Lead canal 

INVESTMENT WITH CONVENTIONAL 
TECinoLOO' 

INVESTMENT WITH NON--CONVENTIONAL 
TECHNOLOGY 

Classical  construction including 
a sand sluice. 

$US I+.250 

Excavating and lining a canal 
3 km long, 

*US 8.500 

Adaptation of the existing 
irrigation canal intake. 

¿us 650 

Utilization of and improvements 
to an existing irrigation 
canal. 

Ous 850 

Basin or fore-bay Concrete construction and steel 
sluices. 

$US 1J00 

Lean concrete construction- 

including sand-remover and 
wooden sluices, 
AUS 1 050 

Precision tubing Imported 8 Sch. 1*0 steel tube 
sections joined with welded 
clamps (115 m long). 

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

MATERIALS MATERIALS 

Tube OUS 3.3 00 FVC tube ¿>US 2,U50 

Clamps 
Expansion joint ¿LIS ÌÓ0 

Clamps 
Adhesive 

ius 1+50 
yUS 200 

Sub--total: ;>us 11^50 Sub-total $UG 3,10P. 

INSTALLATION INSTALLATION 

Anchorages 
Assembly 
Painting 

ius  850 
$us 3,200 
!^US_ _ Ij350 

Anchorages 
Assembly 
Coating 

$us 850 
ÍUS  850 
$ys..JL,5po 

Sub-total -*US 5.100 Sub- total $US 3,200 

TOTAL : $US 17,050 TOTAL- 

IS   850 

¿i!§_L3PP_ 

Sluice valve $us  850 

Powerhouse $US 3,l¡00 $US 1,700 

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

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

$us 36,200 

GFAWP ^OTAL- ^U0 71.950 

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

$us 7,650 

*UF 19,050 
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T 2.     Simulated cost structure of an e^iva^nljnvestmenl^ro^ct.jnd 

Taking as reference the specifications of the Obrajillo pilot  hydroelectric micro- 

plant  (19.2 kW),  and excluding duplications  required for an experimental plant, ve can 

determine the approximate cost  structure for an equivalent investment project,  as 

shown in table 1. 

For the estimates ve 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 a purely indicative value, not  only because of 

their approximate nature but also because the anount of investment needed depends on 

the specific characteristics of each investment project,  comparing the costs oi 

conventional technology with the costs of the technology developed for the conditio», 

in Peru shows an investment cost ratio of about  3.8 to 1 and, in the case of the main 

electro-mechanical equipment,  advantages of U to 1 in favour of the technology 

considered for the project. 

7.3    TWw-tion cost of electric energy 

(a)    Energy to be produced 

With an installed capacity of 19-2 kW, two hypotheses are assumed: 

TABLE 2.     ENERGY GENERATED 

First hypothesis 

Second hypothesis 

Annual hours of 
operation 

3,000 

5,000 

Average load 
(percentage) 

80 

90 

These results are calculated as follows: 
. avprftge percentage load 

kWh/year • P (kW) x hours/year x 100 

Energy generated 
(kWh/year) 

1+6,080 

86,0U0 
_J 
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(b)    Annual cost of production 

In a hydroelectric micro plant,  annual costs are virtually fixed and .\lmost 

independent of the amount of energy genera,3d. 

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 )    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. 

Present value x interest/100 19,050 x 0.1 Annuity = =  K'  r  

•<• *TTC   n   r\nn ÍUS 2,020.81 

(2)    Repairs 

An amount of 1.5 per cent of investment is assumed. 
0.015 x 19,050. $US     287.75 

(3)    Insurance 

An amount of 1.2 per cent of the value of equipment 
is assumed.    0.012 x 7>650. $US       91.80 

(U)    Sundries 

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

(5)    Wages 

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

1 worker x $US 65/month x 12 months x l.U $US 1,092.00 

Wages paid 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 3,5U9-51 
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(c)    Unit cost of energy 

This  is obtained as fellows: 

Unit cost ($US/kWh) =^Al.^nua^c^v($US) 
Energy generated (kWh) 

TABLE 3.  UNIT COST OF ENERGY 

First hypothesis 

Second hypothesis 

Energy generated 
(kWh) 

1+6,OGû 

86,01+0 

Total annual 
cost 

* 3,5^9.51 

$ 3,5^9.51 

Unit  cost 
($US/kWh) 

0.077 

O.oUl 

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 town.     Assuming use of bare  copper wires  and eucalyptus poles supplied 

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

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

as shown in table h. 

TABLE h.     IMPLICATIONS FOR ENERGY COST OF INVESTMENT 
ON THE LOW-VOLTAGE LINE 

First hypothesis 

Second hypothesis 

Energy 
produced 

(kWh/year) 

1+6,060 

86,01*0 

Annual cost of the wire 
(interest  + amortiza- 

tion) 
($US) 

661 

661 

Additional 
unit cost 
($US/kWh) 

O.OlU 

0.008 

Total unit 
cost 

($US/kWh) 

0.091 

O.0U9 
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i.       PROSPECTS FOR TJS2 

3.1.    Advrntaf -'s and ,l¿m taUoiis_ of_ el petrification of irolated rural 
£2ÍEl^JL^.ti:LJlgÍ^,>ffl.^-.Ji¿^oglectric plants 

In the case of Pera, the td/outages  are as follows: 

(a) Wide av*ilar-.lity of watei« resources which can be exploited on a small scale; 
hitjli heed,  in the Andean range  and large flows in the forest  region; 

(b) Low op^rrt.'.n^ nosJ;s, 

(c) Ease of maiatcnuice • 

(ù)     Proven •it'jlii.oi.igi-.'s -ibich require only diversification and adaptation to 
spec:.fia conditions., 

(e)     In tho c,3¿ of small  capacities,  it  is possible to use the water for both 
irrigation and generatici: of electricity. 

The nain liait :.nf f.-o tors .ve  ohe  following: 

.a)     Kijh inv^eme—!, cof.tR b? comparison vith the small capacities  installed; 

(b) K\ph co-.t  of c:£iF.va+ion and inlet and channelling works, if used only for 
the. geneivtiou of oj.sctrioit-j- 

(c) Inade¿uac, ceTCToment of domestic production of equipment;    high price; 

•,d)     High COSO n" fe.isiolLit;- ani engineering studies, 

(e) Ilifeii ¿ort  .if pv-3Bure tvbing; 

(f) LiUl-^kT.ovle.Ve of rural demand for electricity and the small-scale hydro- 
electric rciourc^s  srailableJ 

(t;)     Dxfi"i..;'jlt'r ••jf otaiuine,  finance on easy terms- 

(ix)     Shorta«.1":- c^ s:::'.llev,  »orke;.v  in rural   areas. 

&•2    Pyospaovs .^LJ'f?,^^^technology developed 

Chapter 5 indicates th- ar\in implications of the technology developed within the 

•c-cpe of the project w..ier invalga" ion, whose prospects for use are indicated by the 

f.o.-louing- : 

(a) A Pu\T.tc.nt5?:-  v'duoflo.i in the initial investment required has been achieved. 

(b) It i¿¡ possible co rir.uufac-.ure  all the equipment for small hydroelectric 
piente domna-óicollv (vitti the exception of instruments), at competitive 
prises^ensuring adequate nuaxity and prompt delivery.    Additional 
industrial   investr^n» is net required. 

(cO     It tar betr. ros3ibl"> to define parameters  for the standardization of 
equipirer '.-•   .-îcmvonent*.. 

(d)     Sp'ici-lit.tr r.nC technician*  able tc cope with all aspects of the problems 
raisea by sua.u. livarc-Isstrie  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 

cechnology for the equipping of hydroelectric micro-plants, 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 ran^ nf qn ^nn w    « ,.   . 
Andean region  (high heads); * 5°~50° *' f°r condlti°• in the 

Hydroelectric micro-plants in the ranpf» ftf ç  ^n MJ    * J.J.. 
region (large flows and low heads) 5"5    *"' f0r Condltlons in the forest 

Design and manufacture of hydraulic ram pumps • 

SSSS'ÍTrS^JT1* t0r eleCtricit^ -d availability of hydroelectric 

(b) The Ministry of Energy and Mining is taking action aimed at initiating 

a programme of rural electrification using small hydroelectric plants. 

(c) Electrical interconnection 

Peru is a country with an eitremely irregular terralni ^ .^ ^ ^^ .^ 

» »catterà in amai!,  isolated villages with few inhabitants, making it impossible to 

carry out rural electrification by interconnection with the high-voltage grid because 

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

Nonetheless, for many rural uses, the establishment of a small medium-volt age 

interconnected system linking a group of neighbouring communities and making it 

possible to take advantage of the economic benefits of generation of electricity on a 
large relative scale is feasible. 
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Q.k.    Cost of energy 

The sale of electric pover is governed by a system of rates laid down at the 

national level which 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 ¿-ural 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 

METHOD OF PRELIMINARY CALCULATION FOR TIT DESIGN OF A HYDROELECTRIC MICRO-PLANT 

This annex sets forth some basic design principles for 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- 

pi int 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 (k.2)  for the  second phase,  installed 

capacity will ber 

P = 16 kW 

(b) DETERMINATION OF THE GROSS DROP 

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 : 

HB = 56 5 m 

(c) DETERMINATION OF THE TUBING PROFILE 

In accordance with the  results of the topographical  survey    the length of the 

tubing is 

L = 115 r 

Taking into account the losses of head in the accessories,  for purposes of the 

calculation the  following length is assumed: 

LT = 125 m 

(d) PRELIMINARY SELECTION OF THE ALTERNATOR 

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

is assumed: 

60 c/s5  1,800 rpm  (four poles) 

20 kVA generated 

Cos 0 =  0.8   (assumed) 

Efficiency = 0.35 

4 
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(e) CALCULATION OF FOWER 

Power generated = kVA x Cos 0 

= 20 x 0.8 

Power generated = l6 k\7 

Assuming an alternator efficiency of 0.85 the pover transmitted at the generator 

-ill be; 

Power transmitted = TC pv = i^_-JS2_ kW 

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

brake will be: 
P - 18,82 
T   0.95 

P = 19.81 kW = 26.31* hp 

be: 

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

p   - 19--81 
II YD   . 95 

= 20.86 kW = 28.36 hp 
JEffi. 

Assuming a hydraulic efficiency of the turbine of 0.8, the power absorbed by the 

power-station will be' 9n of 

P._- = 26.07 kW = 35.U5 hT) 
Aro 

(f)     CHARACTERISTICS OF THE TUBING 

PVC tubing - class 10  (15O pounds) 

Nominal External Internal 
diameter diameter diameter Thickness 

(inches) (mm) (mm) (mm) 

2 6O.O 53.0 3.5 
2 1/2 73.0 65.O fc.5 

3 88.5 78.9 h.3 
U llU.O 102.0 6.0 

5 IM, 8 126,0 7.5 
6 168.O 150.2 8.9 
8 219.O 195 8 11.6 

10 273.O 2UU.0 1U.5 

12 323.O 291 16 
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Length of sections * 5 m 

on) (25°C) = 5- 
2 

Breaking strength (tension) (25°C) = 5-5.2 kg/mm 

Breaking strength (bending) =7-9 kg/mm 

Breaking strength (compression) = b-7 kg/mm' 

For operation under pressure, at 20 C, a safety factor of 5 is 
recommended. 

5 2 Working strength - - = 1.0 kg/mm 

Density of material = 1,1+3 

(g) CALCULATION OF L0SH OF HEAD BY FRICTION NET DROP AND FLOW BY ITERATION 

For each size and type of tube, the sequence followed is: 

(1) Calculation of flow 
v 

o -  . "HYD 
* ' 9T0Ö7 7HYD Hn 

PHYD = hydraulic power of the turbine (kW) 

•yn HYn = hydraulic efficiency 

H = net drop (m) 

0, = flow, m /second 

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

(2) Calculation of speed in tubing. C (m/sec) 
g 

r - k  x 10 ' Q c - 'mi?— 
Di = internal diameter of the tubing  (mm) 

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

h    = (o.U893 + -°4P + 
2-J209    ^ w      v        y. \fDT'"'      -VCTT     Di 

L_ = equivalent length of tubing  M 

(h)    Calculation of net usable drop., H    (m) 

H    = H_-h n        B    w 

IL. * gross drop (m) 

(5) Iterate to point 1 with the new value of H , and so on, until Q has 

been ascertained to a given accuracy. 
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(h) ASCERTAINMENT OF MINIMUM THICKNESS, eMin (mm) 

eMin = 0-001Tcf- 

I       c- 
CT = designed strength, kg/ram' 

H = maximum equivalent height (m). For our purposes, we 
T  assume a water impact superpressure of 30 per cent, thus- 

FTBl-3HB 
Simplifying and replacing tL5 we have: 

tí n-i 
B 

e .  = 0.00065 ~xr- 
Min 01 

H3DÌ 

TD 

Compare the minimum thickness with the real thickness of the 

tubine under consideration. 

Tf p    x  e„ , scrap the tubing. 11 eMin /  Real 

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

VI « --s?« K    e (Di + c) WT  1,000   T 

S)    = density of tubing material 

(j) DATA PROCESSING 

Using a programme for micro-plants, the data in respect of the above points were 

processed for various sizes and types of pressure tubing. 

(II = 56.5m-. P,T = 1* kW, LT = 125 m) 

r, .0.8,  71,-0.95,  ^TB-O-SS.  ^A-°-85 

PVC tubine - class 10 (150 pounds) 
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Nominal 
disaster 

Diameter 
(im ) 

e 
(mm) (m) 

U.82 
l.lU 
O.376 

Hn 
(m) 

51.68 
55.36 
56.12H 

C 
(m/s) 

2.903 
1.595 
1.013 

Q 
(m3/s) 

0,051^ 
0,0U802 
O.OI+736 

^min 
(mm) 

5': 

6 
8" 

10' 

126.O 
150.2 
195.8 
2UU. 0 

7.5 
0.9 

U.6 
U.5 

7.17 
9.35 

11.65 

(k)     SELECTION OF TUBES 

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

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

(1)     FINAL SPECIFICATIONS 

P =16 kV 
inst. 

Cent. -      O.6137 

Gross drop Hfî        =      56.5 m 

With PVC  (150 lb)   tubing and 8    nominal dia. 

Length L *      115 n (125.0 n for friction) 

Loss of h^ad hw    = 1.1 m 

ìleo drop H     =   55.36 m 

Flov o        =  O.OU8O n3/second - 1+8.0 litres/second 

(m)  SELECTION 0^ TURBINE 

General considerations 

The type of turbine to be used in each case is determined by the 

specific speed (n or n ) which corresponds to the operating conditions 

given by the capacity» head, speed (r.p.rt.) and efficiency. 

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-B*nki turbinai 

~+* kf I    ' i *; '- 

wi 

j_f 

For reference efficiency n. « 80# 

TYPE OF TURBINE 

Pelton with single nozzle 

Pelt on vith 2 or more nozzles 
Michell-Banki 
Slow Francis 

Normal Francis 

Rapid Francis 

Propeller and Kaolaa 

n. 

10-29 

29-59 
29-220 

59-121» 

12fc-220 

2?0-M0 

3^2>-980 

3-9 

9-18 
9-68 

18-38 

38-68 

Ä2-.3L 
Jg2=m 

H nax. ade. 

1.800-UOO 

kQQ-l'iQ - 
1»00~80 

350-150 

150-80 

ttHMl 
Jd 

Figure A.1.1.    Selection of the type of turbine according to operating conditions 
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There are two expressions for specific  speed.    The  first is dependent 

on the efficiency of the turbine, its formula being: 
„ 1/2 

ns = NìT17r 

Where 

F • net capacity in hp 

H    = net drop  (n) 

N = Speed  (r.p.m.) 

The second specific speed allows us to establish similarity criteria 

independent of the output., and is shown as follows. 

Where 

•a 
Q * m/s 

The following relationship between the two specific speeds can alio be 

deduced : 

n * n /1000 vi „ . 

In this formula: 

"^Hyd = turbine efficiency (fraction) 

In our particular case we consider: 

-yl „  , • 0.8,  so that we have : j tiya 

n    = 3.266 n s q 
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The Miche'.l-3anki_turbine 

turM^-r^nH^^ f e ^o3s..f,ov,  radial entry, part i al-admis s ion action 
turbine,  er  essential  îeature be,nf; that  e  larSe flow of water of rectangular 
section a,npinS«s on '.he re tor blud.s twice.,   in a double-effect action 
^-->ee  ng.   .v._,d j . 

»Hr.hrÎT? T  *OÍ-  Cí  VÍ" °y th£  BP-^-'ic munbei- of revolutions, the 
P" ^^^-"^ShC ?ltld ^"sed between the double-injector rUA •   our. i.».,    .nd ...i-5  clow  Franc ir: 'oiutine. 

advance oVo^--^  ^T1^^« of ^e variable-load turbine, this has the 

T^Tto%^^^^^ ^ ft broad rariGe of *-.in a — 

,ubsta"?M°f ho^rheT,
arP-1-ÍCa-ÍOn^ áerÍVea  from the Pr°Ject are characterized by 

íubf X^    •'J   rieC.rC ^ la ,Jt8i^inC the turbine with partial suction 

"c, la", theeocw7aS,e :r;UffUl h0a(1 VÛUld b0 mûrsina1' raisin* the cost and i-.ci-aoinu the romplezity oí the machinery unnecessarily. 

^l^.p^-^n__t_urbir.c_ 

rT•J*ÍS  "^ \clE>ssip?:1 ^^P-1-«5 of « tangential-flow action turbine whose 
operation zc characterized, by the impulse provided by the jet of water expelled 

Its use io >vst.r->tc-d to tho lower ranges of specific speed. 

m*  Ítí^-e",^'0^ d:3P°ñltÍOn^the aXle "ay be Vertical or horizontal,    lor 
ïowleÎ'     ¿ht £ '"    -     °ap^"les tne •*•* «* designed with two or more 
nozzle.      xni3   ,a,  r  it penible to reduce the size of the runner but  it increases 
its complexity, L.riniy in regard to the reflating system. «creases 

with a°--n"le
PnJ?7?c'inf-°^ i•^  • *" '^ considerine p^ton turbines w..oh a .jüüle   ic.zl-.ov   .ajectn:.- and vn.th a horizontal axle.     See fig,   A.1.3. 

-guidon ^r*?TTTr~il^  preUraiua^ iSSumed that there will be automatic 
::f^/'Z'.r7       r-!j °X  a ûf^ec!^ .  *'ä further manual adjustment, by means of a 
i.i.wUX'J     Vili. \ t 

the  ^Ic^fforSrL0" re*oluti*M  f0r a 'acheai-Benki turbine is obtained by 

where 

N    = rotati an sp^ed of the turbine  (r.p.m. ) 
Hn = nc¿ ü--'-ctiv« drop  fia) 

Do = extern il diameter of the runner (n) 
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Figur« A. 1.2.    Micheli-Banki laboratory turbine 

Installed at Obrajillo - Canta 

c-    -o 

jS 
Al.L .a ¿» 

INYECTO» 

- -1- r¿ - ! - v.-- • o>y, yg    o\ / 

li'rtVi • i.*i >'""T -Vf ^JW 

IlAS'lOOH 

F?.   A      12 



Figur« A. 1.3*    8ingle-noBBl« 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: 

n - 39-79^55.36 
0.2 

N = 1,U80 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: 

lq.U5   \/ifa 
D 

P 

where 

D   • Pelton diameter (m) 

N • 

This formula is deduced from the theoreticl considerations relating the 
optimum'speed to the net drop and assuming typical 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 

UI.U5   V55.36 
'-To 

N a 51^ 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 turbines 

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 

n    = 52.20 
8 

nq » 15.98 

Pelton turbine 

n    = 18.13 

n'-    5.55 

These are within the typical application ranges. 
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