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Specific work and power of hydraulic plants o

4 K

* Hydraulic energy power generation (hydropower) has been used since ancient times to grind flour and
perform other tasks. Today hydropower is the most widely used form of renewable energy accounting for
about 16 percent of global electricity generation. Modern hydraulic power plants use the potential
energy of water to operate turbines driving electric generators.

* If1and 2 designate the extremity inlet (upper) and outlet (lower) sections of the plant layout, the work
exchange (per unit mass) in the open system is:

W_ =(h,—h)+(c,?/2-c?/2)+g(z,—Z,)

* Since enthalpy (h) and kinetic energy (c?/2) variations are generally negligible, the work can be written:
W12 =W= g (Z:L_Zz) = g HI
where H'is the geodetic head, i.e., the difference in height between the source and the water outflow
* Actual power P is given by:
P=M-W-n=p-Q-g-H
where:
p =water density = 1000 kg/m3
Q =volume flow rate
n = overall efficiency (taking account of circuit pipes and turbine losses)
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Types of hydraulic plants and turbines "

* There are three main types of hydropower facilities:

* reservoir (impoundment) plants: they mainly use the position energy of the water collected (naturally
or by a dam) in a basin or lake, at high elevation in the mountains.

» water flowing (run-of-river) plants: they channels a portion of a river through a canal or penstock.
They may not require the use of a dam. The water coming from upstream must be used for generation
at that moment, or must be allowed to bypass the plant.

* pumped-storage plants: they are similar in structure to reservoir plants and move water between
reservoirs at different elevations. At times of low electrical demand, the excess generation capacity of
the grid is used to pump water from a lower reservoir to an upper reservoir. During periods of high
electrical demand, the water is released back to the lower reservoir and turns a turbine, generating
electricity. Pumped-storage schemes currently provide the most commercially important means of
large-scale grid energy storage.

* The hydraulic turbines are power generating fluid machines that convert the energy of water supplied
by a hydraulic plant into mechanical work.
* Hydraulic turbines may be classified into:
* impulse turbines (Pelton), where the pressure of the fluid along the rotor channels is constant
* reactiendturbines(Erancis; Kaplan)whesethe pressyrentihedlviddropsalongtherpter.channels
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The energy equations for open systems

la 7
h,,
} 20 Pz, dW=cdc+—p+dwf+gdz
¢ 4
Mechanical form
hcl > A If p = cost:
17 P 1 A
v pW = (Pz + E:DCZZ + ,0922)'(291 + E,DC12 + ,Dgzl) + pwy

Z,

1
p+ E,DCZ + gZ = p; Total pressure
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Reservoir plants Juasyees,
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* Thelevel differentials available are normally high (H’ = 500-1500 m), while the water volume flow
rates are usually quite low (Q = 0.5-50 m3/s).

* Pelton and Francis type hydraulic turbines are generally used in this type of plant.

Surge tank

——— — —
—————

Era=x=d | -"x o) Valve house

- e - T ——————— ——

Penstock

......
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Water flowing (run-of-river) plants oy
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* Inthis case the geodetic heads are normally low (H' = 5-5o m) while the water flow rate range is
extensive (Q = 5-500 m3/s).

» Different hydraulic turbines can be used, mainly depending on the water flow rate.

* A portion of the river flow rate is diverted to an artificial canal with lower loss coefficient (§’) than the
natural one ().
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Pumped-storage plants

* Pumped-storage plants store energy in the form of gravitational potential energy of water, pumped
from a lower elevation reservoir to a higher elevation. Low-cost off-peak electric power is used to run
the pumps. During periods of high electrical demand, the stored water is released through turbines to
produce electric power.

* Although the losses of the pumping process make the plant a net consumer of energy overall, the
system is economically profitable since it allows to sell more electricity during periods of peak demand,

when electricity prices are highest.

upper reservoir

transmission
power grid

tunnel
penstock

turbine power-house

imeevelve ({reversible pump-turbine)
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THE EULER WORK EQUATION

e I' = m(r2Ve2 —r1Ver)

;T-W/ W = TQ = m QrVez—r1Ver)
r / 2 = rm(U2Vg2 — U1 Vear)

ROTOR
J Ahg = UzVgz2 — Uy Vg

A .

A hypothatical rotor for which flow amters at radius & and leaves at adius m.
The torgque created is T and the rotor rotates at £2 radian's.

the torgue 15 equal to the rate of chanee of moment of MomMentumm

T

Ahp = U(Vgz — Var). Aho/U2 = Vgao/U — Vg1 /U
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Pelton turbine (1/2)

* The Peltonis an impulse type turbine. The Pelton wheel consists
of a rotor, with double-spoon buckets mounted at its periphery.

* The water is transferred from a high head source through
penstock pipes.

* Each branch duct from the penstock pipe ends in a nozzle,
through which the water flows, controlled by a moving needle.

* Allthe available energy is converted into kinetic energy in the
nozzle.

* The water kinetic energy is converted into mechanical work in the
rotor

_._.;._
| R
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Francis turbine (1/2) .

* Reaction turbines (mainly Francis and Kaplan) are used when the geodetic heads are relatively low
(H' < 150-300 m) and the water flow rates are high (Q > 10-30 m3/s).

* The Francis turbine is a radial inflow turbine in which a spiral casing provides a uniform distribution
of water around the distributor (stator) circumference. The water, from the spiral casing, is guided
into the runner (turbine rotor) by a number of distributor blades.
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Francis turbine (2/2) furumed

* Flowing through the distributor vanes, the water is accelerated transforming part of its pressure
energy in kinetic energy and reaching a correct velocity directed tangentially to the rotor blades.

* Thedistributor blades can be rotated about fixed pivots by a servo-mechanism, so that the volume
flow rate can be controlled. At any load, the distributor blades are turned at the best angle, so that the

flow enters the runner without any impact.

16
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Kaplan turbine (1/2)

* Increasing the volume flow rate and decreasing the geodetic head, the shape of Francis turbine rotor
changes: the radial development of the rotor blades decreases while their axial extent increases, in
order to handle higher flow rates.

* Forthe highest water flow rates, Kaplan reaction turbines are used. In this case, not only the distributor
blades are rotating, but also the rotor blades are adjustable and can be turned about pivots fixed to the
runner, so that the triangles of fluid velocity are optimised at any turbine load.

Wertical driveshaft ot
Inlet gquide-vanes E é
Fotor (adjustable hlades)
.' . ——MNosecone
i
s(*______f——ﬁljraﬁ tube

%
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Kaplan turbine (2/2) Jurst

» Kaplanturbines are used for small geodetic heads (H’ = 5-40 m) and very high water flow rates (up
to 5o m3/s). Power output ranges from 5 to 200 MW.

N j,_%

% rotating
0 . ?déstributor blades
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Classificazione: Turbina Pelton, Francis, Kaplan

Hydraulic turbines l Direction of flow

(Pelton wheelj
3 0,03.

—) l B . —

-Flow coelficient § 0, 30—
Head coeflicient y 0,26
I

| (Francis wheels) } | (Kaplan wt

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,

MARUEEB Project Artnhar onaE 19



* X %
*A EE§
MARU 8

ok
ﬁ"-‘ﬁ

* 5 Kk

#«(pﬂﬁ)uuc TUERRing SIH!LA-QIT)’ @s

[, anme‘thaﬁ Q;MC@’JAA:+V

Aeld akmgmkamf ong e Fmrcr‘h’m

L/ :::/'\
L

e

2 Tome  Sluctonidy

Chonacts plebie Tluer ot . fnmﬁoﬂrﬁn’:w

[ |

3, As a Coms:e?.utmu_ I(‘u ]5; |
L é’Mq}h'c. £¢‘m{@w

)\ ? = Conﬂl_ l

IR x;:,ahi?blj:f:' Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa, 20



MARUEEB Project

3. As & Comsequtace  Kinopots, Sty
AT s cont
= v oy Qﬂ! ve%d\[?/ *én‘mqp/&j
=

W (a8
AL

A4 Tqr!m'héﬂ
zZ lu-«.frﬂﬂia.

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,

Octohar 201 A

* X %

*A EEg
MARU 3

x
*ﬁ-?*

*

21



MARUEEB Project

(2)s
For 'Prxf alf‘wd.\‘c. P Cont
| ned head H b l”""ﬂb”ﬂr‘t.ﬂhﬂi & Ha Mﬂsmd‘r

_____C ke = 4 ‘i[ﬂ ?ﬁﬁﬂm__

4 Canetdpe te Tu/ulql‘ne‘g ?::wer‘
ERRR AN 7 )

p& ?4/2 @1/% #2 C?g_

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,
Octohar 201 A

* X %
* %
MARUEEB

ok *
* ‘ﬁ-?‘ﬁf *

22



* X %
* %
MARUEEB

ok *
* ﬁ-}vk *

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,

MARUEEB Project Artnhar onaE 23



T}'IQ"‘EloT‘EL =%

— = (IS Cah&TMj oud Oi}rlw(/lt,\_,tg }jfr—_ =N
H = s

fov nydm,w&c tutlo'nec L
Geowelrical acd Wiienakic (ofperation )
Conn “Smlﬂleﬁ'u—g- P e < H
elco
48 <« \)—:: e ‘)_5‘ — i’lq s chorackedefie
tH

=S H >4

HS: ﬂci?" -?3._]‘-3

T rowa ng %—Q q@ww'—fg-'uf f%fiﬂ “{'L—‘L‘\EWP&E_

Vi sTatichicol relatbiov clup s

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,

MARUEEB Project Artnhar onaE 24



* X %

?GARUEE%?
k

Y
\i:(*-}ﬁ*

Classificazione: Turbina Pelton

S T N A O | I LN R
0.3 04 0506 08 1.0 2.0 3.0 4.0
Specific speed, Ng

Fig. 11.16 Typical geometric proportions of commercial hydraulic
turbines as they vary with dimensionless specific
speed [12].

La turbina Pelton:

+ Copre il campo dei bassi valori di 7.
« E una turbina ad azione pura.

- E adatta a essere utilizzata con elevati salti H e basse portate 0.
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Classificazione: Turbina Francis

Fig. 11.16 Typical geometric proportions of commercial hydraulic
turbines as they vary with dimensionless specific
speed [12].

La turbina Francis:
+ Copre il campo dei medi valori di 7.
« E una turbina con valori medi di grado di reazione.

- E adatta a essere utilizzata con medi salti H e medi valori per la portata O.
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Turbine Pelton: ruota
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Turbine Cross-Flow (Banki-Mitchell)

Sono macchine molto semplici € poco costose. Non necessitano di particolare
manutenzione e sono adatte ad impieghi per piccole potenze.

September,,, 2013 Footer text here 29
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Turbine Francis

Hydeanlie bines

VOLUTAA CHIOCTIOLA

© ] DESTRIBUTORE

| /

INFRSORE

Sono turbine molto diffuse per dislivelli fino a circa 500 m.

Il grado di reazione e quindi il loro sviluppo asso-radiale varia con ..
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Turbine Francis: Regolazione
> per la regolazione si usa 'TANELLO DI FINK

> in sostanza si varia la sezione di "gola”

APERTO CHIUSO

Fig. 11.1.5 - Anello i Fink

> chiudendo il distributore
w; tende verso le in-

PROGETID CHIUDENDO
cidenze maggiori — a

cresce il carico sulla 3

macchina!
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Voluta

Girante

Palettature regolabili
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Turbine Francis: Girante

E’ una girante centripeta.

Il numero di pale varia da
8 a 20.

All'aumentare del numero
di giri specifico si nota;

* diminuzione numero di
pale

* riduzione sviluppo
radiale

« aumento distanza tra
statore e rotore
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Tabella 11.4
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Francis 3 X 40.000 kw

ANSALDO - RIVA CALZONI - FRANCO TOSI

Turbina ad asse verticale. Camera spirale in lamiera
saldata, imbocco @ 900 mm. Girante In acciaio fuso
inox Cr-MI 13/4, 1785 mm, smontabile dall'alto. Scarico
sincrono. Supporto di spinta da 175 t, combinato con il
supporto di guida conglobato nella crociera superiore
derl alternatore, Valvola rotativa @ 900 mm. Pressione
di prova B85 kg/em’.

Regolatore meccanico tachiaccelerometrico tipo TA 605.

Gruppo di pneumatizzazione per il funzionamento del
gruppo come compensatore sincrono.

MARUEEB Project P

4775 449 M5~ m
9,25 9,25 925 m'/s
40.000 37.725 34.868 kW
750 rev/min

He

P,

=
Il

Vertical shaft turbine. Welded steel plate spiral case,
inlet dia. 900 mm. Cr-Ml 13/4 cast stainless steel runner,
dia. 1785 mm, removable from above. Relief valve.
175 ton thrust bearing, combined with the guide bearing,
located in the upper generator spider.

Spherical valve, dia. 900 mm. Test pressure 855 kg/cm®
Tachoaccelerometric governor, type TA 605,

Blow-down equipment for the operation of the unit as
synchronous condenser.

. . . . . . 0 0,5 [ s a2
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Francis 4 x 128.000 kw H.= 876 76~ m
Q= 160, 1472 m’/s
|TAU BA P, = 127.980 102.460 kW
ANSALDO (in collaborazione con G.I.E., Co. Em. S.A., Voith) o= 150 rev/min
Turbina ad asse verticale. Camera spirale in lamiera Vertical shaft turbine. Welded steel plate spiral casing
saldata composta sull'impianto, imbocco @ 5100 mm. composed on site. Inlet dia. 5100 mm.
Girante fusa di pezzo in acciaio al C, @ 4600 mm, Integrally cast runner of carbon steel, dia. 4600 mm,
peso 45 t. weight 45 tons.
Supporto di spinta da 760 t con iniezione d'olio ad alta 760 ton thrust bearing with high pressure oil injection,
pressione, montato su sostegno tronco-conico poggiante fitted on a supporting cone resting on the turbine
sul coperchio superiore della turbina. head cover.
|
o s i a-",_ | S S '.";'.-"“v

Sezione verticale della turbina »

M. Capobianco, Basics of Systemsar Turbine vertical section ) - - - 6
Octohar 201 A 3
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Sezione trasversale della centrale

Power house cross section
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ITAPARICA
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[1 §7§—J H. = 532 50,8 463 m
B Q = 5425 539, 510- m¥/s
z P, = 264.000 250.000 216.000 kW

Francis 3x 264.000 kw n o= 81.8 rev/min
ITAPARICA ANSALDO - RIVA CALZONI - FRANCO TOSI (in collaborazione con G.LE., Co. Em. S.A)

Turbina ad asse verticale. Camera spirale in lamiera sal- Vertical shaft turbine. Spiral casing of welded steel plates

data composta sull'impianto, imbocco @ 9500 mm. to be composed by welding on site. Inlet dia. 9500 mm.

Girante composta a mezzo saldatura con pale ricavate Runner composed by welding with separate carbonium

separatamente in acciaio al C, @ 7925 mm, peso 220 t, steel blades, dia. 7925 mm, weight 220 tons.

Supporto di spinta da 1960 t con iniezione d’olio ad alta 1960 ton located on a supporting cone resting on the

pressione, montato su sostegno tronco-conico pog- turbine head cover.

giante sul coperchio superiore della turbina,
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Turbine Kaplan

Hydlean liE tiiines

Il grado di reazione e piuttosto elevato
(R-0.7).

[l numero di pale della girante € compreso
tra3e7.

Le pale del distributore sono in genere
orientabili. s s g e b

Le pale della girante possono essere
dotate di meccanismi per la regolazione Saskona vacioul dota tuitian
del calettamento (passo variabile, Kaplan)

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa, 40
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Turbine Kaplan

L
rLLT

N

Girante Kaplan con palettature a calettamento variabile

September,,, 2013 Footer text here 41
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Turbine Kaplan: Regolazione

Le turbine Kaplan sono costruite n
con palettature a calettamento
variabile sia per le parti statoriche

che per le parti rotoriche. e m
\‘ \ %\

Per piccoli impianti si utilizza il
calettamento variabile o sul
rotore o sullo statore.

Per potenze impegnative si
preferisce il calettamento
variabile sia del distributore che &

delle pale della girante. Q
Curva di funzionamento al variare del calettamento

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,
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Nova g
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Kaplan 3 x 112.000 kw n o= 84,74 rev/min e 4 » ,
=10 N \ ol |
RIVA CALZONI - FRANCO TOSI, in collaborazione con Co.Em.5.A,
Turbina ad asse verticals con camera samispirale in ce- Vertical shafl lurbine with concrete spiral casing and
maenio @ aspirators a gomito con rivestimanta metallico drafl tube of the albow t¥pe with partial metal lining. '
parziale. Runner with & blades casl of 1374 Cr-Ki stalnless stesl, 0 :
Girante & 5 pale fuse in acciaio inox Cr-Ni 1374, dia. 7400 mm, Servomotor placed inthe runner hub nose. S— :
@ 7400 mm con servemotore posio nell'ogive; peso 164 1, Weight 184 tone. Vo aere. o i
Supporto di spinta di 1,860 1 posto sul cope-chio furbi- 1850 ton thrust bearing placed en the turbine head cov- . - ¢ %
na, dotato di rafrigarantl esternl & iniezione dollo &d alta wor, wilh extarnal coolers &and high prasaura oil injection o3 i
prresgione, syatem.
Supporto di guida aulorefrigeranie, Self coaling guide bearing.
Regolatore eletironico tipo RE 100/A/PR. Electronic speed governor type RE 100/ A/PA. . .
o 1
3 ) , (LR,
Supporto di guida
Supporto di spinta

Servomotore comande pale ruota
Servomotore comando direttrici
(5) Colonetta distrlbutore comando olio pale
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1980

Kaplan 3 x 26.000 kW

ANSALDO

Turbina ad asse verticale. Camera spirale in lamiera sal-
data sul posto con imbocco @ 5.100 mm.

Girante @ 3.700 mm con 5 pale in acciaio inox Cr-Ni
13/4.

Servomotore di comando pale nel mozzo della girante.
Distributore con tenuta ausiliaria,

Regolatore elettronico RIVA CALZONI tipo RE
100/A/PR completo di generatore di segnale tachime-
trico.

Tuttii gruppi sono predisposti per funzianare come com-
pensatere sincrono.

Hen =

Pr =

272 26,5 248 197 m
104,103 m3/s
25685 24,997 23.343 18263 KW
1876 rev/min

Vartical shaft turtine. Spiral casing of steel plate,
welded on the field. Inlet dia. 5100 mm,

Runner dia. 3700 m, with 5 blades of 13/4 Cr- Ni stain-
les steel.

Runner blade control servomotor placed in the runner
hub.

Wicket - gate with suxiliary seals.

RIVA CALZON! electronic speed governor type RE
100/A/PR complets with speed signal generator.

All the units can work as synchronous condensers.

G.'..‘. —— ety
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4 Sezione verticale della turbina

Turbine vertical saction

45



Bersia

MARUEEB Project

v (141,43)

(122.83)
4
3 11 | g lrr4ss popi
S i 215
Sezione trasversale della centrale a  Micssiad

Powerhouse cross section
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Turbine a Bulbo

Fig. 12.3.2 - Rappresentarions schematica dell'installazione

Sono macchine molto diffuse per dislivelli inferioriad i 10 m.
L'alternatore & contenuto in un “bulbo” completamente immerso in acqua.

In questo tipo di macchina il tubo diffusore ha un ruolo di fondamentale
importanza.
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Turbine a Bulbo

Distributore girante
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Diffusore di scarico

Nelle turbine con grado di reazione R non nullo, si usa inserire un diffusore allo
scarico della macchina al fine di recuperare energia cinetica allo scarico nonche
di utilizzare l'intero salto geodetico utile.

— TURBINA — TURBINA — TURBINA

n
: .l /|

M. Capobianco, Basics of Systems and Machines for Energy Conversion — P.Zunino Turbines for Renowable Energy Conversion University of Genoa,

MARUEEB Project Artnhar onaE 52



* X %
* %
MARUEEB

lad *
* ﬁ’-?ﬁ *

Diffusore di scarico

. - || -/

Caso A: viene persa I'energia cinetica allo scarico nonche il dislivello scarico pelo libero
Caso B: viene persa 'energia cinetica allo scarico

Caso C: viene ridotta la perdita di energia cinetica con un diffusore
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Diffusore di scarico

DIFFUSORI
> risulta:
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Bp—tig i 28 TR b g
H20 TURBINA B 2¢ ¥
IDRAULICA
ed essendo
2 I' 1 "
¢ si ottiene
2 c2 — 2
= N I e < R e -

SE— =l v 2g Y
B = SRR — = h‘ # &
_— — . \ —_ — infine:

— R — —

CANALE DI SCARICO o3 - h3 2
P2 Pa

|
I
S
l
o
£
}..<

> po<p, deve essere valutata tenendo conto dei problemi di cavitazione altrimenti deve

essere abbassato il corpo di turbina (ridotto h)
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Fig. 1. Specific speed versus design head. The curves indicate that over a period
extending from some time before 1964 to the present there has been a trend to increase
the value of the specific speed for a given head.
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