Master Plan Studly for Rural Electrification by Renewable Energy in the Republic of Peru

Collecting Data
on the Site

Before visiting the site and in addition to having a map, it is important to obtain the
minimum equipment needed for the most accurate evaluations, as well as informa-
tion on the access and other characteristics of the area. It is recommended that the
visit should take place during the month when the river is at it lowest stage.

4.1 Measuring Heads

There are various ways of measuring heads, the most popular being the alti-
meter and the level hose. recommended for small heads. A carpenter's level
is appropriate for intermediate slopes and short lengths; the inclinometer and
tape measure are quick and advisable for all slopes and lengths: the topogra-
phic level is quick but the most expensive. Of all these, the topographic level is
the most accurate. The accuracy of the inclinometer can vary up to 5%, depen-
ding on the skills and ability of the operator: its advantage is that it takes less
time, is inexpensive and quite acceptable for a pre-feasibility study.

The inclinometer method will be explained, as apart from obtaining the head
with the data collected in the field, the ground profile can be drawn so that the
penstock can be designed.

Inclinometer method
The following is required:

v linclinometer

v 130to50m tape measure
v 1 caleulator

v | notebook

v lpen

v 1chopper

v Woodenstakes

v Atleast 3 people. including the operator

The method consists of measuring the vertical angles with the inclinometer and
the distances with the tape measure to obtain partial heads. The total head is
equivalent to the sum of all partial heads. The measured angle is formed by the
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horizontal and the visual in the direction of the measurement. The reading of
the angle is obtained in the angular scale in sexagesimal degrees on the incli-
nometer. Begin from the powerhouse towards the head tank or vice-versa. For
recording data, it is advisable to have the following table prepared and make a
note of each section in the ground profile

FIGURE 24. MEASLUIRING THE HEAD WITH AN INCLINOMETER AND A TAPE MEASLIRE

Angle reading scale

Herizontal

Stakes: L 23
Bizeances: dl. . d2
Angles: @l @2
Partial heads- h | h 2
Total head: 1

For a definitive study. the topographic level or theodolite method should be
employed. in order to obtain detailed level curves for the exact location of the
head tank, the powerhouse, the tailrace channel and the complete design of

the penstock.

Numerical example:

2 19.50 38 12.05 12.05
23 25.75 36.5 15.31 27.36
3-4 20.44 42.5 13.51 40.87
4-5 15.80 29 7.65 48,52

The total head is equivalent to the sum of the partial heads or the last accumu-
lated head: 48.52 m.
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4.2 Measuring the Flow

The volume of the river is measured upstream from the site of the intake weir,
preferably during the dry season. There are various methods of measuring the
flow. such as the current meter, the salt solution method. the spillway, the
floater method, the container, etc, The application of one method or another
depends on the equipment available, the ability and experience of the people
involved and the technical conditions recommended for each method.

Container method. This is very useful for small flows of less than 30 or40L/s, 1t
involves creatinga jet in the course of the river. The entire flow must go though
the jet into a container with a specific capacity in litres. The time it takes to
fill the container is registered with the stop watch. This should be repeated at
least three times. The measured [low will be the capacity of the container in
litres divided by the average time in seconds. To create the jet, advantage can be
taken of waterfalls in the river or watercourse, if it has sharp slopes. Otherwise,
another method must be applied.

The following equipment is required:
« 1 container with a specific capacity in litres
v lstopwatch
v 1plasticsheet 1 ¥ 2m

v Basic tools (pick and shovel)

Floater method. This consists of measuring the superficial speed of the water in
my/s in a straight and uniform section of the river, and determining the area of
the cross-section in m’. The flow is equivalent to the result of the section area
times the superficial speed and a speed correction coefficient. The coefficient
is generally 0,60.

The following equipment is required:
v 1 pick
v 1shovel
v Ostakes
v 30mofrope
v 1 graduated wood or metal 1.20 m ruler
v 1 20m tape measure
v | notebook
v 1 [loater [empty bottle)
v 1stopwatch
v 1 pairof rubber boots
v 1caleulator

v Atleast three people

<

1 chopper
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Procedure:
a)  Selectastraightand uniform section of the river.
b} Clear the river bed of any brush and removable stones.
¢ Takeadistance L and mark itwith stakes along the river bank.

d) Determine the section of the river and the wet area: measure the width
of the river at the level of the water surface and several depthsatequal
distances. Then take an equivalent area of a familiar shape, like the
one shown in the following figure, to make it easier to use the area
formula.

e)  Measure the superficial speed of the river water in the considered sec-
tionand calculate the time it takes the floater to travel along the selected
distance (at least three times).

f}  The measured flow is calculated with the following formula:

Q=AxVxK

Where:

A= wetareaof the river
V= superficial speed of the river water

K = speed correction factor = 0.60

FIGURE 25 FLOATER METHOD FOR MEASURING THE FLOW

/4-\/ .

A =A'=Wetarea of the river
A" = A, for easier calculation
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The calculation process is explained in the following figure.

Numerical example:
D=1om

Travelling times to distance L:
T,=15445
T,=16.10s
T,=15925

AveragetimeT=1582s

Superficial speed =0.63m/s
b=6.80m

Depths:
d, =0.00m
d,=05m

d3 =0.26m
d,=018m
d.=000m

Calculation of the area:

le S|
>

= 170 170 1,7 1,7

AZ

Al =0.70x0.25/2=0.21 m’

A2 =((0.25+0.26Y2)1.70 =0.43m*
A3 =((0.26 +0.18)/2)1.70=0.37 m?
Ad-=(asx1.70/2= 015 m?
A=116m?

Flow Q=16mx0.63m/sx0.80=0.438m%/s

This flow corresponds to the river during the low stage, measured on the site.

Estimating the maximum flow. Other parameters must be evaluated in the
same place. such as the slope of the river and the depth of the water surface and
the level it reaches during the rainy season. This can be obtained by observing
the track left by the water on both river banks or by talking to people who live
in and are familiar with the area. Among other data. a note should be made of
the quality of the soil in terms of its stability for designing the intake weir.
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Follow the procedure below:

a)  (Calculate the river slope with an eclimiter and a measuring tape.

b Calculate the area of the river section based on the new water surface
and the recorded depths.

¢} Applythe Manning formula to find out the speed, bearingin mind the
parameters involved: area, perimeter, hydraulic radius (Rh), river slope
(s} and the rugosity coefficient (n) . in accordance with the material
comprising the river.

1
V==R,
n

I
SZ

Wl

d)  Apply the [low formula as in the previous case.

Q=AxVxK

4.3 Calculatingthe Power
Generated (Installed Capacity)

The power generated is calculated with the actual head and [low data obtained
in the field. To this end, preliminary sizing should have been done, to give an
idea of the type of turbine to be used. Also, data on the demand should be
available for comparison purposes. The power capacity can be obtained with
the following formula:

Py =n.Mg.n;v.OH

Where:
PE = Electric powerin the generator terminals
P = Powerin theturbine hub, kW.
Q = Turbineflow, ™/
H = Netheadinm
Y = Specific weight of the water, 1.000k%1:
n = Efficiency of the turbine, non-dimensional
M = Efficiency of the transmission, non-dimensional
Me = Efficiency of the generator, non-dimensional
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4.4 On-Site Survey for
the Distribution Line

The survey must consist of a study of the loads and the estimates for establis-
hing the electric power demand. The objective is to analyze the consumption
and then the anticipated demand in order to find a [air balance between the
supply and the demand. 1t is not the idea to accurately establish what will ha-
ppen in the future, but to establish a reasonable working theory for calculating
the values that will probably be adopted in the area.

441  StudyoflLoads

Divide the existing loads by sectors, in accordance with the domestic, com-
mercial. non-industrial and industrial consumption. and the special loads to be
pinpointed in the respective map.

44.2  Estimating the Electric
Power Demand

Estimates should be made for a period of 20 years.

a) Based on data from the census, estimate the number of people in order to
obtain the growth rates, which may be obtained from the statistical entity.

Use the [ollowing formula for the estimates:
— n
P. =P,(I+1)

Where:
Pf=FinaI population
PB= Populationin the firstyear
t=Growthrate

N =Number of years from the beginning

bl With these statistics, calculate the average number of people per home
and then the number of homes in the area.

¢ The numberof subscribers iscaleulated takinginto consideration the ratio
between the number of subscribers and the number of homes

10 4" i e
Electrification coefficient = N® of subscribers

N® of houses

In an area where there is an electricity service, the initial electrification
coefficient can be determined by dividing the number of current subs-
cribers by the number of homes obtained in the survey, Where there is
no electricity service, an electrification coelficient of 0.10 and 0.20 can be
estimated, providingit is justiflied.
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d} Specialloads. These are determined based on the survey of medical posts,
nursery schools, primary and secondary schools, police stations, commu-
nity centres, municipalities, churches, etc.

el Todetermine the domestic consumption. use table 8. It may be higher or
lower dependingon the consumer habits of users and the actual time the
appliances are used.

f) The netload is the sum of the loads abtained in the previous points.

g The grossload is the sum of the total net load and the losses in the distri-
bution system, estimated at 10% of the total net consumption,

h) The maximum demand. the value of which is determined by dividing the
gross consumption by the number of hours of maximum use, is estimated
consideringa continuous service.

i) The total estimated consumption of the area is obtained by multiplying the
number of estimated subscribers for each year times the unit consumption
persubscriber,

44.3 Methodology for
Estimating the Demand

The methodology is based on the estimates of the power consumption and the
maximum demand, which is small and medium sized towns are based on es-
tablishing a growing functional relationship between the power consumption
per domestic subscriber (kWh/subscriber) and the number of subscribers esti-
mated for each year. This ratio takes into consideration that the urban expan-
sion resulting from the population growth rate is closely linked to the develop-
ment of productive activities that lead to better income levels and, therefore, a
per capital increase in the consumption of electricity.

Main factors to be considered:
a) Percentage growth rate
b} Initial electrification coefficient
¢ Tinal electrification coefficient
d) Initial domestic consumption per unit (kWh-month).
el Consumption growth rate peryear
f) Consumption growth rate per year
g} Consumption growth rate per year
hY AP factor in kWh/user-month
i} Percentage consumption for general use
ji Percentage of losses
k) HGEU (Hours of gross energy use)
I! Increase of HGEU

Final Report Volume 3

I\V-227



Master Plan Studly for Rural Electrification by Renewable Energy in the Republic of Peru

4 Table 8-1 Form 1

INFORMATION ON EXISTING SYSTEMS

LOCATION:

TECHNICAL DATA:
Public Private
Domestic Commercial
Industrial
PRIMARY GENERATOR:

| Good | I Fair

| Poor

=

| Good | | Fair ‘ | Poor

@ O
2 =
2 >
=}
=
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Table8-2 Form2

I |

DEMAND FORECAST
LOCATION:

Estimated length of streets Principal (KM)

N° of blocks

Estimated total area of village Has

N°shops

Small manufacturing

Institutions

Municipality

Public Schools
Private Schools
Preschools

Medical posts

Community centre

Courts

Technical institutes

Police Station

UNUSUAL LOADS
TECHNICAL DATA:

Public Domestic
Private Commercial
Industrial
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Preliminary
Design

5.1 Civil Works Design

5.1.1 Design of the Intake

The intake should be located on a straight stretch of the river. This section
should be as uniform as possible, with uniform width and slope, and both banks
should be stable. A curved section should not be chosen because the flow rate
in the convex part is higher and rises during the rainy season, while the concave
part fills with sediment, making it unsuitable for a water intake.

The design of the intake consists of choosing dimensions for each element in
accordance with the design flow rate and project characteristics. When the topo-
graphical conditions and characteristics of the river are favourable, the type of
intake most often used in mini/micro hydropower projects with an intake flow
rate of 0,600 m?/s or less is the mixed barrage.

(1) Retaining walls

The conventional material for the training walls is simple concrete with up to
40% large stone. The design must meet three conditions for it to be stable, as
shown in table 9.
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1. Overturning

TABLE 9. DESIGN OF THE RETAINING WALLS

%ﬂf =2

IMe = Sum of moments of stabilising forces
My = Sum of moments of forces causing overturning

f

==2
Et
Sf=pN
[ = Friction between foundation seil and the concrete base of the wall
u= Coefficient of friction
N = Total reaction of soil at the base of the wall

E:=§1 xKaxyxH*

2.Slippage Et = Active thrust of soil lzading to slippage
Ka = Thrust coefficient of soil
Cos® —+/Cos™® —Cos’$p
Cost ++/Cos™® —Cos’¢
8= Angle of the soil to the horizontal
(slope); in some cases this value is zero
¢ = Internal friction angle of the soil (laboratory tests)
y = Specific mass of soil; may be T/m* Q in kg/m*
H =Total height of wall (in m)
Consists of verifying: O soil admissible > Omax > Omin
N 6 xe N|, 6xe
omin = —[ - —] omdx = —r1+—-I
Bl B Bl B
O min = minimum force transmitted by the wall and part of the soil over the footing
to the foundation soil in kg/cm?
) omax = maximum force transmitted by both the wall and soil to the foundation soil
3. Slumping in kg/em?

B = Base of the wall in metres
e = Lccentricity in metres

FMo = Sum of moments with respect to the centre of the base, of all the forces
involved: stabilising and overturning
M = Total reaction of soil on base of wall
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FIGURE 26 DIAGRAM OF FORCES AND PRESSURES ACTING ON THE WALL

N
ody
Foundation H
FPoint
Base
\4
|- B .
1< E
B = Base of wall H = Total height of wall

Example of cross section

Frm = weight of wall; Ps = weight of soil over back of wall; Et = active thrust af soil on rear of
wall; Ep = passive thrust; h = horizontal component of soil thrust; = friction between soil
and foundation soil and base; N = upward reaction of soil; 1 = angle of soil to horizontal

53

ié

(2) Mixed barrage

The mixed barrage includes a fixed component and a movable component. The
fixed component generally consists of reinforced concrete columns or slabs
embedded in the river bottom. The moveable part consists of timbers placed
in the channels of the fixed barrage. They are moveable to facilitate removal
of the material carried down by the river,

Before embarkingon the design, we need to know the depth of the river in the dry
and rainy seasons. The depth of those rivers that do not dry up varies between
0.20 and 0.70 m. Therefore the height of the barrage may vary from 040 to 0.60
m. The barrage structure as a whole lies perpendicular to the river current.
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FIGURE 27 BARRAGE PERPENDICULAR TCQ THE RIVER CURRENT

Treini Inlet
Training wall Height of fixed barrage T ¢

over the river bed

Water flow “hannel

5 [

Section A-A

S

Fived Barmgeﬂ

Plan of water intake

Training wall

(3) Waterintake

The water intake is located in one of the training walls. The lower sill should be
at least 15 cm above the river bed. This measurement depends on the size of
stones carried by the river in the rainy season. It should lead to a security grill to
prevent stones larger than 3" from entering the channel. The intake is generally
rectangular, In the dry season it is partially submerged and in the rainy season
it is completely submerged,

The following formula is used to calculate the dimensions of the intake:

Q =C xLxh"’(5.a)

Where:
Q =designflowrate
C:discharge coefficient, equal to 1.6
L:Iengthoftheintakeand

h= height of water entering the intake under normal conditions.
See Figure 28.

72 | Mini-Micro Hydropower

Final Report Volume 3

IV-233



Master Plan Studly for Rural Electrification by Renewable Energy in the Republic of Peru

FIGURE 28 WATER INTAKE

0,50 L

L
N ey
\‘ FN
r‘ h
0,20
o A

h = height of water in inlet during dry season
If, @ =0.300 m*/s, h =0.30 m, C = 1.6 from formula 5.a,L=1.15m
Sothatt=h+005m=0.35m

{
Ilil?/l

lateral spillway envisaged in the channel.

g xR A

S|

X

Under flood conditions the inlet is submerged. The dimensions of the inlet do not change, but the dimensions of
the inlet channel should depend on the increase in flow rate, which may be 30% to 60% more, and in addition a

~—
-

the river bed near the intake is protected with a concrete slab. which also ensu-
res the stability of the barrage. Upstream and downstream of this slab is a stone
channel resting on a pavement of 1.6 grouted with a 1:3 cement sand mortar.
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51.2 Inlet Channel

The purpose of the inlet channel is to take water [rom the intake to the head tank.
It may be open orclosed, and is generally rectangular, trapezoidal or circularin
cross section, The characteristics of the channel are shown in figure 29,

FIGURE 29 INLET CHANNEL

}( Flatform ){

- .
“ourse of channel

excavated

. Course of channel

" excavated

Geomeltric elements

Hydraulicelements

Wetted perimeter: P=b+2y P=b+2m

Area: A =by A= m}
2
) o A A
Hydraulic radivs: = R=2Z
P

hTq N ——

Slope: § = Tangent of the angle formed by the vertical projection h and the horizontal q
of the length of the channel.

Roughness: n depends on the lining material of the channel. See roughness table.

Final Report Volume 3

IV-235



Master Plan Studly for Rural Electrification by Renewable Energy in the Republic of Peru

The flow rate in the channel is equal to the product of the wetted area and
water velocity.

The general formula is: @=AXV

Where:
A=wetted areainm?
V =velocityinm/s

Q=flowrateinm¥s

The velocity of the water is calculated using Manning's formula:

1

. szjsfﬂ
n

Vv

Where:
N =Roughness coefficient of the lining material
R =Hydraulicradius
S = Channel slope expressed as the equivalent

decimal number (somuch percentor so much per thousand)

Circular cross section channels are generally plastic pipe in which the water depth

is 0.75D.

The flow rate is calculated using the following formula:

+8/3 1/2
Q=28,4xDi"""x5

Where:
Di = Inside diameter (m)
Y = water depth (m)
n=00
S =slope
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TABLE 10. ROUGHNE

55C

OEFFICIENTS: N

Clay 0.013
Sand and gravel 0.021

Irregular rock 0.045
Stone and cement masonry 0.020
Concrete - fine finish 0.010
Concrete rough finish 0.014
Irregular concrete 0.020
Planed timber 0.01

Rough timber 0.0125
PYC pipe 0.010

Example: Calculate the cross section of a rectangular channel to carry 0400 m'/s,
with a slope of 2 per thousand, lined with fine-finished concrete,

FIGURE 3

. RECTANGULAR ¢

SS SECTION CHANNEL

BL =0.18m

I b=083 m

“

y=043 m

1 080 | 040

0320 | 160 | 0.20 | 0342 | 0.014

7142

0.002 | 0.044 1.07

0.343

2 086

0.4%

0369 | 1.2 0214 | 0362 | 0014

£1.42

0.002 0.044 103

049
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The data are obtained [rom each attempt until the design [low rate is reached

using the respective formulae.

Assume a value of b

0.80. which is the depth of the water: it is recommended

that this should be one half of b (rectangular channel with maximum hydraulic
efficlency): thenP, A, R, Vand Qare calculated.

The known values are S, and the value of n is taken from the table roughness

coefficients,

The firstattempt gives us a value of 0.343 m’/s. Thereafter, as recommended, we
make asecond attempt assumingavalue of b= 0.86, then 043 mand so on until
the value of Q = 0419 m?/s is obtained, very close to the design flow rate of 0.400
m?/s. Finally, it is recommended that the freeboard should be greater than 0.15m
and the thickness of the channel not less than 0.10m.
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In example 2, if we want to calculate a channel with a trapezoidal cross section,
we follow the same steps using the data shown below. 1t should be remembered
that the maximum efficiency of a trapezoidal cross section channel occurs when
the walls of the channel forms an angle of 60° to the horizontal. For reasons of
geometry, when @ = 60° the depthy = 0.8661; T = 2b;b = m,

Details:
Q= o400m’s
S = 0002

N = 0.014 roughnessceoefficientforfine-finish concrete

FIGURE 32. TRAPEZOIDAL CROSS SECTION CHANNEL

L B=1247m N

BL =008 m

y = 0d5m

b= (.32 m

Calculation:

1 048 | 0415 | 096 | 0298 | 144 | 0206 | 0353 | 0014 S1Ar | 0002 | 0044 110 0.330

2 052 | 0450 | 104 | 0.351 156 | 0225 | 0373 | 0014 | 7142 | 0002 | (0.044 1178 0413

In this second attempt we obtain a [low rate of 0.413 m?/s. The freeboard is assu-

med to be equal to the previous case, and the value B = 1.247 m is obtained in
accordance with the assumed value of the freeboard and {rom the ratios with
respect to the angle 60°,

Example 3. Calculate the internal diameter of a pipe to carry 0.400 m'/s with a
slope of 2 per thousand.
X X

Use the formula Q = 28,4xDi**xS"?

3/8

0x400 =0,65m =26"

= —
28, 40x0, 002"

Of these three options the one with the lowest construction cost will be chosen.
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51.3  Settling Basin

The settling basin removes particles carried by the water, which are sedimented
out along the length of the inlet channel. It is usually placed after the intake,
alongside the head tank.

Elements of a settling basin:

FIGURE 33. DIAGRAM OF A SETTLING BASIN

L = lengthef
spillway
Q)
a = width
I.;/ e e .
I P < -
Li = =Lenath Ld = =Lengthof Ls = _, ength of
ofinlet decantation section outlet
Cleaning gate
Y | | d ] ||
¥ A\ A M ¥
Y1
¥
r
y =water depth in channel The length of the decantation section includes the
y, = depth at end of inlet sediment collection zene and a drainage system to
y, =depth at end of decantation section, including clean out the sediment through a gate.
depth of decantation and sediment collection  The spillway is connected to a channel which
d = height of lateral spillway in sand trap. automatically controls any excess flow that may occur.

The particles of sand, mud and clays deposited in the gettling basin have a de-
cantation velocity (Vd) and a horizontal velocity (Vh). Researchers in this field
have provided us with the following values:

01 0.02
0.3 0.03
0.5 0.1
1.0 0.4
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In order for the particles to sediment out, it is recommended that the horizontal
velocity of the water in the settling basin should not be less than 0.2 m/s or greater
than 0.4 mys. This is achieved by changing the cross section of the channel before
the settling basin, through the inlet. On exiting the settling basin the water achie-
ves channel velocity because of the law of continuity.

The formulae that enable us to calculate the dimensions of the settling basin:

Where:

Where:

a=_2
Vhxy

Q:Designﬂow rate (equal to that of the inlet channel), in m¥s.
Vh= Horizontal velocity of particlesin m/s.

Y =Depthofwater in the channel, in m.

ad=Widthof the settling basin over the length where sedimentationoccurs.

Ld:V—hxny
vd

Ld =Decantation lengthinm
Vh =Horizontal velocity of water in the settling basin, in m/s.
Vd =Decantation velocity of particles inm/s.

Y = Decantation depth; generally the same as the depth of water inthe
channel,or slightly greater,

F= Safety factor; varies between 2and 3

For practical reasons, the length of the inlet and outlet are the same as the width
of the settling basin.

Depthy, =y +(from 40to 60% of ).

Depthy, =y, +(from 4%to 5% of the decantation length).

In special cases the quantity of material carried by the river in the
rainy season has to be determined. then the quantity of {ine material
entering the channel, thecleaningperiod for the settlingbasin and the
minimum dimensions of the sedimentbagin.

These depths are depend on the level of the water controlled by the
lateral spillway. The totaldepths of the settling basin will be as calcula-
ted, plus the height of the lateral spillway, including its freeboard.

Example: Calculate the dimensions of the settlingbasin in accordance with the
design flow rate of the inlet channel, Q = 0400 m’/s, when the largest sedimen-
table particles are 0.2 mnm in diameter and the channel is rectangular in cross
sectionandy — 043 m.
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Details:
Q=0.400m%s
Vh=03 m/s (as recommended)
Y=0.43m
Formula:
Q
a=———
Vhxy
Calculatea,
0.400
a=————=3.10m
0.3%0.43

Calculate the decantationlength and depths:

Details:
Vh=0.3mss

Vd =0.03 m/s (from the decantation velocity table, for particle diameter
0.3 mmy)

y=043m

F=2 (in accordance with recommended range)

Formula:

vd

Calculate Ld:

0'3}; X0 43%x2 =8.60m

.

Li=za=310m=Ls
y1 =1.5y=15x043=0.645m
y2=0.645 +0.04x8.60=0989m

Calculate the height of the settling basin lateral spillway, including free-
board.

In this case the lateral spillway is envisaged [or use in an emergency in which
all water flowing into the settling basin has to be evacuated automatically
without opening the cleaning sluice. So. we apply the formula for wide-wall
free spillways:

Q =CxLxh"
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Details:
Q=0.400m’s
h=014m (@ssumed)
C=18 (discharge coefficient)

CalculateL=

=L 00 7m
T Cxh”L6x0.147

The following gives details of the final dimensions of the settling basin. The
depths include the total height of the spillway and {reeboard d = h + BL = 0.14
+ 0,04 = 018 m.

FIGURE 34. FINAL DIMENSIONS OF THE SETTLING BASIN

Dimensions in plan

L=4//m
)
a=310 m
}< e Sl S/
1€
Li =310m Ld = 860m Ls = 3,10 m

Dimensions of calculated
water depths

Gate of clean
|d=0,18 m [ A 4

y=043 m y=043 m

¥2=0.9

Total depths in sand trap
v !d—O.IB m v

0B25m
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For the cleaning system and emergency evacuation, the gsettling basin should
be fitted with a shutoff sluice before the cleaning sluice and a suitably prepared

spillway.

5.1.4 Head Tank

The head tank is located at the end of the inlet channel. Italso has a settling basin,
so that the water enters the penstock without sand particles that could reduce

the life of the penstock and turbine,

Components of the head tank

The head tank is prism-shaped. The penstock is located on one walland the water
enters through a safety grill to retain leaves pieces of timber, plastic bottles, etc.

Forsalety reasons itis permanently covered.

FIGURE 35. DIAGRAM OF THE HEAD TANK

Li = Length ofinler

SR

Ld = Length of decantation section

CC = Surge chamber

L= Length of spillway

CL = Cleaning gafe

R = Trashrack

Trash rack

. D] W
1\:

Height of spillway
Depth at end of Li, with respect 1o water level
= Depth ar end af Ld, with respect to water level
= depth of surge chamber with respect to water level
= Total depth of surge chamber
= Diameter of penstock
Distance from starf of k 1o bot,

B

af surge ch
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Dimensions of the head tank:

The dimensions of the head tank are determined by the following
practical criteria:

t3=r+4,5D

t,=t+d

D =diameterofthe penstock; determined by the design of the penstock.

I'=between0.15mand 0.30 m, independing on whether the pipe is sma-
llerarlarger.

The width and length of the head tank are the same as those of the
settlingbasin.

In the above example, the dimensions of the head tank are given below,
where the minimum pipe diameter is 045 m.

FIGURE 36. DIMENSIONS OF THE HEAD TANK

3‘] 310

| < 310 BED | |,3.‘I 0 o

015

Trash rack

— 0,15

7,405

[ =045
=020

Trash rack characteristics

The trash rack is fitted to the wall dividing the settlingbasin and the head tank.
and is mounted on the roof, The mounting is hinged and fitted with a safety
device, which should also allow access to the head tank for maintenance and
cleaning,

In general, grills have a stainless steel frame and steel bars, the distance between
which isless in centimetres than the diameter of the turbine nozzle, if itis a Pelton
turbine, or that recommended by the turbine manufacturer.
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5.1.5 Penstock

The penstockis also called the pressure pipe, beinga closed conduit carrying water
under pressure from the head tank to the turbine in the turbine hall.

Its cross-section is circular, and modern mini/micro hydropower plants use high
pressure PVC, which is lighter, easy to install and cheaper than steel pipe, When
the head is greater than 150 m, steel pipe must be used for the lowest section.

1t is recommended that the penstock should run in a straight line. Changes in
direction in the vertical plane will depend on the topography of the terrain.

PVC pressure pipe is buried and where it changes direction PVC plates made
according to the pipe profile are fixed ta it,

FIGURE 37. INSTALLATION OF THE PENSTOCK

Legend:

Soil profile

Penstock profile

Length of each section of penstack
0= Angle or change in direction of penstock

CC = Surge chamber &}

CF = Generator hall L,

(1) Design of the penstock

The design of the penstock consists in determining:

a) The profile of the pipe dependingon where the head tank and generator
hall are to be built and the profile of the terrain.

b} The diameter and thickness of the pipe, depending on the pressure
and overpressure it has to bear,

Toobtain the profile of the pressure pipe, the profile of the terrain is first drawn,
then the route of the penstock depending on the material chosen. If the pipe
is to be PVC, it should be buried to a depth of 0.80 m in accordance with the
manufacturer's recommendations. If it is to be steel, it runs overground resting
on concrete supports, and in both cases it is secured to the terrain by anchors
[concrete blocks).

84 | Mini-Micro Hydropower
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The profile of the pressure pipe provides important data, such as the following:

Changes of direction expressed in degrees, to determine the curves
necessary.

Length of each section of the pipe
Location of the anchors and supports.
Location of the head tank and generator hall.

- The vertical distance between the contour at which the generator hall is
tobe builtand the riverlevelin the rainy season.

The gross height (vertical distance between the water level in the head
tank and the centre-line of the turbine).

The partial head and accumulated head for each section of the pens-
tock.

The upstream and downstream angles of the penstock with the horizontal
ateach change of direction (anchors).

The penstock calculation follows these steps:

a) Interiordiameter of the pipe

d = '4><Q
T XV

Avaluebetween 2 and 3 (m/s) is calculated for the water velocity in the
penstock.

With di taken from the pipe manufacturers' catalogue (guaranteed by
the quality certificate) the external diameter and thickness are noted
tosee whether the previously calculated diameter will be the final one
for each section, then the following calculations are undertaken.

b) Calculate the loss of head in each section of the penstock: hp
bp =bf + ht

1) hf = loss of head through friction against the internal walls of the
penstock, in m.

2) bt =loss of head through turbulence as water enters the penstock,
ateach change of section (curves, valves, etc)

2
hf=o,03x%
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Jf =Friction factor

L,=Length at section of the penstock {m)
Q=Design flow rate {m’ /)

di=lntemal diameter of penstock (tentative)

xL, xQ’
hf =0,08x T Xl X<

Caleulation of friction factor (f)

Moody diagrams are used for friction losses in steel or PVC pipes.
The Moody diagram uses the following values:

1272 and K4,
4,

K = Absolute roughness of the internal walls of the penstock, in
mm (see table)

Internal diameter d.i = internal diameter, inm

To obtain this ratio, both should use the same units of measurement.

FIGURE 38. MOODY DIAGRAM

127.Q (k)
d m
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TABLE 11. VALUES OF ABSOLUTE ROUGHMESS K IN MM

Normal

Good Bad
<5 years 5-15 years =15 years
PVC, pelyethylene, polyester resin and glass fibre 0.003 0.01 0.05
Concrete 0.06 Q15 1.5
Mild steel
a) Unpainted om Q.1 Q.5
b) Galvanised 0.06 015 0.3
Cast lron
a) New: 0.15 0.3 0.6
b) Old:
0.6 1.5 3
b.1 Slight corrosion
b.2 Moderate corrosion 1.5 3 &
b.3 Severe corrosion 5 10 20

Source: Adam Harvey, Micro-hydro design manual. 1993,

The Moody diagram can be replaced using the following formula:

f= 0.25
K
Logl & 374
3,7 (de,]
n

K =Absoluteroughness, depending on material,inmm.

{2';: Internal diameter of penstock, using the same unitsas K.

V'=Water velocity in the section (m/s).

JL=Kinematical viscosity of the water inm?/s.

Calculating the loss of head through turbulence:

V =Watervelocity in the sectionin question.

K= K, K,......Knisafactorassociated with elbows, curves,changesin direc-
tion, etc., (see table of head loss coefficients through turbulence).

g istheacceleration due togravity =9.81 m/s’

This step may be omitted of the calculated values are less than the values

forloss throughfriction.
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FIGURE 39. HEAD LOSS COEFFICIENTS THROQUGH TURBULENCE

Coefficients of loss through turbulence

Entry profiles

Kentry

Bend profiles

r/d o 1 2 3 5
Kiend 20 0.36 0.25 0.20 013
Kpend a5 0.45 038 030 0.23
Kpend a0 0.60 0.50 040 030
Reducer  o..... 4 P
profiles .
+

difed2 1.0 15 2.0 2.5 5
Kreducer 0 025 035 0.40 0.50
Valve coefficients

Valve type Ball Gate Butterfly
Kvalve 0 0.1 0.3

Source: Adam Harvey. Micro-hydro design manual. 1993.

Calculating these values we find h p= hf + ht
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<) Calculation of percentage head loss through friction

f,().s.s=h_P x100
HB

This result, depending on the quality of the materials, length of the pens-
tock, pressures, etc., is usually less than 10%. If itis not, then the calculation
should be repeated usingdifferent thicknesses and diameters.

d) Calculation of the wall thickness of each section of the penstock

The wall thickness also depends on:
1) The highest pressure Ah..

These are transitoryor temporary pressures caused by valves being
closed or by water hammer, that sometimes accur over fractions
of a second when the turbine has only one nozzle, as is the case
with Pelton turbines.

2} Reduction in the thickness of the penstock walls duringservice,
cauged by corrosion, wear or manufacturing defects,

Transitory pressure in m is calculated using the following formula:

axV
8

Ah =

Where:
V = water velocity inthe section in question.
a = Pressure wave propagation velocity, inm/s

g = Acceleration due to gravity =9.81 m/s.

The propagation velocity of the pressure wave(a) depends on the
diameter. thickness and material of the penstock. For a general
approximation the following values can be used:

Mild steel pipe a — 900 m/s
Castiron pipe a = 1.250m/s
PV pipea = 350my/s

The following formula is used for more accurate calculations:

1420
E, xd,
E,. xt

1+
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Where:

an =Modulus of elasticity of water, in kg/cm?,
EW =Modulus of elasticity of PVC, inkg/em?,
d. =Internal diameter,inm.

t=Thickness of the pipe,in m.

1f the pipe is made of steel or other materials, the modulus of elas-
ticity to be used should be taken from the manufacturer's tables
appearingin its catalogues.

3 The theoretical thickness T or expected thickness is calculated
using the following formula:

T=5><fs xh, xd, xK, +K.
8]

A=Theoretical or expected thicknessinmm

fs= Safety factor according to the material of the pipe

Ifthe materialis PYC,anfs greater than 2is recommended
hT - Hg + ﬂh

h+=isthe maximum pressure inm, inthe sectioningquestion.
H;:The gross head or pressure in the section, inm.

Ah=The highest transitory pressure,in m,inthe sectioningquestion.
d, =Internal diameter of the pipe, inm.

0 =Maximum tensional stress of the material, in N/m’.

K = Thickness correction factor depending onthe type of

pipe material.

For steel pipes:

K= 1.1 mm, for pipe withwelded joints.

K. =1.2mm, forrolled andwelded plate.
K.=1.0 mm, corrasion factor (1 mmin 10 years).
Forpvc pipes:

K=1.0mm

K.=1mm every 10 years is the wear factor.

The results obtained should be compared determine the diameterand
thickness required; otherwise the calculations should be done again.

This formula can be simplified taking into account the following
logical deductions:

_IX fixh, xd; xK;
o

T +Ke
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For PVC pipe: Ki=1
Therefore: T-K.=t

And therefore, the equivalent formula for PVC is:

t:.Sxfsxhr xd,
o

This formula is used to determine the safety factor

IXO

fs-thrxdf

with the condition that {s =2 is used [or each section. the units used are:
t {mm), oin N/m? h:inm, anddiin m

N.B.: Inboth cases if the units de o are expressed in kg-f/em2, the equi-

valent formula is:
I XOo
For PVC: fs=——-—
Sxh.x d;x10
For steel: Is IXo

= Sxh, xd;xK, x10

4) Data taken from tables and catalogues of steel and PVC pipe
manufacturers

Em: Maodulus of elasticity orexpansion for water = 21.000 kg-f/cm?
M =Kineticviscosity of water (15°C) = 1,14 x 10" kg-f/cm*

E W= Modulus of elasticity of steel = 2,000,000 kg-f/cm?

EWr =Modulusof elasticity of PVC = 28,000 kg-flcm?

G, .=Maximum tensional stress of steel (breaking point)=3.500 kg-f/cm’
G, =Maximum tensional stress of PVC {breaking paint) = 560 kg-f/cm?
KN = Absolute roughness or roughness of steel =01 mm

Ky,‘.\ = Absolute roughness or roughness of PVC=0.01 mm
de=Nom'rnaI outsidediameterof the pipe (m)

di=|n5idediameter of the pipe (m)

{=Pipethickness
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Catalogue tables are given below [or reference.

TABLE. 12. PENSTOCK SYSTEMS, RIEBER JOINTS. NPT IS0 4422 STANDARD

m Length {m) . wal | Approx. [ wal | Approx. . Wal | Appe . Wall App,
& | thidness | welght da | tidees | weight da, | thickmess | weight db. | thkkmess | weight

mm | inch | Ussful | Total mmn mm lgil mm ] kgt mm am kil mm mn kil
63 2| se0 | o0 | sS40 a4 732 | s700 | 300 513 | sgan | 230 pan | 5980 160 283
75 25| 589 | 6.00 6440 530 1048 (va-11) 260 732 BA0 280 578 7130 190 400
a0 589 | 600 | 7740 620 | 149 | 8140 | 430 | 1050 | 8340 | 330 a1s | 8560 2.20 5.56
10 4| 588 | 600 44,60 770 2235 940 530 15.81 102.00 4.00 1213 | 104.60 270 8.34
140 | 55| ser | eon | 12040 agd | .06 | 12660 | ern | 22 | 12980 s10 | 194 | 1300 350 [ 1348
160 6 | 585 | 6.00 | 13760 1.0 4728 | 14460 770 3342 | 14840 580 1558 | 15200 4.00 1746
200 B | 884 | 600 | 17200 | 1400 | 7388 | 18080 | 960 | 5209 | 18540 730 | 404 | 190.20 490 | 2753
250 10 | 581 | 6.00 | 21500 1750 | 1544 | 2620 | 1190 80.75 | 231.80 910 6271 | 23760 .20 43.52
315 12| 577 | ao0 | 270 2200 | 18289 | 2S00 | 1so0 | 1835 | 29020 | nao | oseor | 29660 770 | 6815
355 14 | 575 | 6,00 | 30540 | 2480 | 22007 | 321,20 | 1690 [ 16123 | 32920 | 1290 | 12450 | 33760 8.0 B5.01
400 16 | 574 | 600 | 34400 | 2800 | 29392 | 38180 | 1900 | 20528 | 3700 | a4so | os7n | 28040 980 | 10790

Source: Amanco del Perd S.A. Catalogue.

TABLE 13. TECHNICAL CHARACTERISTICS OF PVC

Specific mass 141 alemd at 25 °C Design stress 100 kafem®
Water absorption <40 g/m? Tensile strength 560 kgfem?
Dimensional stability at150°C < 5% Bending strength 750 - 780 kafem’
Thermic dilatation coefficient 0,06 mm/fm/eC Compression strength 510 - 650 kg/lem?

Dielectric constant

AT03108 Hz:3-3.8

Modulus of elasticity

= 30.000 kg/cm?

Self-extinguishing

Fl bility

Coefficient of friction

n = 0,009 Manning
© =150 Hazen-Williarms

Vicat point

=80 °C for water conduit

Source: Amanco del Perd1 5. A. Catalogue.

TABLE 14.RIGID PVC FIPE WORK

2" 60 4.2 29 2.2 .8 5
%" 73 5.1 35 2.6 1.8 5
3" 88.5 6.2 4.2 3.2 2.2 5
4" 114 8.0 54 4.1 28 5
6" 168 1.7 8.1 al 4.1 5
B 219 153 104 /9 5.3 5
i 273 - 13.0 9.9 o 5
12 33 - 154 1.7 19 5

Q2 | Mini-Micro Hydropower

Source: Interquimica 8. A, (Peru) Catalogue.
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TABLE 15. STEEL PIPE ¢

] 2,375 0.154 3,067 3,66 2,375 0218 1,939 5.0% 22375 | 0343 1,689 7,45
21/2 2875 0.203 2A69 5,80 2875 276 2,323 7167 2875 4.375 2,125 10,00
3 3,500 0216 3068 7,58 3,500 0.300 2,900 10,30 3500 0437 2626 14,30
3142 4,000 0.226 3,548 411 40040 318 3,364 12,50 4000 -— -— -—
4 4,500 0.237 4026 10,80 4,500 337 3826 15040 4,500 1.531 3438 22,60
5 5,563 0.258 5,047 14,70 5,563 375 4813 20,840 5,563 1625 4313 33,00
5 5,625 0.380 5,065 19,00 6,625 0.432 5,761 2860 | 8625 | 0N 5,189 45,30
8 8,635 0.327 7,981 78,60 8,625 0500 7635 | 4340 | 8635 | 0906 6,813 74,70
10 10,750 0,265 10,02 40,50 | 10750 | 0se2 9564 | 6440 | 10730 | 1028 500 | 116,00
12 12,750 0,406 11,938 5360 | 12050 | ose7 | 12z | ossso | azso | oz | 10a2s | asn00
1400 14,000 0,437 12,126 63,20 14,000 0750 12,500 107,00 14,000 1,406 11,188 190,00
1600 | 16,000 0,500 15000 | g280 | 1e0oo | osex | 144 | aznoo | veocoo | vsez | 12rs | 24100
180D | 18,000 0,562 16876 | 10500 | 18000 | 0937 | 18126 | 17000 [ 18000 | 1750 | 14500 | 304,00

Source: Metales Andinos S.A., Peru Car‘afngtm.

These calculations can be shortened by using a spreadsheet, as shown on the
following page. The data to be entered are coloured green; those coloured blue
are data for pre-established formulae.

Example: Usingthe penstock profile data [rom the previous example and a design
flow rate of 0.4D0m’/s, calculate the diameter of the penstock using high-pressure
PVC and flexible joints,

JLATING THE DIAMETER OF A HIGH PRESSURE PYC PIPE WITH FLEXIELE JOINTS

Ly=6625m
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Data:

a) Lengths of the pipe sections
L=1334m

|_2:32,63 m

L3:66.25m

L,=10m

b! Head
H,=s00m
H2:30,00 mm
H, =58,00m=HT

¢) Deign flow rate

Q=0.400m7s
a) Caleulating the (tentative) inside diameter, assumingV = 3m/s

o
d = XL _ [ 4x040 o 41,
Vaexv | 314x3

b! Dependingon the tentative diameter, we enter the figures in section A of
the spreadsheet (coloured green).

In section B we enter the length of the pipe and head [or each section, the
outside diameter and wall thickness in mm for each class or strength of
pipe in metres of head (classes 5. 7.5and 10).

Classes are chosen bearing in mind that class 5 copes with a head of up to
50m, class 7.5 with heads of up to 75 metres and class 100 with heads of up
to 100 metres, such that the formulae immediately evaluate the strength
and thickness of the pipe chosen when values given are introduced. In
the example the safety factor for the diameter and thickness chosen is
greater than 2; therefore, the chosen diameter and thickness are valid for
the project.
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TABLE 16. PENSTOCK SPREADSHEET

a) Data

Design flow rate m'/s 04
Gross head i b}
Tatal length total of penstock Il 32
Mumber of changes in direction 3
Mumber of changes in section 3
Maodule of expansion of the fluid kaffem? 21.000
Kinematic viscosity of water (15 C) méfs 1,14E-06
Module of elasticity of steel kgl ferm’ 2,500,000
Module of elasticity of PVC kaf /e’ 24./00
Maximum tensional stress of steel kaf femé 3.500
Maximum tensional stress of PYC kaffom? 400
Roughness coefhicient of steel Mm 0,1
Roughness coefficient of PYC Mm 0,009

b) Evaluating the strength of the pipe

PVC UF PVCUF PVC UF
Class 5 Class 7.5 Class 10
Section lenath Ivi 3 69,35
Head in section i ] 30
Nominal diameter inch
Outside diarmeter M 0, { A
Inside diameter M 00,3804 0,371 03618
Thickness (take corrosion, et into account) M 1 9,1
Water velocity mifs 3,52 3,70 380
Wave velocity mfs E 2 343,34
Critical closure time 5 0,11 0,27 0.40
Maximum transitory pressure I 87,37 112,78 13617
Maximumm pressure in penstock Il Q257 142,28 194,17
Safety factor for thickness 2.23 2,20 218
¢} Calculating head loss
Relative roughness 2ETE-05 243E-05 2A9L-05
Reynolds number 1.044.420,80 1.204.1/4 7,00 1.2434.747,33
Friction factor 0,01 0,01 0.1
Friction head loss I 0.26 0,73 1,75
Secondary loss coefficient 1.200 1,20 1,20
Secondary head loss M 076 0,84 0,03
Head loss in the section M 1.02 1,57 2,68
Total head loss i 4,25
Percentage loss L) /32
Effective head Wi 53.75
Mechanical power at shalt kW 158,04
Electrical potential at altemator terminals kW 13512

In the calculations for steel pipe, the steps are the same and a spreadsheet has
alsobeen prepared for this case.

Itis recommended that the curve ateach change in direction should be one class
higher than the pipe itself [or salety reasons. These curved sections should be
made by the same supplier.,

The weight of the PVC UF pipe is indicated in the catalogue for each diameterand
thickness. [ steel pipes are beingcompared with PVC, the installation ol PVC UF is
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easy for the beneficiaries of the hydropower plant: on the other hand steel requi-
res skilled personnel, the cost is higher and additional costs have to be incurred
such as X-ray testing to ensure that there will be noleaks from the welded joints.
Nevertheless, for heads greater than 150 m steel pipe is essential for the lower
sections, where the pressure exceeds 150 m.

{2)  Anchors
The anchors are concrete blocks that secure the penstock to the ground. They are
located at each change in direction, inside and outside,

Lookingat the penstock profile, the inside anchors are those on the concave curve
of the pipe and outside anchors are those on the convex curve, The outside anchors
are more dangerous as the force of the watercan lift up the pipe.

FIGURE 41. LOCATION AND TYPES OF PENSTOCK ANCHORS.

Li=13.34m

Al =0t anchor
A2y 43 = Inanchor

LOCATION AND TYPES OF ANCHOR

{(3) Design oftheanchors

Designing the anchors consists of calculating the dimensions of the type of anchor
required tosecure the penstock to the ground.

Some of the data used in designing the anchors is obtained from the penstock
profile such as:

Theangles aand  formed by the pipe and the horizontal (o
B = downstream) in the anchor under study.

The head.

The length of the penstock for each intervening force,

upstream,
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Thereafter, each intervening force is calculated

‘We will address the three conditions of anchor stability: overturning,
slippage and slumping, taking into account that the pipe is subject to
dilatation and contraction.

Forces acting on the anchors (steel pipe)

F1 =Weight of the pipe + elweight of water

F, =W xL, xCoso.

W=in kg-f/m = (weight of pipe + weight of water) overalengthof 1 m
L =Li/2inm

FIGURE 42. FORCES ACTING ON THE ANCHORS

F.= Friction between pipe and supports. For this force to exist the must
be atleast one upwards anchor.

FIGURE 43. FRICTION BETWEEN THE PIPE AND SUPPORTS

Expansion
joint

M = Coefficientoffiiction betweenconcreteand steel =0.5
W= in kg-f/m = (weight of pipe + weightof water) overalengthof 1m
|_2= Lengthbetween firstflange nearto upper anchor andexpansion joint.
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FIGURE 44, HYDROSTATIC PRESSURE IN ELBOW CR BEND

F.= Forthe hydrostatic pressure in the elbow or bend, at the change of
direction.

F,=16x10° xH, xd? x.s‘m'a?ﬂl

Hi =Head pressure atanchor,inm
di: Inside diameter of pipe
F3 sinkgf

F4 =Componentof weight of pipe parallel to the pipe
F, =W,L, xSina

F,inko-f

Wt =weight of the pipe in kg-f/m

Lq. inmi (in practice, the length of the full section minus half the length
of one pipe)

FIGURE 45. COMPONENT OF THE WEIGHT OF THE PIPE PARALLEL TO THE PIPE
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F5= Stress caused by temperature changes in the pipe.

This stress is generated when the pipeisonthe surface and is not fitted with
anexpansion joint.

F; =31xd, xt xE xaxAT
Fo, inkg;
di' inm
t, inmm (pipe thickness)
E, module of elasticity of the pipe material in kg-f/cm?
a’ =coefficientof linear dilatation of the pipe,ineC-1
This stressis = 0when the steel pipe section contains an expansion joint.
PVC pipeisburied andis therefore notexposed to changes in temperature.

Therefore, F:~ =0,

FIGURE 46. FRICTION IN EXPANSION JOINT

I, = Friction in expansion joint

Originates between the packing and the parts of the expansion joint. It
acts in two directions, when the pipe expands and when it contracts.

F,=31xd,xC

di: Inside diameter Interior of pipe, inm

C =Frictionin expansionjointexpressed in kg-f/unit of length of circumfe-
rence

Approximately:
F,=10xd,

di,inmm
Fé.in Kg-f
In PVC pipe, F6 = 0, noexpansion joint is fitted.

7 = Force due to hydrostatic pressure within the expansion joint. Tries to
separate the two sections of the pipe joined by the expansion joint.

F,=31xH, xd, xt
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H,=Head inthe pipe inway of the anchor, inm
di =Inside diameter of the pipe,inm
T=Thickness of the pipeinmm.

F? =0inPVCpipe; noexpansionjointis fitted.

FIGURE 47. FORCE CAUSED BY HYDROSTATIC PRESSURE WITHIN THE EXPANSION JOINT

F8 = Force caused by change in the direction of the water flow in the
elbow or bend. The direction is the same as F3.

2
F=2502 xsn (ﬁ'“)
d 2

FIGURE 48. FORCE CAUSED BY CHANGE IN DIRECTION OF THE WATER FLOW IN THE ELBOW OR BEND.

This force is small compared tothe others; it can therefore be ignored.

Fg:Forcecaused by the reductionininsidediameter.Itacts inthe direction
of the reduction, parallel to the pipe axis.

F; =1 XIO'? XHI. X(dl-zmax —df miii )
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Hi =Head at the reduction,inm
d-.m= largestdiameter of the pipe,inm

d

i n =Minimum diameter of the pipe, inm

Example:

Calculate anchor Al (outside type) using the penstock profile data from the previous
example. Use a design flow rate of 0,400 m’/s and PVC for the penstock material,
the diameter and thickness of which were calculated earlier.

FIGURE 49.F, TOWARDS THE REDUCTION

di min

d; min
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FIGURE 50, DETAILS FOR CALCULATINGANCHOR A1

Head tank ‘

L3=6625m

cC

PVC pipe UF

——

LT

LCh @ = 400

Lo

d&?m\

L=
10,84 m
—

T Y
x\_\x =

L= 11, 84m ~

~y/

=50

>>/
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Data:

Q=0.400m¥s

Framthe penstock profile:
H=s00m

L=133sm

L, =05L=667m
L,=L-250m=10.84m;

(2.50 m =1from the jointwith the bend and 1,50 m before entering the
head tank there is a Tee to which the vent pipe is connected)

L,=L-1.50=11.84m
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Calculated characteristics of the pipe

d;=038m
D.=0,40m
t=98mm

Y;=1450 kg-f/m” specific height of pipe
M =0,4 coefficient offriction between PVCand the soil

Soil characteristics:

0. = 1 kgfrem®:

a) Choosing the shape and dimensions of the anchor. See Figure 51.

FIGURE 51. DIMENSIONS OF THE ANCHOR

- )\ 080 m
1.30m . .

0.50m

0.40m

0.80m

Pipe axis \\

0,50m

O80m I m
1.80m

NN
LA
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b} We must verify that the dimensions chosen meet the three conditions
of equilibrium.

Calculating the weight of the penstock and water per linear metre:

W=Wt +Wa

31416
4

) We=y, x%[de’ —di*]=1.450x [0.40° —0.38 | =17.75kg - f Im

31416 ) 387 =113.35kg — f /m

2 Wa=vy, x%xdf =1.000 x

W= 13110kg-fym

Calculating the forces acting on the anchor (in kg-f)
F1 =W.L.Cos220=131,10x 6.67 x Cos 22°=810,76
F2 =pW.L,.Cos22°=0.4x131,10 x1.084 x Cos 22°=527,05
F3='|.6><103XHEXdI?>< Sin{500-229)/2 =1.600 % 5x0.38" x S5in 14°= 279,46
F4=WI 'Y L_‘ xSin220=17,75x 11,84 xSin 220=78,72
FS =250(Qfdi)" x Sin{500- 227)/2 = 250(0.40/0.38)* x Sin 147=67

As the pipe is made of PYC, the forcesF, F ,F andF =0

FIGURE 52. EQUILIBRIUM CONDITIONS OF THE ANCHOR

ﬂ;“-].;n
2
-
Fg
Fy 2
4
\}j i 0.80m
Fy F3
N a2’
Py

Xa=L3i0m

P,, P,y P,==Partial weights of concrete ancher and diagram of forces when the pipe dilates

e

b=180 m
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1} The elbow or pointwhere the directionchanges and where theforces act,
islocated horizontally at (2/3)b and vertically atdistance dfrom point A,

2) The auxiliary calculationsfor the concrete block, in order to verify stability,
are summarised in the following chart:

TABLE 17. AUXILIARY CALCULATIO

5> TOVERIFY

THE STABILITY OF THE CONCRETE ELOCK

1 036 0468 1079.6 0.90 0324 92664
2 144 1872 41184 0.90 1.296 3,/06.56
E) 050 0.65 T430.0 1.30 0.65 1.859.0
Total 230 299 G5/8.0 227 G492

Example one when the pipe dilates

Verification of stability:

1) Againstoverturning: IM

M

stabiliser

itabilizer

/EM

=2

overtuin

inA= PI,KI +F’2,IN{J+F’3><)(3 +F1.Cos 229%1.20+

(F,+F)Cos140x1.20 +(F,+F ) Sin 22°x 1.20=8,069.74 kg-f.m

M, =

over turn

F % Sin 22°x0.80=(F, +F ) Sin 14° x 0.80 + (F, +F ) Cos 229
0,80 =138.43 kg-f/mB8,069.74/138.43 > 258 2 .....0k

2)Againstslippage: IFx<p.XFy

YFx=-F x5in 220~ (F,+F,)Sin 149+ (F, +F ) Cos 22=173.67 kg-f
2Fy=-P -P,—P, -F .Cos220-(F, +F ) Cos 14°-(F, +F ) Sin 220 =-7892.61 kgf

Verifying:

173.67 <0.5x7,892.61 ka.f

173.67 <394

6.30.....Ok

Mini-Micro Hydropower | 105

IV-266

Final Report Volume 3



Master Plan Studly for Rural Electrification by Renewable Energy in the Republic of Peru

FIGURE 53. PARTIAL AREAS AND RESULTING FORCES WHEN THE PIPE DILATES

| X1=090m . 1.20m
= — A
éﬁn /\ﬁg'f kg.f
X;=090m Az 0,80m
% X5=098Tm ‘7!7}.:1.314 61 kg-T
+
7a N
Aq
6 Vowe=csm kg-f
X3=130m ) X ¢
—— Y
3)  Soil stability
Caleulating Xg for the concrete block, using the method of areas
=A1 X +A X +A X, 2,27 -0987m

Xg S =2.30

Caleulating X and R,
zMn: -Ry. X +6,578 X 0.987 +173.67 X 0.8041,314.61 x 1.20=0
Ry.X=8,2089kg-f.m.....(1)
Ry =Wc + Fy=6,578+1,314.61 = 7,892.61 kg f
X =8,208,9/789261 =1.04m

Calculating eccentricitye = X —b/2

€=104-180/2=014m

Calculating the maximum and minimum load capacity of the soil:

ool Oxe_ 7.892,61 [1: 6;";3”} 0.3372[10,46]

Al b | 180x130
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Gone = 0.3372(1.46) = 040 kg-fiem?
G~ 033720054) = 018 kg-f/em’

We have proved that: 1 kg-f/cm’ = 049 ke-fiem® = 018 kg-f/em? ... Ok

These calculations show that the anchor is stable. We now have to prove that it is
also stable for the second case: in other words, when the pipe contracts.

FIGURE 54. PARTIAL WEIGHTS OF THE CONCRETE ANCHOR AND FORCES

ACTING WHEN THE PIPE CONTRACTS

F Xl=0.90m_|

I
v

X;=090m Py

Py

| X;=130m

v
|

0,80 m

Emngp!e 1100: when the pipe contracts

The forcesacting on itare the same. Only force F changes direction,
Verification of stability
The same steps are taken as in the previous case. The results are:
1) Againstoverturning EM stabilizer
EM overfurnning
11.83 > 2

2) Againstslippage: SF <. >F,

80292 <05 » 749618
80292 kgf < 374800 kg {
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3)  Soilstability: R, =7496.15
X =003

e=X-b/2=0927-090=0027m

O_, = 035kgficm?

o} 0.29 kgf/cm’

min

We have proved that 1kgf/cm? > 035 kgf/cm? > 0.29 kg-f/cm?

FIGURE 55. DETAILS FOR CALCULATING ANCHOR A3

H=58 m

Tube PYC UF, C 10
As P =400 mm

..Ok
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Insideanchor

Anchors 2 and 3 of the penstock profile are inside type.

The stability calculation is performed as with the outside anchor and the same
formula are used when the pipe dilates and contracts,

A) PRE-DIMENSIONING THE PROFILE IN ORDER TO FPROVE THE STABILITY CONDITIONS.

FIGURE 56. DIMENSIONS OF THE ANCHOR IN ORDER TO PROVE ITS STABILITY

Pipe axis

NS

d T
// ///g
/ _./_/

B) THE WEIGHT OF THE ANCHOR AND THE FORCES ACTING ON IT ARE CALCULATED.

FIGURE 57. WEIGHTS OF THE CONCRETE AND FORCES ACTING ON IT

Py

Ji

Xz
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] .F_";LII_TiF'lL'L._ FOR SOILSTARILTY CALOULET IO

516  Head Tank Spillway

The bead @ ok zp illway iz dezipoed o evacuae exceszz wate tfiom the chambser u nder
porruleond itionz, orall the wate rishen the b thine izztopped inao e meipency.

Thezpilbray conzizte ofa chan pelwhich keceiver waer fiomthe bead o kuoder the
aboveconditions, theo ugh ove s from the bead B okor fiomthe inletchan el This
chaoneldischarpes inasafeama o preventfoodingand zoilergion adgeent o the
bead mok. Touatly, the vwa eris returned o the river.

The 2 pillvwar cale ula bione follovr the procedu te develapad foe the channek, the difk-
tence bein pthatthe slopavavies with the termin.

The foflonrin pzchems io dicates the bcationofrthe zpilbaay cha noelaz complemen @ o
and pecezzaty infaatwctute for the head mo k.
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5.1.7 Tailrace

The tailrace takes the water from the base of the turbine to the river. If spent
water is not returned to the river itmay be discharged where it will not erode the
surroundingsoil. This maybe a creek orexisting channel designed for irrigation
or other purposes, such as fish farming, drinking water, etc.

To ensure normal operation of the tailrace we must choose adequate levels for the
bottomof the race at the startand finish, so that the river level in the rainy season
ig always lower than the bottom at the end of the channel.

The design of the tailrace can be the same as thatof the inletchannel, as it carries
the same flow rate. In most cases the cross section can be smaller than thatof the
inletchannel and can take advantage of the terrain to increase the slope; the water
velocity should be less than 3 m/s.

1t is recommended that concrete be used as it will withstand higher velocities
without suffering from erosion. Under other circumstances piping should be
used for the tailrace, with a water depth equal to 0.75D)i, as recommended by the
manufacturers.

Example:

Flow rate of discharge: 0.400 mé/s

Contour of bottom of tailrace: 1,20056 m

Contour of bottom at end of tailrace: 1,20032 m

Level of waterin the river during the rainy season: 1,198.82 m

Length of bottom of tailrace = 40m
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FIGURE 60. DESIGN OF THE TAILRACE

1,200 .56
L=A0 m
(9 Lx =33.99 m

H= 120056 120037 =024 m

8=0,2433,99 = 0,006
Slope for first attempt

. o . L =3399 m 119882
H= 12005 - 1,700,728 = 0.%Em
8§=0,2833,99 = 0,007
Slope for second attempt

BL=0.18m

y=0335 m

b=0.67 m

Solution:

The first attempt considers a workable slope of 6:1000, The second attempt con-
siders aslope of 7:1000 to obtain a minimum of 0400 m?/s and because the height
of water in the river allows this. We choose the second calculation as valid fora
rectangularchannel as shown in the figure, to carry a minimum of 407 m¥s.
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0.325

0.224

1.34

0,168

0304 | 0.014

71,42

0,006

0.077

1.68

0.377

0,335

0.224

134

0.168

0304 | Q.04

7142

0,007

00836

181

0407

IEPVC pipe is to be used for the tailrace, the diameter would be:

Q =28 4xDi* x5

= 0.5 DiD1

5.2 Electromechanical Design

Di=(0/28.4x51/2)3/8

Di=(0.400/28.4x0.007 1%)3/8
Di=s1.12m

5.2.1 Preliminary Design of the Turbines

(M

Turbineselection

In this second stage of the selection procedure, data from the location are compa-
red with the preliminary data, when we have an idea of the type of turbines that
are to be used. Afterwards, the dimensions of the turbine are calculated taking
intoaccount the following considerations.
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FIGURE 61. ARRANGEMENT OF A HYDROPOWER GENERATING SET

Action turbine ‘

(2) Turbine power output

The following equations are used:
Py =PMppMg

p_YOHN __P; _QHn
K npme 102

Ner= NMNrNe

where
Ngr =Efficiency of the generating set (adimensional)
K =Constant K= 1.000 W/kw
H =Heightin metres
Q =flowrateinL/s

Regarding the determination of the effective head, thefollowing procedure

may be used:
ReactionturbinesH = H,.—H
ActionturbinesH= H, — H,-H_
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Where:

H, _ Grosshead, m
AHp=Headlossinthe penstock, m

H, =Height of turbine installation

1f no direct information on the elficiency of the turbine or generator is avai-
lable, the values from the following table may be used for the efficiency of

the generatingset .
Power (kW) TURBINE
Pelton Michell-Banki Francis Asial
<50 58-65% 54-62 % 52-65% 58-66 %
51-500 65-69 62-65 66-70 66-70
501-5000 69-73 65* 70-74 70-74

(3)  Specific number of revolutions

The design and construction of hydraulic turbines involves solutions to a series of
problems that cannot always be addressed mathematically and which have to be
resolved experimentally using models. Models enable the cost of experimental trials
tobe reduced and give better costcontrol and accuracy, Water or air can be used as the
experimental fluid. The model enables us toverify the theoretical calculations before
building the prototype (full size turbine) and reveals the improvements needed to
achieve the desired performance. The relationship between model and prototype
requires the establishmentof laws of similarity (geometrical, kinematic and dynamic)
fromtheanalysis of which we obtain characteristic figures. Among these are the spe-
cific speeds, which best express the similarity between model and prototype.
These numbers are as follows:

Specificspeed for flow rate, or Brauer number (Nql )

N+Q
N, = "

Specific speed for power output, or Camerer number (N, )
NP
N, =—=
H
Where:
N., and N’ =Specific speed, RPM.
N, Turbinerotation speed, RPM.
Q, Turbine flowrate, /s
H, Effective head,m.

P, Power atturbine shaft, HP or kW.z.
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Both numbers can be used indistinctly, but for hydraulic turbines we
prefer to continue using the number N,

PgQHN
K
N, =N H" XN,
For large turbines:
N, =3,040 Nw
For small turbines:
N, =3,03 Nq

The specific speed can be defined as the speed of rotation of a prototype
turbine having a model which operates under unitary parameters.

Thus the number Nc| rrepresents the speed of rotation in RPM of the
model when:

3
=1m =
Q=1m/ yH=10m
similarly, N, epresents the speed of rotation RPM of the model when:
P=1HPS61kW.yH=1m

It is important to point out that the valuer Nq or N, will depend on the system
of units used. given that in the imperial system, the Sl systern or any other, the
values are different.

Given that the specific speed represents the speed of rotation, it is customary to
clagsify turbines as “slow", "normal” or "fast”. however it should be clearly unders-
tood that these terms do not refer to the real speed of rotation of the turbine, but
to the head and flow rate conditions.

(4) Pelton turbine

The principal dimensions of the turbine are shown below:

- Velocity of the jet issuing from the nozzle. Being an action turbine
where all the effective head is converted into kinetic energy, the velo-
city will be:
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FIGURE 62. DIMENSIONS OF PELTON TURBINE

F| E 2\
! T__T # D LE)
f ! b I II rr -:I
\ il g B \ /]
) )
J [ ! H‘l
e s t‘
II ..'._‘I m L -.J !
||
b=28a3.2d
h=28a3.2d
t=08d
C:{p“ng
Where:
AL,
A

In such equations, Cisinm/s, @is the velocity coefficient, which depends
on nozzle losses AHi en m; its value varies between 0,95 and 0,99,

-Diameter of jet, This value is measured in the window:

d=0 55(7%)”’

Thediameterdis giveninm. and Qin '"Z, This equation is valid for an
average velocity coefficientof @ = 097

-Diameter of Pelton wheel. This diameter is the mean circumference of
the buckets, tangential to the mean line of the jet:

Vi

H
D=(37a39)—
(37 a )N
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In this expression, Dis inm, NinRPM and it is valid for @ = 097 and atotal
average effliciency of N 0,88. Low values of the coelficient are assumed
for turbines with ahigh N, and high values for those withalow N .

-Dy/d ratio fora jet:

D/d=70para N, =30

D/d = 15.0para N, =15
Flntermediate values can be interpolated assuming an approximately
linear variation, It is worth mentioning that in Turgo turbines the ratio

Iyd is 4.0. which enables them to work with higher flow rates and this
constitutes an advantage for the type.

- Specific velocity. This equation is valid for @ = 097 and N=0.88
d
N_=240(—

. =240( D’]
-Number of buckets:

1D

Z=—(=)+l4al6

2 d

-Minimum height:

Hm =10d +£
200

Wheredand H arein m.

-Basic bucket dimensions. Low values are employed when the maximum
efficiency is achieved at partial load and high values when maximum
efficiency is required to be achieved under full load (see Figure 62).

(5)  Michell Bankiturbine

The principal dimensions of the turbine are shown below:

- Jet velocity. Given the proximity between the injector and the wheel,
aslight, insignificant, overpressure in the space under the in let arc,
given by angle 8. Then:

C =0+/2gH
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FIGURE 63. DIMENSIONS OF A MICHELL BANKI TURBINE

100

a=a'+a”

The coefficient @ has the same meaningas for Pelton turbines and may
be considered as about 0.95

-Jetthickness: a=K_ D,

Whereaisinm, K, itisacoelficient that depends on the angle of the
nozzle and the angle of admission €. For @; = 16", the followingvalues

can be used:
a° 60° a0° 120°
Ka 0.1443 0.2164 0.2886

If acentral guide vane is used:
a=a'+a"

-QOutside and inside diameter:

Vi

H
Dg =[r37 a 39}7
D, =0.66D,

Low values of the coefficient correspond to [ast turbines (with wide
runners) and high values toslow turbines (with narrow runners}, Runner
diameters of 200, 300 and 400 mm are recommended.

-Width of the runner (@ =16%).

g 1
B=988 =
D,VH 8

Nozzle angle: a, =15°a 20°
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-Number of blades. Varies between 24 and 30 blades dependingon the size
of the runner.

(6) Francis turbine

Calculating the dimensions is more laborious for the Francis turbine. Nevertheless,
we can estimate the general dimensions in accordance with the following figure:

FIGURE 64. DIMENSIONS OF A FRANCIS TURBINE

Basic dimensions

b|loc|d]| e| f g| h| k
15|19 (17| 20|13|1.05 29{14 |20 38

Note: Toobtain the actual dimensions multiply the values of the table times the diameter of the runner Dle

5.2.2 Selecting the Generator

As we have mentioned. electrical generators recommended for micro
hydropower units are of 1,800, 1.200and 900 RPM. The lower the speed
the higher the cost. The following specifications must be given to the
manufacturer on ordering:

- The shaft power of the turbine

- That it will operate with a hydraulic turbine. It requires 2 bearings
-Working altitude in m.a.s.l.

- Number of poles

- Frequency of 60 Hz in Peru

- Number of phases

- Operating voltage

- Type of connection
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For mini hydropower units, selection of the generator depends on the powerand
an evaluation of costs, and also takes into account the standard power information
provided by the manufacturers,

For units of less than 100 kW, which cover micro hydropower units, if the turbine
speed is not the same as the generator speed, then 1.800 RPM generators can be
used. These costless and are geared to increase speed, usingbelts, gearing, etc. For
power ranges greater than 200 kW, the type of transmission needs tobe analysed,
and the respective resistance calculations worked out: if not. the turbine must be
designed inaccordance with the synchronism of the generator.

In order to generate an adequate voltage, modern generators are fitted with
terminals so that changes can be made in accordance with the agreed voltage,
using either star or delta connection,

5.2.3 Choosing the Speed Regulator

The speed regulator should be chosen takinginto account that it has to be suitable
for the generation characteristics. In mini hydropower installations with power
outputs of less than 200 kW, dummyload electronic regulators are recommended:
the energy that is not consumed by the primary load is diverted to the secondary
load where it is dissipated through resistances that are generally water cooled. If
picoturbines are used these resistances can be overhead-type.

As can be seen in the previous chapter, electronic load regulation has advanta-
ges for micro hydropower units. For units greater than 200 kW power output,
mixed-type velocity regulation is recommended; in other words, coarse, synchro-
nised electronic regulation of the flow rate, According to the main load evalua-
tion (energy demand). if the variation in demand is not significant over 24 hours,
electronic regulation capacity will be less than for higher variations in demand.
For example. in the case of 300 kW installed capacity and energy demand that
varies between 200 and 300 kW, {ine regulation (electronic regulation) will be 100
kW or slightly more and flow rate regulation will take effect when demand falls
below 200kW, in extreme cases reducing the flow rate to 100 kW, which would be
diverted to secondary load through the electronic load regulator.

Selection of an electronic load regulator should take into account the generator
voltage, type of connection and whether single phase or three-phase electricity
is being generated.
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