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es convert potential energy to mechanical energy, which can be used as
er for various types of machines and generating equipment. A generator
echanical energy to electric energy. The amount of energy that can be
ds on the available head, flow, and efficiency of the hydraulic turbine.
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where kW = turbine output, kW

H = net head, m “\

QO = turbine discharge, m*/s N B
o = weight of water (standard conditions) = 1000 kg/m? —
7 = turbine efficiency

In the above equations, the following efficiencies at rated output are represekntat
servative values that may be used for planning and estimating in the absence
mation for the selected turbine: ‘
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0.93 for Francis and propeller turbines
0.90 for Pelton and tubular turbines

Proportionality laws for homologous hydraulic turbines are shown in Table
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TABLE 3.5.1 Proportionality Laws*

Constant head Constant runner and diameter Variable runner, diametef, a

P o DZ P H3/2 P D2H3/2

172

no H'? 1 oc

Q o Dz Q oc H1/2 Q o DZHI/’.Z

*P = turbine output, hp (kW)
D = runner discharge diameter, ft (m)

n = turbine rotating speed, rpm
Q = turbine discharge, ft*/s (m®/s)
H = net head, ft (m)

ypical range of applications for the various turbine types in relation to head, flow, and
cher Wyss. Lid.)

overlap. Consequently, for conditions in this overlap range, more than
ne may be suitable. The actual operating ranges are continually being
e advancement of turbine design technology.
urbines are classified into two broad categories as either reaction (pres-
-ontinuous water column from headwater to tailwater or impulse (pres-
eaction turbines are driven by the difference in pressure between the
nd suction side of the runner blades. Impulse turbines are driven by one
1s directed tangentially into the buckets of a disk-shaped runner rotat-
lic turbines are also classified by head: low head, below 100 ft (30.5
ead. 100.to 1000 ft (30.5 to 305 m); and high head, 1000 ft (305 m) and
iscriminating classification is by the type of runner and configuration
er passage. The major types of turbines are described next along with
ires, advantages, and normal application.

TYPES OF HYDRAULIC TURBINES

Modern hydraulic turbines evolved from crude waterwheels to today’s sop
modern designs which were developed to accommodate a wide range of he
and operating conditions. The Francis turbine was developed by James B, Fr;
mid-1800s. The Pelton turbine was first produced in the late 1800s and is
developer, Lester Pelton. The fixed-blade propeller turbine was introduce
1900s, and later came the adjustable-blade “Kaplan,” named after Victor
developer of both versions. The Deriaz or diagonal turbine was developed b
in the 1900s. The straight-flow type of turbine and rim generator concep
by Leroy F. Harza in 1919 (the modern version of this concept is manufact
trade name Straflo). Tubular-, bulb-, and pit-type turbines were develope
1900s. The determination of the turbine type is made in consideration of ex;
load regulation, head and flow variations, powerhouse arrangement, head
and power conduit, geological conditions, necessity for a surge chamber are provided with a concrete semispiral case, or steel spiral case or
relief device, plant capability needed, and comparison of construction costs housing, a mechanism for controlling the rate of flow and for distrib-

The typical range of application for the various turbine types in rela equauy to the runner inlet, a runner and shaft, and a draft tube for regain-
flow, and output is presented in Fig. 3.5.1. The applications that each type of i
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Erancis runner geometry and dimensional proportions with respect to changing specific

r runner hub size. However, its efficiency peak is narrower than that of
bine: The Kaplan turbine usually has the mechanism in the hub, which
t to be changed automatically with respect to the wicket gate open-
it is operating. A cam in the governor (mechanical or electronic) corre-
tilt with the gate position. The adjustable-blade runner optimizes the gate
on, which enables operation in its high-efficiency zone over a broad
oad and head conditions.

The turbine runner for the tubular unit is of the propeller type (Fig.
ar or S-type turbine is classified by its water passage configuration
¢ to the draft tube, which is S-shaped and allows the generator to be
he water passage. The generator may be oriented vertically or horizon-
nclmed and it may be direct-driven or driven at a higher speed by
ncreasing gear drive. The speed increaser allows a higher operating
4 smaller (and usually less expensive) generator. The tubular turbine

FIGURE 3.5.2 Francis turbine runner rated at 200 MW. (Toshiba Corp.)

Francis Turbine. The Francis type of turbine (mixed flow) was initially de
medium-head applications; however, the head range has continually been exte
the advancement in technology (Fig. 3.5.2). The runner has multiple fixe
blades attached at the top to the runner crown and at the bottom to the ru
runner’s geometry and dimensional proportions vary with its specific spe i
in Fig. 3.5.3. The efficiency of a Francis turbine remains relatlvely g
approximately 40 percent of rated load.

Propeller Turbines. Propeller-type turbines (axial flow) were developed
low-head applications. The propeller runner theoretically may have:fro
radial blades that may be fixed or movable; however, the majority of mode
type turbines have runners with three to six blades, which experience ha
practicable and the most favorable design range for current practice (Fig

The fixed-blade propeller turbine has a stightly higher (0.2 to 0.5 perce

ciency than the adjustable-blade Kaplan turbine, because of the reduced bl: aplan:adjustable-blade runner rated at 26.8 MW. (Fuji Electric Co., Ltd.)
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water passage excavation is shallow and therefore much less than that requ
vertical-type turbine. o

Bulb Unit. The bulb unit also utilizes a propeller-type turbine runn
The bulb-type turbine configuration and arrangement locate the gener:
watertight housing (or bulb) in the water passage. The powerhouse for.a bulb
ally integral with the dam with a straight draft tube. The submerged and e
figuration makes access to the turbine and generator less inviting—with |
of the turbine runner. The degree that accessibility to the internal parts is
bulb configuration is related to physical size and whether the bulb is of th
design. Inherent in the bulb unit configuration is that the mechanical ine
erator’s rotating parts is much lower than that of a vertical unit, even with t
additional mechanical inertia that can be built into the machine. Conseque
unit has an inherent disadvantage for isolated operation or where a high
stability is required for speed regulation. The low inertia of the bulb un
pensated to some degree by the use of modern hydraulic turbine govern
system stabilizer (PSS). ;

Straflo Turbine. The Straflo turbine is designed so that the rim o
rotor is attached directly to the periphery of the blades of a propeller turbin
3.5.7). A dependable water seal must be provided at the edge of the rotor
rate the rotor poles and stator from the water passage. The water passage
is essentially the same as for a bulb turbine, except for external mounting
ator. Unlike in the bulb unit generator, the mechanical inertia in the gene:
Straflo unit is equivalent to that of a conventional type of turb
Consequently, the Straflo can overcome the disadvantages of the bulb un
to stability and regulation. ‘

Deriaz Turbine. This turbine (mixed axial flow) is to the Francis tul
Kaplan is to the fixed-blade propeller; both the Deriaz and the Kaplan configy

1raflo turbine. (Sulzer-Escher Wyss. Lid.)
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n one direction as a pump and in the opposite direction as a turbine. Pump-tur-
¢ classified into three principal types analogous to reaction turbines and pumps:

urbine type Approximate head range, single-stage machines

or Francis 75-2620 ft  (23-800 m)
w or diagonal-flow 35-250ft  (11-76 m)
r propeller 345 ft (1-14 m)

ynal-flow and propeller types are subdivided into fixed-blade and adjustable-
os. Pump-turbines are also classified according to the number of stages (single or
tages) and according to the orientation of the main shaft (vertical or horizontal).
ersible Francis-type pump-turbine is the most widely used type in the indus-
The impeller runner has fewer blades than a Francis turbine runner, and the
ally wrap from throat to tip diameter by more than 90°, sometimes up to 180°.
{ tip to throat diameter of a reversible impeller runner is substantially larger
or an equivalent turbine runner. The relatively large tip diameter is approxi-
al to'that of an equivalent pump impeller and approximately 1.4 times that of
nt Francis turbine runner. Because of the comparatively large tip diameter of
r runner; the reversible Francis pump-turbine inherently has a lower runaway
rancis turbine. Its runaway speed is generally on the order of 80 percent
he corresponding turbine. A further significant characteristic inherent in the
esign of medium- to high-head (low- specific-speed) Francis pump-turbines
ase in discharge with increase in speed above synchronous speed, which
ubstantial water-hammer effects when runaway speed is reached in installa-
ng long water conduits.

rhines require considerably deeper settings in relation to minimum tailwater
ntional hydraulic turbines, because head losses associated with flow through
~draft tube in the pumping direction act to decrease the available net positive
ead and the pump-turbine impeller is generally more sensitive to cavitation
ic turbine runners designed for the same specific speed. Figure 3.5.9 shows
-ansverse section of the Rocky Mountain pumped storage powerhouse.
nomics. of pumped storage generally require that the pump-turbines have a
ency both as a pump and as a turbine. It is also desirable, from the standpoint
nd cost of the generator-motor, that the pump-turbine have the same speed of
both directions of operanon However, the hydraulic design of reversible
es with fixed blades is such that the point of best efficiency occurs at a
ue of the peripheral-speed coefficient when pumping than when operating as
means that, for operation of such machines at a single rotating speed, the
ping should preferably be lower than the head for operation as a turbine.
1y, except in unusual installations, the effect of head losses in the penstock
er supply and discharge conduits is such that, for a given gross head, the
ad will generally be higher than the net head during turbine operation by
ly twice the head losses for flow in one direction. However, through care-
c design of reversible machines with fixed blades, the difference in heads
ptimum efficiency in both modes of operation at a single speed can be
ciably. By use of adjustable blades, the best efficiency points for pump-
ating can be substantially brought together.

pump-turbines which must operate over a large range of heads, or where
_heads are considerably higher than the generating heads, two- speed oper-
w the maximum efficiency points for both cycles to be utilized may be jus-

FIGURE 3.5.8 Deriaz pump-turbine runner rated at 41.7 MW. (Voest-Alpine:In
Corp.)

capable of having either adjustable or fixed blades (Fig. 3.5.8). The Deriaz adj
blade turbine can provide high efficiency over a broad load and head range, as
Kaplan turbine; however, its peak efficiency may be slightly lower (1 percer
for a Kaplan or Francis turbine. The Deriaz turbine design has a lower spe:
lower runaway speed, lower hydraulic thrust, higher plant sigma (cavitati
cient), and higher operating head range than does a Kaplan turbine. Due to the
configuration, a Deriaz turbine has a higher efficiency at part-load opera
Kaplan does. Another characteristic of the Deriaz turbine is the reduced dis
overspeed (or choking of the flow), as is characteristic of a low-specific-sp
runner. Deriaz-type turbines can also be designed for reversible pump-turl

Pump-Turbines. A pump-turbine combines the functions of a pump an
a single machine. The stationary components of the machine are similar to
turbine but the impeller-runner is basically a pump impeller designed to als
reverse as a turbine.

A pump-turbine converts potential energy to mechanical energy in the fus
and it converts mechanical energy to potential energy in the pump mode.
equation for the turbine mode is identical to that shown for turbines in the i
of this section. The energy equation for the pump mode is the same at that
bine mode, but the efficiency term (pump efficiency in this case) is mo
numerator to the denominator of the equation. The pump efficiency is 0. 92;
and estimating purposes.

There are two types of pump-turbines: nonreversible and reversible. Nonr:
type pump-turbines have seen relatively little operation and have not gained »
tance. The primary type of pump-turbines in operation today is the reversible
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ally designed two-speed synchronous generator-motors, which electrically
¢ effective number of poles for generator and motor operation, have been

g for pump-turbine application.

E able-speed motor-generators, which can vary the rotating speed of the unit in
o e otoring and generating modes, have recently been developed, and several

ZO o S . . .
wl Eg sl 2 olypes k_xave been .placed into suc_cessful operation. These machines h_ave the
b &~ ‘%f éf g,z_m o of varying thg unit speeq approximately plus or minus 10 percent, V&'/h‘lCh per-
w5 Zj a Z§§ o g g the pump input at a given -head. It also permits an increase in efficiency in
= >(§§ §§ g‘é é%é § 9 ng mode, and it provides improved performance over the operating head

- = =4 o S i
ot > nes are provided with a water distributor pipe and nozzles (jets), a mech-
af ! wtrolling the water jets to the runner, and a runner rotating in air.
o @) ;
4 3 1 ; ing. The Pelton turbine is designed for high-head application and has one
] SE —¥ ¢s; up to a maximum of six (Fig. 3.5.10). It can be arranged for operation
g : : i nozzle or multiple nozzles. The nozzles of a Pelton turbine are directed
% 1 i) to the center of the runner buckets. Horizontal arrangements are typical
win il 1s with one or two nozzles, while vertical arrangements are used for large,
H § | oy N ower units. Water is conducted and distributed to the nozzles by a spiral
b & =t L i v pipe. The nozzles are fitted with adjusted needles to control flow; in addi-
E : : \E i iignm 2 - e can be provided with a fast-acting jet deflector to deflect the jet from
z | 85, jjl ,' 1 the event of large load changes or emergency conditions. The deflector
Il g2 s especially useful on long high-head penstock arrangements; it allows
 in load without creating pressure changes in the penstock. Water dis-
the Pelton runner directly into the discharge pit and flows to the tailrace.
se turbines discharge to the atmosphere and therefore do not regain any
rom the flow downstream of the runner.
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IRE 3.5.10 Pelton turbine runner rated at 34.2 MW. (Sulzer-Escher
1d)
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TURGO
Vertical admission

1. Casing Q
2. Guide vanes
3. Rotor =,

4. Main bearing

S. Corner casing
6. Air inlet valve

7. Draft tube

8. Transition piece

definition is preceded by an identification number that also appears on
of the accompanying drawings to assist in identifying the component

FIGURE 3.5.11 Cross-flow turbine with horizontal and vertical adm
sion arrangement. (Ossberger Turbines, Inc.) .

» This is the rotating element of the turbine that converts hydraulic
ochanical energy. Francis-type runners consist of multiple contoured blades
ne end by the runner crown and on the other end by the runner band.
consist of buckets connected radially to the periphery of a disk, and pro-
onsist of blades attached to a hub.
cone. This is the extension of the runner crown or hub that guides the
s the runner.

seals. These are close-running clearances located between the rotating
tionary head cover, and the rotating band and the stationary bottom
clearances restrict Jeakage from the high-pressure zone to the lower-
‘hich affects efficiency and hydraulic thrust.
wearing rings. These rotating and stationary rings form the runner seals,
ily designed for either one or both to be removable and replaceable.

Cross-Flow Turbine. The cross-flow turbine is a variation of the impuis:
is sometimes described as a radial, impulse-type turbine with partial 1c
(Fig. 3.5.11). In the cross-flow turbine, the water flow path makes two p
the runner. Flow is regulated by guide vanes, allowing the turbine to operate
range of flows. Cross-flow units up to 1000 kW and heads up to 600 ft
service.

Turgo Turbine. The Turgo is an impulse-type turbine similar to the
except that the jet enters the runner bucket and discharges free from obstru
buckets (Fig. 3.5.12). The Turgo impulse turbine has a higher specific spee:
Pelton unit. Turgo turbines with outputs up to 7500 kW and heads up to 77
are 1n service. .



