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Sincetime immemorial, the earth hasbeenblessedwith an endlesscycle of rain falling
from the sky, onto the watershed, flowing asrun-off into the rivers, lakes, groundwater,
and finally into the oceanswhere it picks up the S u nliingless energyto evaporate
again and join the clouds, only to be cooled by the shadow of the earth ascold winds
precipitate the saturated vapors that falls again to repeat the cycle.

This manual presentsthe technology and design concepts of hydro power. The reader
will be able to follow the methodology applied in determining rainfall, drainage area,
river flow for gaugedand un-gaugedrivers, grosshead, head loss and friction loss, net
head, efficiency of turbine and generator, electrical power output, capital and operating
costs, development schemes(long headracevs. short tunnel) and demand scenarios
(low, high, most likely), penstock diameter and wall thickness, and economic analysis of
alternative schemeand scenario of a mini -hydro project.

Figure 1.17 Hydrologic Cycle

When rain falls unto two watersheds, tunnels haveto be built to utilize it in another
watershed (trans-basin). An example of this is the CasecnanRiver Trans-basin Hydro
Project that utilizes head waters from the CagayanRiver Basin to generate power in a
water turbine that releasesits tailwater into the PantabanganRiver.

1.1 Types of Hydro Power Plants


http://energytechnologyexpert.com/wp-content/uploads/2015/11/Figure-1.1-Hydrologic-Cycle.jpg

Becauseof this endlesshydrologic cycle,the changein energy of water asit movesfrom
high elevation to alower elevation can be captured in hydro power stations using three
basictechnologies, namely impoundment, pumped storage, and diversion (run -of-
river):

1 Impoundment i typical large hydropower systemusean impoundment facility
like adam to store river water in areservoir; water may be releasedeither to
meet changing electricity needsor to maintain a constant reservoir level or to
meet irrigation needs(Figure 1.2)

1 Pumped storage 17 when demand for electricity is low, sayat night or weekend,
acheapsource of electricity like nuclear power will pump water from alower
reservoir to an upper reservoir, where it is releasedback to the lower reservoir
to generateelectricity during periods of high or peak electrical demand (Figure
1.3)

1 Diversion i alsocalledrun -of-river , channelsa portion of ariver through a
canal or penstock to run aturbine; may not require the use of a dam (Figure
1.4)

Figure 1.27 Hydroelectric Dam (Impoundment)
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Figure 1.37 Pumped Storage Dam
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Figure 1.471 Diversion Dam (Run -of-River)

1.2 Mini -Hydro Power Plant

A mini -hydro system (Figure 1.5) normally consists of aweir (diversion dam, thrash
rack and intake), desander (desilting, spillway), headrace(open canal, culvert, pipe,



tunnel), forebay (temporary storage, pressure relief, surge tank, spillway), penstock
(pressurized pipe), water turbine (converts static head and velocity head to rotating
mechanical energy), generator (converts rotating mechanical energy to electrical
energy), tailrace (directs diverted water back into the main river), power house (protects
turbine -generator and other electro-mechanical equipment, metering, monitoring and
control), sub-station and transformer (raises low voltage of generator to high voltage of
transmission line), and transmission line (connects the transformer to the main grid).

Here is asummary of input data for a casestudy we will be using in this design exercise:
Hydrologic Data:

The upstream gaugedstation (1) has a drainage area (DA) of 955 km2 while the
downstream ungauged station (2) where the mini -hydro dam will be built hasa
drainage areaof 969 km2. When two catchment areasare similar in terms topography,
land-use, geomorphology and lithology, the discharge of the un-gaugedstation can be
estimated from of drainage areas:

Q2=Q1(A2/ Al)

Flow duration curve (FDC) is a simple graphical depiction of variability of flow at a
location without any referenceto the chronological sequencein which this flow would be
available. It is a cumulative frequency curve that expressesthe magnitude of mean
dischargethat is equaled or exceededas a percentageof the period of record at a
gauging station.

A sample FDC of the un-gaugedstations is shown below:

x = Duration(%) y = Dischargg(m®/s)
100% 11.88
95% 20.29
90% 30.44
85% 40.59
80% 50.73
75% 55.96
70% 65.95
65% 71.87
60% 80.65
55% 89.29
50% 96.39
45% 101.47
40% 111.61
35% 116.75
30% 121.76
25% 129.84

20% 131.91



15% 136.98

10% 144.55
5% 152.20
Q, maximumflow = 152.20
Q, designflow = 88.06
Q, firm flow = 11.88

The FDC s bestrepresented by a polynomial equation (y* = a+ b x + ¢ x2) whose
constants a, b and c are determined using the method of least squares:

Q=y* =154.4535- 91.73343x - 50.8371x2

Topographic Data:

E = River bottom elevation = 104.310m EL (above sealevel)

Ogeeweir height = 8 m (you canrun asensitivity at 12m)

Ogeeweir length = f1to f2 = 161.498m long

F = Head water elevation = Weir crest elevation = E + Ogeeweir height = 112.310m EL
f10 = Tail water elevation = 97.469 m EL

Grosshead=Fi f10=112.310i 97.469 = 14.841m of head

Head race length = Settling basin to Forebay = 416.786 m long

Forebay elevation = f11=110.134m EL

Headrace drop = Head water elevation - Forebay elevation = 112.310- 110.134= 2.176m
Penstocklength = Forebay to Powerhouseturbine = f11to f9 = 233.350 m long
Tailrace length = Powerhouseturbine to Tail water = 117.968m long

Headraceloss = hh = SL = (headrace slope) x (headracelength) = headracedrop =
2.176m of head

Penstock Diameter and Friction Loss:
To optimize penstock diameter, we assumea number of pipe diameters (5.30 to 5.90 m)
and calculate the power output and compare the value of the power savedwith the

incremental costof the penstock of pipe diameter D:

Penstockfriction lossat 5.6 m diameter = hf =f(L/ D) V2/ (2 g) = 0.060 m of head



Where:

D = 5.60 m (pipe diameter)

A=pi/4D2=24.630 m2=cross-sectional area of pipe

Q =98.71ms3/s = river discharge at 48% exceedance(maximum scenario)
V=Q/ A=4.008 m/s = velocity

K = Kinematic viscosity of water =u/ d = 8.60 E-07

NR = Reynolds Number =V D/ K=2.61E+07

e/D = Relative Roughness= 0.010 mm / 5.60 m = 0.0000018

f = friction factor (from Moody Diagram for NR and e/D) = 0.00175
Miscellaneous Losses(add 10%allowance) = hm = (hh + hf) x 10%= 0.224
Total Head Loss = Hloss = hh + hf + hm = 2.459 m of head

Net Head = H = Hgross - Hloss = 14.841- 2.459 = 12.382 m of head
Power Output of Francis Turbine:

Pelec(kW) = gx d x (Et x Eg) x H x Q/ 1000

=9.81x 1000 x (84.97% x 95.00%) x 12.382x 98.71/ 1000 = 10,191kW



Figure 1.57 Mini -hydro Components
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The power output of a mini -hydro is dependent on river flow and effective or net head
(gross elevation at the weir lesstailrace elevation lesshead lossesdue to the desander,

headraceor tunnel, and forebay lessfriction lossesat the inlet valves, penstock, turbine,
and tail water pipe).



Figure 1.61 Gross Head and Net Head of a Mini -Hydro System
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The headloss (or friction loss) in the penstock could be very significant if the
pressurized pipe is too small and its surfaceis rough. However, asyou increasethe pipe
diameter, the cost of the penstock will rise but the friction losswill decrease.Soit
becomesan optimization problem of balancing the capital cost of the pipe of given
diameter and thickness against the higher revenue of electricity salesarising from lower
friction lossor pressure drop inside the penstock. Optimal diameter is reachedonce
economic returns from increasing pipe diameter becomesmarginal or smaller than
acceptablereturns (or payback period becomestoo long).

The headrace(open canal, culvert, pipe or tunnel) also needsto be optimized to
minimize water spillage and must be designedin such away that it can conveythe
neededquantity of water to the forebay and penstock to generatethe desired power
output. It hasto be optimized with respectto dimensions (cross-section and depth of
water), type of material (concrete canal, concrete culvert, and GRP pipe), roughnessand
shape (rectangular, trapezoidal, and circular).

1.3 Main Parts of a Mini -Hydro Power Plant

This section will coverthe design of the civil structures of a mini -hydro power plant,
namely: diversion weir, intake, settling basin or desander, headraceor tunnel, forebay,
power house (turbine, generator, and controls), sub-station, transformer and
transmission line to grid.



1.3.1 Diversion Weir and Intake Channel

The diversion weir is a barrier built acrossthe river to divert water through an opening
in the riverside (intake opening) into a settling basin.

The next Figure 1.7 showsthe diversion weir may be made of concrete, earth, rocks,
masonry, wood and gravel.

Its design would include gravity dam, floating dam, wet masonry, gabion, brushwood
and wooden frame.

Figure 1.771 Diversion Weir
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1.3.1 Intake Structure

The intake structure may be of the side intake type that is perpendicular to river
direction, or of the Tyrolean intake design which is along the weir but is susceptible to
sedimentation during flooding and requires more maintenance.



Figure 1.8 1 Intake Structure
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1.3.1 Settling Basin (Desander,

Sand

Trap, Siltation Basin)

The settling basin is usedto trap sand or suspendedsilt from the water before entering
the penstock. It may be built at the intake structure or at the forebay. Its main function
is to ensure that all suspendedmaterials that could damagethe water turbine is
removed. The minimum specification for safeturbine operation is0.57 1.0mm
diameter of suspendedmaterials. It is designedto have sediment marginal settling
speedof 0.1 m/s while flow velocity in settling basin should be lessthan 0.3 m/s. These
design specsare met by sizing the length, width and depth properly.

Figure 1.971 Settling Basin

Function

v"  All the suspended materials that could
adversary affect turbine should be removed.

Specification to be decided

Minimum diameter of suspended materials
(depend on turbine specification; 0.5—
1.0mm)

Marginal settling speed (about 0.1m/s)

Flow velocity in settling basin (about 0.3m/s)
Length & wide
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1.3.1 Headrace (Open Canal, Culvert, Pipe, Tunnel)

The headraceis a channel leading water to a forebay or turbine. The headracefollows
the contour of the hillside soasto preservethe elevation of the diverted water, but with
sufficient slope to move the water at the right velocity without spilling water along the
bends and capable of providing the neededvolumetric flow rate given the cross-section
of the channel. Sinceit is open and not pressurized, the head loss is basically the
elevation changefrom the top of the water surface at the diversion weir and the end of
the headracebefore the forebay and penstock.

Figure 1.107 Headrace (Open Canal, Culvert, Tunnel)

Function
v' Conveys water from intake to forebay

Specification to be decided
v' Structure type (Open channel)

v Longitudinal slope (1/50 — 1/500)
v' Cross section (flow capacity)

v' Material to be used

Flow capacity calculation

Q~AxR?3xs 12 | n
where,
Qg: Flow capacity (design discharge: m3/s )
A: Cross-sectional area
R:R=A/P
P: Length of wet sides
S, : Longitudinal slope &
n: Coefficient of roughness

TheMa n n i eqgafion for uniform flow in long pipes or channel is given by:

Q=(1/n)Ar23s2=(1/n) (bd)(bd/ (b+2d)3S2
1.3.1 Forebay (Head Tank, Head Pond, Surge Tank)

The forebay or head tank is a small pond at the top of a penstock or pipeline; servesas
final settling basin, provides submergenceof penstock inlet and accommodation of trash
rack / screenand overflow / spillway arrangement. In the event that the water turbine is
closed and stops operation, the flowing water from the headraceto the forebay is
dumped via a spillway back into the river. It actslike a surgetank alsoto protect the
pressurized penstock from water hammer effects when water is suddenly stopped from
flowing freely by the inlet valves.



Figure 1.117 Forebay (Head Tank, Head Pond , Surge Tank )

Function

v"  Regulates discharge fluctuation
difference between penstock &
headrace due to load fluctuation.

v Final settling basin

Specification to be decided
v' Water storage capacity
v'  Layout & dimension of each facility

Attached Structure
Spillway

Screen

Regulating gate
Sluice gate
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1.3.1 Penstock (Pressure Pipe)

The penstock is a closed conduit or pressure pipe for supplying water under pressure to
awater turbine that is connectedto an electric generator. It is designedbasedon the
route, slope and geological conditions. It must be of sufficient thickness to withstand
pressure, bending moments and carry its own weight and that of the water (hydrostatic
load, dynamic load and water hammer inertia), aswell asexternal forces such asearth
guake. It must be durable and withstand impact from falling earth and trees. Its
diameter and pipe thickness (pipe size) must be optimized to balancethe capital cost of
amuch larger pipe vs. the economic gain from higher electricity salesdue to lower
friction lossat larger pipe diameter and therefore higher pressure acting on the turbine.
An Excel program was developedto automate the optimization of the penstock
diameter.



Figure 1.127 Penstock (Pressure Pipe)

Function

v' Convey water under pressure from
forebay to turbine

Specification to be decided

v" Route (Slope, geological conditions
etc)
v" Material to be used
v Diameter
- Construction cost
- Electricity generation decrease due
to loss at penstock
- Durability (Life time, O&M cost)
v' Thickness
- Water pressure, own weight, water
weight, other external force (earth
quake etc.)

There are many variations on the design layout of the system. As an example, the water
is entered directly to the turbine from achannel without a penstock. This type is the
simplest method to get the waterpower.

Another variation is that the channel could be eliminated, and the penstock will run
directly to the turbine. Instead of a headrace,atunnel is usedto conveywater from
another side of a hill or mountain to the other side in caseof awinding river. Variations
like this will depend on the characteristics of the particular site and the requirements of
the user of system.

1.3.1 Powerhouse and Tailrace

The main function of the Powerhouseis to provide shelter for the electro-mechanical
equipment (turbine, generator, control panels, etc.). The size of the powerhouse and the
layout is determined by taking into account convenienceduring installation, operation
and maintenance.

Location of Powerhouse

The location of the powerhouse must avoid the level and section where the water flows
to avoid scouring and to prevent inundation of the powerhouse during high flows. The
flood water level could be assumedbasedon the information listed below that could be
usedin determining the ground elevation of the powerhouse with sufficient margin for
error:

1 Information obtained from local residents
1 Ground elevation of nearby structures (roads, embankments and bridges, etc.)
1 Tracesof flooding and vegetation boundary



Foundation of Powerhouse
The foundations of the powerhouse must be strong enough to withstand the installation
of heavyloads like the electro-mechanical equipment. For a mini -hydropower plant, a
compacted gravel layer may be sufficient becauseof the relatively lightweight equipment
(approximately 27 3 tons/m 2).
The foundation is classified into two types:
For Impulse Turbine

- Pelton turbine, Turgo turbine or Cross-Flow Turbine, etc.
For Reaction Turbine

- Francis turbine or Propeller turbine, etc.

Figure 1.137 Foundation for Impulse and Reaction Turbines

a. Foundation for Impulse Turbine

The figures shows the foundation for the cross flow turbine. There
is a space between center level of the runner and the tailwater level
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b. Foundation for Reaction Turbine

The below figures show the foundation for the Francis turbine. The
outlet level of the draft tube is under the level of tailwater

g.*ﬁ_ This head is also effectively utilized
Filled with water ”% - ' .

In the draft tube

Location of Tailrace

The location of the tailrace is determined using the same conditions asthe powerhouse
location becauseit is located adjacent to the powerhouse. It is decided by the following
considerations:

(1) Flood Water Level

The tailrace channel should be preferably placed abovethe expectedflood water level.
When the baseelevation of the tailrace is planned to be lower than the flood level, the
location and baseelevation of the tailrace must be decided in consideration of (a)
suitable measuresto deal with the inundation or seepageof water into the powerhouse
due to flooding, and (b) a method to remove sediment which may occur in the tailrace
canal.

(2) Existence of Riverbed Fluctuation at Tailrace

When riverbed fluctuation is expectedto take placein the future, the location of the
water outlet must be selectedso asto avoid any trouble to its operation due to
sedimentation near the tailrace.

(3) Possibility of Scouring

Careful attention must be made to avoid the scouring of the riverbed and nearby
ground. The selection of alocation where protective measurescan be easily applied is
essential.

(4) Flow Direction of River Water

The tailrace must be directed (in principle, facing downstream) so asnot to disrupt the

smooth flow of the river water or alocation which allows the direction of the tailrace as
that of the river flow should be selected.



1.3.1 Water Turbine and Generator

A water turbine is a machine to directly convert the kinetic energy of the flowing water
into a useful rotational mechanical energy while a generator is a device usedto convert
rotational mechanical energyinto electrical energy.

Figure 1.147 Water Turbine and Generator

1.3.1 Electro -Mechanical Equipment

The water coming from the conveyancecomponents (diversion weir, inlet structure,
settling basin, headraceor tunnel, forebay and penstock) needsto be controlled asit
enters the power house that enclosesthe water turbine and generator.

A list of the electro-mechanical equipment in a mini -hydro power plant is shown in
Figure 1.15. Theinlet valve controls the supply of water from the penstock to the
turbine that converts water energy (static head and velocity head) into rotating
mechanical energy that drives a generator to convert rotating mechanical energyto
electrical energythru a mechanical drive, gear and clutch. A control facility measures,
logs and controls the speedand power output of the unit. The sub-station with the
switchgear and transformer controls the voltage and export of power to the transmission
line connectedto the regional grids (Luzon, Visayas,and Mindanao).



Figure 1.157 Electro -Mechanical Equipment

Equipment and Functions

1. Inlet valve:

Controls the supply of water from the penstock to the turbine
2. Water turbine:

Converts the water energy into rotating power
3. Generator:

Generates the electricity by the driving force from the turbine
4. Driving facility:

Transmits the rotation power of the turbine to the generator
5. Control facility of turbine and generator:

Controls the speed, output of the unit.
6. Switchgear / transformer :

Controls the electric power and increases the voltage of transmission

lines, if required

7. Control panels:

Controls and protects the above facilities for safe operation.

Note: Items 5, 6 & 7 above may sometimes be combined in one panel.

Inlet Valve

The inlet valve controls the supply of water from the penstock to the turbine, and as
such, must be able to shut-off the water flow during repairs and d o ncéntribute too
much to the head loss. Among the types of inlet valvesare the butterfly valve, bi-plane
valve and sluice valve.

The application of eachvalveis shown in Figure 1.16. For instance, a butterfly valve
can handle up to 200 meters of head and up to 2,500 mm (2.5 m) of pipe diameter. It
has a high head loss due to friction in its vane body located at the center of the valve,
leakageis higher than the other types at complete closure, but is cheap, occupiesless
spaceand simple in construction.

The other extreme is the sluice valve than can handle over 200 meters of head but small
diameter up to 500 mm (0.5 m). Head lossis small, occupieslarger vertical spaceand is
heavier, but head loss and leakageat complete closing are both very small.

In betweenis the bi-plane valve that can handle up to 350 meters of head but larger
diameter of over 500 mm (0.5 m). Head loss and leakageat complete closure is little,
construction is simple and maintenance is easy.lIt is costly for small diameter but
cheaperfor large diameter.



Figure 1.167 Inlet Valve

1. Inlet Valve
Valve xls
Kinds and Charactristics for Each Type of Inlet Valve
Type Butterfly valve Bi-plane valve Sluice valve
) i .
X
4 ———
General ;: -
———
Feature I l’ qu\:‘zs"/l
i ligary
Gul
Condition of Head : Not exceeding 200m Head : Not exceeding 350m Head : Excecding 200m
japplication 1D - 2 |Di " St i p
Head loss is very high due to friction of vane | Bi-plane construction is adopted 10 vane Size of survomoter become larger for large
body located in center of valve(water pass). |body of butterfly valve. So water pass is dia.one.
Leakage at complete closing is more than enlarged and head loss is decreased Vertical space become higher.
Special feature [that of other type valves. Product become heavier.
However, small dia. valves are used widely Head loss is very small.
in market duc to cheap cost, good space Leakage at complete closing is very small,
facter, siimple construction and simple
Head loss Medium Little Almost zero
Leakage Medium Little Very less
Construction Simple Simple Simple
Maitenance Easy Easy a little bard
Cost Medium Small qi-. A little costly High cost
Large dia: Cheapcr

Water Turbine

The next seriesof figures show the various types of water turbines, when applicable,
turbine efficiency curves, best efficiency and head range, and pictures of various types of
turbines.

Figure 1.177 Water Turbine Performance and Selection Criteria

2. Water Turbine

Types:

- Impulse turbines: Rotates the runner by the impulse of water jets
by converting the pressure head into the velocity head through
nozzles.

« Reaction turbines: Rotates the runner by the pressure head.

Type Head
High Medium Low
Impulse Pelton Crossflow Crossflow
Turgo Turgo
Reaction Fransis Propeller
Pump-as-Turbine Kaplan







