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ABSTRACT

The thesis includes a literature survey of small hydraulic turbines,
incorporating a historical review. The possible role of “micro hydros™ in

generating power in various parts of the world, and particularly in Iran, 1s
discussed.

The theory of turbo machinery, particularly with regard to axial tlow
turbines, is presented next. This is followed by some details on the design of
guide vanes, runner blades and draft tube of axial flow turbines, these

components being usually regarded as areas which have major impact on the
performance of hydraulic turbines.

The next chapter gives the details of the test circuit that was
constructed. This could provide water volume flow rates of up to 0.15 m?¥/s

at heads of up 25m. The two dynamometers that were used could absorb
powers of up to 25 kw and 50 kw respectively.

An existing micro-turbine, the Agnew turbine, was selected for examination
and possible improvement. The first possible improvement was the
introduction of guide vanes upstream of the turbine runner (this inclusion
necessitated a second support for the main shaft). It was found that this gave

significant improvements — efficiency raised by over 20% in some cases.
The domain of high efficiency working was considerably extended.

It was observed that instability (with fall in power output) could occur after a
period of running. This seemed to be associated with an accumulation of air
bubbles at the highest point in the casing of the machine. Introduction of a

vent from this point was found to relieve this problem and ensure stable
operation.

Suggestions for further research are given.
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ORIGINAL WORK

The work described in this thesis is towards improvement of a
micro hydro turbine originally designed by Mr. P.Agnew. It has been
undertaken by a team of which the candidate is a member. He has taken
part in all design and analysis work, as well as, much of commissioning,
preparatory and experimental work. The author has been personally
responsible for :

1. Design and construction of thelaboratoryfor testing the turbine.

2, Redesigning and manufacturing of a ( 1:2) research model of
Agnew micro turbine.

3. Design and commissioning of the guide blades mechanism.

4. Design, construction and operation of the measuring system
including, velocity, pressure and torque measuring devices.

5. Operational and performance improvements of the turbine by
establishment of essential modifications and mechanisms.
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NOMENCLATURE

Al Contracted area of the of the jet of water at the orifice plate.
Ao Area of the orifice.

C Circulation

Ce coeﬂ‘ncicn-t of contraction

Co Coefficient of drag.

Co Coefficient of lift.

Cv Velocity coefficient.

D Pipe internal diameter,Blade diametey,

D; Water jet diameter at the orifice exit.

d Hub diameter

e Specific energy of water

Cx Distance between the center line of the orifice and center line

of the upstrecam and downstream sides .
F Cross sectional area of the draft tube&Force exerted by the

dynamometer’s arm .

FL Lift force

Fo Drag force

g . Acceleration due to gravity

H Effective head

Hs, Hvacuum Suction head

Hgauge Pressure head of the turbine

h Head loss

hf Head loss due to friction

hdy Dynamic head

K Velocity coefficient in Bernoulli’s equation &Flow coefficient

of the orifice



I, Distance of the maximum deflection of the central curve

from the leading edge, Length of the airfoil

1 Depth of the airfoil, Length of the arm of the dynamometer

m Mass, Maximum deflection of the central curve of the
airfoil

N Speed

N1 Unit speed ( Constant head )

Ns Specific speed

P Power, Pressure

Pa Absolute pressure

Patm Atmopheric pressure

Ph Horizontal component of force

Pi Input power

Pi Unit input power (Constant head )

Po Output power

Poi Unit output power ( Constant head )

Pv Vertical component of . force

Flow rate

Unit flow rate ( Constant head )

Re Reynolds number
I Radius
S Supporting surface of the airfoil
T Spacing of blades, Torque
Tz Resultant external torque about an arbitrary fixed axis
t Maximum thickness of the airfoil
U Linear velocity
Upb Blade velocity
Ub-2 and Ub-3 Velocities relative to blade




Uf Flow velocity
Ui Specific indicated velocity, Inlet velocity of the turbine
Uo Outlet velocity
Ur Radial velocity
Uw Tangential (Whirl ) velocity
V Velocity of flow
Wu Relative velocity
Z Height from datum, Number of blades
94 | Angle of attack
oo Angle of attack for zero lift coefficient
Oloo Angle of attack for infinit span of the airfoil
B Lattice angle, Ratio of the orifice diameter to the
pipe diametey
P , Density
W Angular velocity
n Efficiency
Np Draft tube efficiency
Th Hydraulic efficiency
Tm Mechnical efficiency
T max Maximum efficiency
To, Nt | Over all efficiency
Indices 2, and 3 Refer to inlet, and outlet of the turbine
respectively.
Indices 2, and 5 Refer to inlet, and outlet of the draft

tube respectively.

X1




(1)

MICRO HYDROS




PREFACE

Basically , the term turbomachinery refers to a wide
category of  machines whose spectrum covers many different types
of turbines , pumps ,fans , etc . Steam and gas power plants, jet
engines , turbochargers , oil and water pump stations ,dams ... are
examples of many number of applications of turbomachines. Water
turbines may be regarded as the oldest members of this
family.Thousands of years ago, old Iranians ( Persians ) and Romans
made use of primitive and simple watermills (1).

The idea of using water as source of energy existed more than
2,200 years ago. The hydraulic energy was first produced in Asia (China
and India ) in the form of mechanical energy , by passing water through a
water wheel .The old type of water wheel made mainly from wood , still
exists in India . Such types of prime movers were taken from the Asian
Continent to Egypt and then from there to European countries and
America . It 1s estimated that water wheel (undershot and overshot ) was
used 1n Europe 600 years after its origin in India . The actual design of
water wheel was first made by Leonardo da Vinci (1452 to 1519 AD),
the greéf Italian artist, which he did with hand sketches . The
mathematical solutions of such a wheel were drawn by scientists Galileo
Galilei and Descartes . A Swiss scientist Daniel Bernoulli (1700 to 1782)
first wrote a theory for the conversion of water power in to other forms of
energy in his book “ Hydrodynamica “. Berniulli’s Theorem was given
practical appilcation by Segner in Goettingen (Germany ) in 1750, who
designed a water wheel . Then Leonard Euler (1707 to 1783 ) from Basle
(Switzerland ) wrote the theory of hydraulic machines in 1750, which is
used even to this day showing the fundamentals of the subject . Bernoulli
and Euler discovered most of the mathematical work concerning the
problems .

During nineteenth centuary , the rate of development of water
turbines accelerated . Especially when the problem of generation of
elctricity with the help of water turbines arose .Many engineers and
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scientists took part in this process , as the result of which present turbines
such as Francis, Pelton and Kaplan were developed .

Now. a.days a wide variety of water turbines are in service
for different flow rates and heads , which are scattered all over the
world generating power from less than a kilo.watt to thousands of
megawatts. How.ever , this work would cover a micro turbine for

heads mainly less than 10 meters and flow rates of almost less than
500 (1 /s) .

Micro hydros and their importance

It has been around a few decades that attention.. has been
attracted by small hydro potentials. After successful application of
them , the idea of using mini.hydro and microhydro potentials was
developed. Although micro hydros are not by any means comparable
with large hydro plants, in so far as their power production capacity
is concerned but , their dimensions , weights, costs , installations etc.
are not also comparable .

The purpose of thisargument is not to produce reasons
for selection and comparison of either of the hydro plants, but is to
justify application of micro hydros where applicable .

The following would highlight a number of reasons which
can advocate the idea of micro hydros :

1. Relatively simple design ; light weight , and small size .

2, Simple mass production process .
3. Low production and over all costs due to items 1 and 2 .
4.Easy and simple installation, without requiring any heavy

construction such as dams , massive generators , penstocks,
welr etc. .

S. Cheap and easy maintenance.
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.

6. Application of these turbines to agricultural activities ,
especially  their installation on irrigation canals .It is
important to notice that , the utilization of hydro power has
strongly been advocated , in recent years in Iran .

7. Application of micro hydros at almost any site even with
low heads and limited flow rates. Especially at rural areas
and villages which some of them are situated many miles
away from electricity network.

Micro Hydros and the world

It has not been more than two decades that attention- has
been drawn towards small hydro potentials (1 to 100 MGw) . It was only
after successful application of small hydro turbines, that thoughts were
diverted towards minihydros (200 kw to 1 MGw ) and micro hydros (up to
. 200 kW) potentials .

Republic of China is the leading country in applying
microhydro turbines at her rural areas (2,4 ). Other countries such as
UK ., Russia , Japan , and France have also worked in this context .
Never.the.less , the main users of micro hydro turbines who have also
performed some work on them , are mostly the third world countries.
Peru , New Guinea , Philippines , and Nepal are amongst those countries
which are benefiting from'micro hydros -

For the purf;d;é of introduction to the work performed
by different countries on micro hydros , Republic of China , Japan ,New

Guinea ,and UK. were selected . The following provides a summary of
the work on micro hydros in these countries .

1.3
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Micro hydros in China

Due to existence of numerous sitesin China suitable for
micro hydro turbine installations , and due to the great need for power at
many points of the country ,work on micro hydros began in early 1950 ‘s.

At present there are more than 60000 micro hydro stations
scattered all over the country . How.ever,it should be pointed that, the
above figure only accounts for those sites which generate less than 50 kw.
Information concerning models,flow rates and generator capacity of
turbines employed in China are represented in table (1.1) . (...4) .From

tables (1.1.A & 1.1.B ), it may be observed thatthe main types of
turbines used in China are as follows :

. Fixed blade axial .

. Mixed flow - Francis .
. Diagonal impulse - Turgo
. Impulse - Pelton

= W N e

For future reference it may be noticed that ,45 © inclined , adjustable
blade, axial turbines are not amongst those employed in China..

Japan and micro hydro

Facing the first and second energy crisis , development
of domestic energy was advocated in Japan . Amongst all ideas and
projects, development of small hydro turbines seemed to be more
prosperous.

Fuji Electric Co . is one of the companies which has undertaken
some work on this issue . As a matter of fact their work mainly concerns
small hydros with generating power of less than 20 (Mw).They developed
different turbine designs , some of which operate under heads as low as
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Turbine Generator

Model Head | Flow [ Generator Speed Voltage
Capacity (rev/min ) (v)

60 Hz
460

J~1,
4~3.54 P0.40.55.75.100.125 1000 1200 400 460
160 500 400 460
. 428.6

(m) (m?/s) (kw) S50Hz | 60Hz | SOH
ZD760-LM-60 | 2~6 [0.3~1.64 | 183040.55.75 | 1000 | 1200 | 400
- l

ZD760 - LM - 80 "
:

ZD760 - LM 100

514

ZD760 - LM -120 | 4.17~6.58 | 75 100. 125 750 400 460
ZD760 -LMY-120 160 200 300 400
(6300)
250 320 375 6300

460
(6300)
800 2143 | 2117 | 6300
ZD560-LMY- 60 121~1.35
100. 125 750 900
750 720

3150
6300
460
460
460

6300

400

400

ZD560- L1 -60 |7.8~12.7 | 1.41~1.85]18.30 40.55.75 400

1.77~2.97 460
460

460

15 1000

200.250 600
160.200 50

0
ZD560-LH-80] 8~14 |2.9~3.99 160 428.6
250 500
400 600 6300 6300
: 500
8

ZD560 -LH 100 | 12~15 [5.53~5.5 500.630 514 | 6300 | 6300
4

600
: 514
2D560- LH- 120 ~] 5.1~8.5 500.630 375 360 6300 6300
e
257

zDso-Lu-1s0| 10 | 165 | 1250 | 250 | 257 | 6300
18.5-50 | 027-033 | 7500025 | 1000 | 1200

160 1000 | 1200

HL110 - WJ-50 B3.3~92 125.160.200.250 | 750 720 400

400

400
400

ZD560-LMY- 80]6.3~13.5

450 400 460
S14 400 460
(600)

6300

o=
ChN
o

400 460
(6300) | (6300)

HL110 -WJ - 60 | 55.5~80 | 0.97~110 400.500 750 720 6300 | 6300
(900)
630 1000 900 6300

Table 1.1. A

320.500.630 1000

6300
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Am.mnm\m tor

Turbine
Speed Voltage
Mode! Hes Flow Generator (rev/min) (V)
(m) - {m°/s) Capacity -

(kW) 50Hz  60Hz  50Hz  60Hz

XJ-W-42/1%X10 50~160 0.24~-0.43 75.100.125 750 720 400 460
(S00)

160.200.250.329.400 1000 SO0 400 4c0
| (1200)

XJ-W-42/1X11 50~100 0.29-~0.38 100.125.160 750 720 400 - 460
(SC0)

200.250 1000 21810, 400 460

XJdg,-W-25/1X7 40~-90 0.07-~0.14 26.40.55 1000 1200 400 460

75 1500 1200 400 460

CJ-W-82/1X11 150 0.416 500 500 514 6300 6300

The turbine model type consists of three parts: turbine type and specific speed; shait arrangement, and form of
inlet — runner diameterlmm) or number of jets X jet dia.(mm) for impulse turbines. Here, tor turbine type. ZD —
fixed-blade axial: HL — mixed-flow — Francis; XJ — diagonal impulse (Turgo); CJ — impulse (Pelton). Shaft
arrangement: L — vertical; W — horizontal. Form of inlet: J — metallic spiral case; H — reinforced spiral case;

M — open flume: MY — pressurized open flume; CJ — Pelton turbine.

..HmEm 1.1B
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7.5 (m), and flowrates as small as 150 (1/s), ( cross - flow turbines ).
In their work they have made an attempt to standardize their turbines , so
thet , for various conditions of water systems, different designs and

different sizes of turbines would be available . Chart (1.1) shows Fuji ‘s
chart for their standard hydraulic turbines.

[T

Honzontal pehion lurbine

(
\%
\ 444’/ rma/ Irancrs lurbme

L LN/
N )
.E . w | ia atal kapln ludne
/
5 AN | 7 s‘
L ‘ NEEEY A i W o bub lurbine
! . 35% dw! !ype
10 — D lubme | ‘I
\ |l’emcal vbul” lurbne "“
°l 35;3@@:7%
2
]
0.2 0.5 1.0 2.0 5.0 10 20

Discharge Q(m3/s)

Chart (1.1) selection chart of Fuji standard hydraulic turbine
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Below, a list of turbines , designed and manufactured by F uji
is presented :

1 . Cross - flow turbine .

2 . Pack.aged Bulb turbine..

3 . S- type tubular turbine .

4 . Horizontal Pelton turbine .

S . Horizontal Francis turbine.
6 . Vertical tubular turbine .

7 . Small vertical Francis turbine .

Micro hydro in New Guinea

New Guinea 1s one of the countries which has benefited
application of micro hydros in her rural areas (12 ) . Apart from being an
end user of these machines , apparently there has been some research
work performed on the subject . For instance, R . J . Hothersall, a
lecturer at the department of mechanical engineering, university of
technology, in New Guinea has performed some work on establishing
criteria for selection of microhydro turbines . In an article he has
presented a methodology, by which for a given small hydropower
potential, suitable turbine or pump can be selected (13). In this work
only turbines with power outputs less than 100 (kw) are considered .
Also design features specific to micro hydro turbines are presented .
Since, for certain applications , a pump , operating in reverse, as a turbine

provides an acceptable option, then data for pump selection are also
included .
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Table (1.2), from this article, provides a comparison between
impulse and reaction turbines for microhydro schemes.Also figure (1.1)
represents a selection chart for water turbines under 100 (kw), according

to the criteria established in above mentioned article .

flowrate (m3s?) | ¢ bulb or tube type propellor turbines
10¢ o Cross flow turbines

+ centrifugal pumps
A Pelton wheels

v Turgo wheels

- Francis turbines
m water wheels

:
® propeller pumps

special applications
area -

1000

Figure ( 1.1 ) -Selection chart for water turbines under 100 Kw.

Micro hydros in the U. K.

Altogether, 11 turbine manufacturers were contacted in the
U.K. Nine of these companies had either stopped working on micro
hydros or were not interested in them any more.Only two of these

1.9
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manufacturers were still interested and were actually interviewed for
possible future work .

14

One of these companies was “ water power engineering
owned by Mr. Osman .M. Goring, a mechanical engineer
who had been working on micro hydros for many years . There , they had
developed a modular unit comprising a turbine tank and an inlet tank .
The prime objective of this design was to meet the requirements of sites
with low heads (less than 10 meters) and low flow rates ( less than

2 (m%/s).The turbine itself was a contituous back to back: reaction

1

turbine

machine , having an efficiency of 70% under ideal operating
conditions .

The second company contacted , was owned by Mr.
P.W. Agnew , a retired lecturer at the Department of Mechanical
Engineering , Glasgow university . Mr Agnew had embarked upon
designing and manufacturing a micro turbine in mid 1970’s . His turbine
at the beginning was a fixed blade , propeller axial flow turbine which
later was developed to an adjustable blade 45° inclined axial flow

turbine.
Discussions with Mr.Agnew showed his enthusiasm for

further developments on his turbine . He believed that there had not been
enough work performed on development of his turbine , . . . for lack of
money it was necessary to go straight from the drawing board to site
testing stage , without any laboratory testing and development work ” .
(7) . Therefore by studying , performance results of the turbine and
considering suitability of its working range it was then decided to use the
Agnew turbine as the subject for our future work . Details of the turbine
are presented in chapter 4 .

Iran , Hydropower and microhydros

In order to find out about what had been done towards
microhydros in Iran, many ministries , companies , research institutes
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and universities were contacted . The following, lists out a number of
most important ones : -

1 . Ministry of fower
[.\Water resources section .
II . Rivers and dams section .

III .Water potentials of western states Department.

2 . Ministry ofdahad .
I . Water resources section .

II . Construction deputy, power and energy department .

3 . Power institute , affiliated to the ministry of power . Actually
designed and manufactured a Pelton wheel .

4 .Mahab Ghods co . Involved in over.all design of hydro power
plants . (Dr . Bakhtari ).

5 . Ghods Niroo co.

6 . Neer pars co.

7 . Pump Iran factory , which basically is a pump manufacturing
company. They ,in a joint venture with Tehran University ,embarked
upon production of 35 different sizes of reversed pumps (pump turbines).
According to the data released by them , their pump turbines are capable
of generating 5 to 250 (xw), heads over 10 meters and flow rates of 100
to 2000 m3 /h . Figure (1.2), shows a graph of their flow rates against

head for different sizes of pump turbines. ;

8 . Water power company , affiliated to the Ministry of Fower . A
floating turbine was actually designed, manufactured and successfully

tested by them .Needless to mention , that the efficiency of the turbine
was not higher than 50% .
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I. Resources and Potentials

Iran 1s a vast country ,having anareaof 1, 648,000 I(m2 :

As far astemperature is concerned almost all four seasons may be found
at any time of year at different parts of the country . A larger proportion
of its 60 million population live in , western and northern parts.
Table( 1.3) , divides the country into two major eastern and western
sections and provides data on their population , rain fall , surface and
underground waters and the area of each section. ( 14 )

Eastern Area

30 Population %

40 Rainfall %

40 Surface waters %
43 Underground %
Water resources

Area %

Western Area

70
60
00
57

30 70

Table ( 1.3 )

Figure ( 1.3 ), shows the areas mentioned above on the map
of the country . The shaded area represents the eastern area . The annual
amount of rain in Iran is around 240x10° m° of WhiCh,lOOxlO9 m is
evaporated , 60x10° m> is absorbed by the ground and the remaining
80x10° m’ is actually in either seasonal or permanent rivers . (14)

| A look at the geography of Iran shows that , Alborz
mountains and Zagross mountains , cover,mainly the north, north
west and western parts of the country ,exactly those parts which
receive more of the rainfall ( western area, on figure 1.3 ).Therefore
most of the permanent rivers , and water falls are situated in the

western area.



Figure 1.3
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Studies led by the ministry of power, show that, the hydro
power potential in Iranis around 17000 (MGw ), of which only about
2000 (MGw) are being benefited and the rest remain to be used in future.
This figure does not include micro hydro potentials . Early studies by the
same ministry show that, over 3000 micro hydro potentials exist in rural
areas (2 ).

Also , there have been some studies led by the ministry of
Jahad as an attempt to pin point hydro potential sites in the range of,
less than 200 kwup to 20000 kw, across the country . They have divided

this range into three sections as shown in table (1.4) according to the
site’s nominal power generating potential . (3 )

Small hydro sites
Upto 200 KW From 200 KWto 2000 KW | From 2000 KW to 20000 KW

Table (1.4)

According to their Study, a total number of 262 microhydro
potentials exist in 13 counties , through out the country .

Although , in their study they have not taken total heads less
than 10 metres into account .This would justify the discrepancy between
their figure and figures released by the r.unistry of - ower . Table (1.5)

represents an overall view on the potentials selected by the rainistry of
Jahad .

II. Needs & Problems

According to a report issued by the ministry of Jahad , there are
over 64000 villages scattered all over the country, Less than 30.000 of
these villages , at present are enjoying the electric power , whereas , the
rest of them ( more than 34000 ) are simply suffering a lack of this
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valuable , basic commodity . Along with electricity , lack of clinical
services, telecommunications, etc.. , have caused a mass exodus , towards
cities. In one hand, cities do not have enough facilities to cope with this
rapid population growth . On the other hand , agricultural activities
would suffer heavy damages due to lack of manpower . This is due to the
fact that , in Iran , agricultural activities are mainly concentrated at
villages , with people leaving villages there will be no one to work on the
farms .

The prime objective of the above short discussion is not , to
hold “lack of electricity” responsible for all the hardship and

shortcomings but its important role in man’s welfare and culture can not
by any means be denied .

SELECTION OF HEAD & FLOW RATE RANGE

Before moving any further it would be more appropriate to
explain what ranges were selected for the turbine’s head and flow rate ,
and how they were selected .

Referring to early sections of this chapter , it was mentioned
that , the ministry of power has spotted more than 3000 sites for micro
hydros having heads less than 10 meters , On the other hand , ministry of
Jahad ‘s report indicates presence of 298 micro hydro sites for total heads
of over 10 meters . A close look at this report would indicate that more
than 130 of these sites have flow rates ranging between 50 /s to 500 Vs .
This figure is about 45% of the total number of sites , which would
mean that selecting a flow rate less than 500 s can cover a good
percentage of the total potential sites . However, if generalization of
these figures is accepted then it may be concluded that more than 1300

sites out of 3000 sites located by the ministry of power could have flow
ates less than 500 1/s..

1.18



Therefore , by consulting data collected , and a number of those
in charge in ministry of Jahad and ministry of power and also by
consulting both supervisors at I.LR.O.S.T. and Glasgow university it was
decided that work should concentrate on micro turbines, operating under

heads below 10 meters and flow rates less than 500 ( 1/s).
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Turbomachinery

This is the term applied to describe the types of machinery in which energy
exchanges (transfers) take place between the working fluid and the
machine rotating parts (rotor, impeller ) as a result of a change of angular
momentum occurring when the fluid passes through the machine .

The exchange of energy may take place in either direction , a
turbine being a machine in which the fluid is doing work on the rotor ,

whilst in the pump, fan, or compressor the fluid has energy transferred
to it from the impeller .

The working fluid may be incompressible or compressible and
may flow in different paths through the machine ( rotor , impeller ) which

leads to a further general classification based on flow direction through
the machine rotor :

(a) Radial flow
.(b) Axial flow
(¢ ) Mixed flow

Also, variation of conditions of flow through the rotor ( impeller )
leads to the terms;impulse and reaction turbines.

Alternatively an Impulse turbine is one in which the change of
the angular momentum of the fluid ( hence, energy transfer) occurs
mainly or wholly as a result of the change in direction of the fluid
velocity relative to the blade . No change in pressure occurs in the blade
passages and no change in the magnitude of the relative velocity vector .

A Reaction turbine 1s one in which due to the shaping of the
blade passages changes in the magnitude and direction of the fluid
elocity relative to the blades occur. This shaping of the passages
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producing an increase in the relative velocity also results in a pressure
drop within the blades .
Turbomachinery development may be approached through fluids

dynamics, experiments , dimensional analysis and in practice a
combination of all three is used .

The fundamental design relationship for all turbomachinery is
derived using the angular momentum law,which states :

The resultant external torque on the matter momentarily
occupying a fixed volume equals the rate of change of angular
momentum of the matter inside the volume plus the net rate of outflow of

angular momentum through the control volume . For steady flow ( or
cyclic flow ) such as considered to exist in the rotor of a turbine or

compressor the rate of change of the angular momentum of the matter
inside the volume is zero , thus ;

The resultant external torque Net rate of outflow of angular momentum

|

about an arbitrary fixed axis through the volume about that axis

m A (rxU)y

i.e. TlZ

Study of the flow through a rotor is best carried out using

velocity vectors , and constructing vector or velocity diagrams . They
can be constructed for any position through the rotor passage but usually
only for the inlet and outlet positions to give conditions for the inlet and

outlet of the blades.

Absolute Velocities arc with respect to the machine casing .
Relative Velocities are with respect to the machine rotor.
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In general the absolute fluid velocity may be resolved into
three mutually perpendicular components at radius r : ( Figure 2.1)

(a) directed parallel to the axis of rotation of the rotor UAxial
(b) directed radially through the axis of rotation of the rotor URadial
(c) directed at right angles to the radial direction UTangential (Uw)

The absolute velocity of the blade at radius r is given by

Up=Ox r
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Since only the tangential component of the absolute fluid velocity
. called the whirl component , Uy , affects the angular momentum

change about the axis of rotation, then
T,=m O (r xUy)
and between inlet (2 ) and outlet (3 ) of the blade,
T, =m (12 xUwy - 13 x Uys) onrolor,

where conditions are assumed constant across inlet and outlet sections .
The fluid velocity component normal to Uw and indicating the

direction of fluid flow through the rotor is called the flow component ,

Uf |

ie Ur = Ugaxial : axtal flow machine
Ur = Updial , radial flow machine

Any change in the components in the axial or radial directions
produce thrusts on rotor shaft taken by bearings . '

The construction of vector or velocity diagrams for the blade inlet
and outlet sections is carried out using information on the absolute fluid
‘velocity , or its components , the blade velocity , Uy , and the blade
angles eflc.

The vector triangles are drawn for the plane containing the fluid

whirl and flow components . The [luid absolute velocity issuing from
the nozzle or guide blades 1s normally quoted as that value in that
plane and is thus the vector sum of the whirl and flow components .




Typical inlet and outlet diagrains for a turbine are shown in figure (2.2 )

Figure (2.2)

Hydro Turbines

Usually waler turbines [all into two calegories ;

1- Impulse turbines .
2- Reaction turbinces .

Amongst the well known impulse turbines are Delton turbines ,
which are employed under lLigh heads and relatively low flowrates.
Banki turbines are also of the same category,but not as widely used as
pelton turbines . These turbines are shown in figure (2.3 ).
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Here, a jet of water through a nozzle is directed toward turbine
buckets ( blades ) thus transferring energy from water into the wheel . An
important point here , is the fact that water flows into open ( atmospheric
conditions ) immediately afler leaving the nozzle , so that , the water jet
would be impinging the blade under atmospheric conditions, where it freely
splashes around.

There are also different types of reaction turbines . These types.
are mainly as follows :

I- Radial inward flow , Francis turbine..

2- Mixed - flow Francis and Deriaz turbines .
3- Axial propeller ( fixed blade ) turbines .

4- Axial Kaplan ( adjustable blade ) turbines .

Figure ( 2.4 ) represents , different turbine runners. The main
difference of these turbines with those of impulse type is that, water
travels through a closed system , from entering the penstock or the
turbine down to the exit from the draft tube . This system mainly consists
of three parts as follows :

1. Penstock : pipes ofrelatively large diameter carrying water under
pressure from the storage reservoir to the turbine .

2. The Turbine: where a part of the water pressure head is
transformed into kinetic energy .

3. Draft Tube: water leaving the runner has a high kinetic head (1e .
high velocity). Draft tube , normally a cone of smoothly increasing
cross section , canreduce velocity , thus, converting the kinetic head

into pressure head . Figure ( 2.5 ) shows areaction turbine with its
draft tube ..
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Kaplan Turbine Runner

Deriaz

Figure (2.4
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As mentioned earlier , water turbines maybe classified as, impulse
and reaction turbines . Each of these categories contain a number of
different type of turbines . Naturally , these different designs have been
developed for a certain range of head and flow conditions . So far as,,
this work is concerned ; turbines suitable for relatively low heads and
moderate flow rates would be of more importance . Figure ( 2.6 )
represents classification of different types of turbines . According to this
figure propeller and Kaplan turbines seem more appropriate and
applicable for our purpose . Therefore in next section some details about
these turbines is presented to justify why such design has been selected
for a micro hydro .

Propeller Turbines

This type of reaction turbine has a rotating element very similar
to that of the axial flow pump . The propeller shaped runner is a
development of the Francis mixed flow design and deals with large

quantities of water . Figure ( 2.7 ) represent a Kaplan turbine .

/ ADJUSTABLE GUIDE

- VANES
- ADJUSTABLE RUNNER
| BLADES

Fiqure (2.7) KAPLAN TURBINE
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The units operate under relatively low heads ranging from 4
meters to 40 meters , with a maximum of 70 meters for small machines.
Separation and cavitation are often unavoidable in the flow passages of
propeller turbines operating with high velocities and it is the onset of
cavitation that the specific speeds, Ng, of these units range from 400 to
840 approx.

N \' D
where Ng = ( 5/ 4 )
(1) 1 max

The power efficiency curve for a fixed blade propeller turbine is
very peaked and hence , indicates a poor performance at part load.
However , in 1920 Kaplan overcame the problem by developing a turbine
in which the pitch of the propeller blades is automatically adjusted by a
governor to suit a particular load , the actuating mechanism being
accommodated in the boss and the hollow bore of the vertical shaft . The
Kaplan turbine 1s more costly butthe improvement at part-load is such
that the fixed propeller unit is only installed at sites where the head and
load are constant .

Figure ( 2.8 ) represents , a comparative sketch of the
performance of Kaplan design with Francis and fixed blade propeller
turbine under part loads . Also figure (2.9) shows the curve of efficiency
against specific speed for pelion, I'rancis and axial turbines ( ie . Kaplan
and propeller design ) .

The bulb, tubular type of turbine installation is a development
in the low head field (e.g. tidal power ). The installation consists of a
fixed propeller or Kaplan type runner set axially within a short pressure
conduit and the generator is close - coupled to the runner and housed in
a “ bulb “ surrounded by flowing water . The runner generally has from

4-6 Dblades.
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Theory of axial flow turbines

A method of analysis of the axial flow turbine runner blade is
based on the following assumptions :

a) the total head is constant across a flow section,

b) the flow over the blades procceds two dimensionally in essentially
cylindrical layers which are concentric with the runner axis and with
no mixing of adjacent stream - tubes . This implies that radially the

change in static pressure balances the fluid centripetal forces and
hence that the radial velocity component is zero . Uy = 0

c) the axial velocity component Uf 1is constant throughout the
runner .

These may be satisfied by suitable design requiring a free vortex flow
distribution ( Uy x r = Const . ) from root to tip before and after
the runner blades .

From the angular momentum law

WD /unit mass = (Up, Uw, - Upg Uy ) fora stream- tube
, thus if f

Uwn 12 = Const Uws I3 = Const . ( preferably - 0 )
thensince Up,=r1yx@ and Upy = 1r3x@
WD / unit mass = @ (1‘2 Uw2 - r3 Uw3 )
which is constant at all radii

WD /unittime = m (Upy Uy, - Ups Uws )



& for Uwg =0 WD /unit time = pQ Up,y Uy,

1.¢€. blade power = PQ Uby Uw,
If the nett available head = H ( const . across runner )
available power = pgQH

blade power

hydraulic efficiency , M, = available power

o H, .

1. €. N, = ———— (const.atall radial )

gl

brake power N

mechanical efficiency, 1, = blade power
overall efficiency, M, = _ brakepower — 1, . My

available power

at w#ﬂdrﬂm-#ﬂ-ﬁ#ﬂ-“ﬁ-*' —adrr -
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Micro hydro turbines have aftracted attention during past few

L4t i

decades , after successful application of small and specially mini hydro
turbines . These turbines are usually of simple design , light weight , low

!
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manufacturing costs and do not require heavy and costly construction for
installing and operation. They may specially be applied at sites with low
heads and limited flowrates such as rivers , runs off rivers, irrigation
canals elc.....



Historical background of hydro turbines show that old Persians
were the very first people who made use of hydro power as water mills
( 1) . In present days , as far as the micro hydros are concerned , a
number of countries have entered this field . Amongst them China is the
country which has mostly benefited micro hydros . About 60000 of micro
turbines in four types have been designed , manufactured and installed
across China ( 4 ). Japan is another country which has worked on small
and micro hydros . Fuji electric Co. is one of the Japan’s companies
which has tried to standardize these turbines . Their work involves 7
different types of turbines covering a power range of 20 Mwto 50 KW (5 ).
New Guinea is another country which has benefited application of micro
hydros at her rural areas . In the U . K . also a number of companies have
embarked upon design and production of micro hydros (6 ) . But lack of
government back up has almost paralyzed the work . Agnew turbine is
one of the micro hydros developed in the U.K., a number of which
were actually manufactured and installed at different sites in Scotland .
However , due to the reason mentioned above no research was done on
this turbine to improve its efficiency (7,8).

Apart from that , some research work has also been undertaken on
establishing criteria for selection of micro hydros according to the
available head and flow rate (9). As far as Iran is concerned , no work
has yet been undertaken on micro hydros . According to a report by the
ministry of power of Iran (2 ) , around 3000 natural sites suitable for
micro hydros have been spotted around the country . However , this
figure does not include runs off rivers , irrigation or any other man
made canals . Due to ever increasing demand for electricity and daily
reduction of fossil fuel resources , Iranian government has given priority
to renewable power generating resources such as hydro power . In
accordance to the governmental programs work on hydro power began at
I .R.O.S.T. by establishment of a turbo machinery group at its
mechanical engineering research center . Design and establishment of a

turbo machinery laboratory .and improvements on Agnew micro hydro
turbine are the first assignments of this group . Prime objective of this
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project may be summarized as making improvements on Agnew turbine
to achieve the highest possible efficiency . However, study of the work
by different sources on micro hydros show that , &part from Agnew
turbine , non of other turbines have been of Kaplan design . Therefore 1t
was appropriate to concentrate efforts on this type of turbine .

2.17



The draft tube

Usually, in reaction turbines water leaves the runner into a
draft tube .Then through this tube, water would be discharged into the
tail water pool .However, if application of draft tube is avoided , then
for avoiding any loss of head the turbine should be placed below the
taill race level . Such a turbine should always be immersed in water
and not easily accessible . In order to eliminate this drawback, a draft
tube would be used . Here, the turbine is located above the tail race level,

where the runner is surrounded by an air tight draft tube which extends

down below the tail race level .In this way the draft tube would serve two
purposes :

1. Generally, if an airtight draft tube connects the runner to the
tall race, then the workable head would be increased by an amount equal

to the vertical distance between the tail race level and the runner outlet .

Due to the presence of the draft tube, a suction ( negative ) head 1s
established at the runner outlet . This phenomenon may be explained by
the pressure difference present inside the draft tube, between the tail
race level and the runner outlet . This pressure diffrence is due to the fact
that the pressure in the draft tube at the tail race level is amospheric . If
the cross section of the draft tube is kept uniform, then the pressure at the
runner outlet would be equal to the atmospheric pressure minus the
vertical distance between the tail race level and the runner outlet .
Therefore theeavailable head from the head race level would be the same

as if the turbine were installed at the tail race level, discharging into
atmosphere .

In this way, the turbine would be installed above the tail race

level thus accessing to it for repair work purposes or any other reasons
would be much easier than otherwise .
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Sometimes the above is referred to as "the hydraulic
characteristics" of draft tubes, and it may be explained in more detail as
follows :

1.1 Hydraulic characteristics

Referring to the figure (2.10), let sections 2-2 and 5-5 be at the
exit of the runner and at the end of the draft tube in tail race pool
respectively.

oty
>~ %
Uc).c
INQ
N O
> O
A 7
@

Figure (2.10) . Hydralic characteristics of draft tube

By applying Bernoulli's equation between these two sections it
can be shown that :

Paz szz 2 Pas kSUs <
— ot ———t L2 = —F + Zs (1)
pg  2g pg 2g
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Pas Patm
Where —= hs+

Pg PE
the level of tail water pool.Patm is the atmospheric pressure,Zs = - hs, and

he represents the hydraulic losses in the draft tube . Also Hs,known as
suction height, stands for the height at which the turbine is installed
above the tail race.

K 1s corioli's coefficient allowing for non-uniform velocity
distribution over the section . (15)

Through the above equation and substitution of some values,
the amount of pressure at section 2-2 would be given as : -

and hs is the depth of section 5-5 below

Pa Patm i KU, ?2 KsUs 2

Pg pg 2g 28

- hr ) (2)

It may be observed from equation (2) that pressure 2-2
( 1.e.Pa) would be below atmospheric pressure . Obviously this
negative pressure (or vacuum) is caused by presence of the draft tube
without which water would have been discharged into atmosphere

(1.e.Pa2=Pam) . This vacuum is equal to the sum of two parts as
follows :

1 . Static fall of pressure ( Hs ) which is actually independent of
the discharge .

1i . Dynamic fall of pressure

A hay = K.U;2 KsUs2

2g 2g

- hr
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2 . If as in a pelton turbine, water from a reaction turbine is
discharged into atmosphere,then a considerable amount of kinetic energy
would be lost . This kinetic energy is as a result of a high velocity which
water possesses when leaving the runner . Reduction of this velocity may
be accomplished by application of a draft tube of smoothly increasing
cross-section area . The discharge velocity reduction would then result in
a pressure head;which would in turn cause an increase in the negative
pressure head atthe runner outlet . This would lead to an increase in the

working head of the turbine, causing a higher output and thus raising the
etfficiency of the turbine .

The above may be referred to as "The power generating

characteristics" of the draft tube ; which is explained in more detail as
follows : -

2.1 Power generating characteristic

At section 2-2 (figure 2.10 ) the average specific energy of water
(e2) is given by the following equation :

+ 2 = € (3)
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As mentioned above this energy (e2) cannot be utilised by the turbine
and therefore is regarded as a loss .

By applying expression (3) in the equation (2), behavior of (e2)
in presence of a draft tube may be studied :

K2U2?2 KsUs= KaU» 2
62:-(}15 T - hr -~ )'f"Hs T
2g 28 2g
This would result to :
KSUS <
€2 = + ht (4)
2g

From expression (4) itis concluded that e2 is equal to the sum
of outlet losses KsUs2/2g and internal losses, hf.

To reduce the overall losses , thus increasing the turbine’s
efficiency, e2 , should be reduced as much as possible . This may be
achieved by increasing the outlet cross-section area (at section 5-5), since
an increase in the area would lead to areduction in velocity . Also, hf

which consists of wall friction losses and vorticity losses due to
diffusivity should be minimized to lowest possible level .
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_Efficiency of a draft tube

Let us assume that there is no draft tube, and water is discharged

into atmosphere, straight from the runner into the tail water pool . Then
ez will be given by :

' KaoU; 2
ey =
2g

+ he (5)

A comparison of expressions (4) and (5) would establish the
fact that the draft tube increases the energy utilized by the turbine by

A KU2?  KsU;s?
Hf = Hs + - -hr (6)

28 2g

The etficiency of the draft tube would then be given by :

KtUg*z KsUs 2

2g 28

- hr

KUz
2g

Generally, for a well designed and sufficiently long draft the
value of mp could be as high as 80-85 percent .

However, dependence of the kinetic energy loss on the head
for complete turbine power may be observed from figure (2.11).
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Figure ( 2.11 ) . Relative kinetic energy downstream of runner
versus turbine head.

According to this graph, water leaving the runner in the low
head turbines can possess as much as 50-90 percent of the total energy,H.

As the effective head rises this value decreases, as seen, for values of H l
larger than 100 (m) it falls even below 10% .

Therefore, it can be concluded that application of a draft tube
( te. utilizing the kinetic energy of water, leaving the runner, e2),
especially in low head and high speed turbines, can be of paramount
importance to raising the effectiveness of the turbine (10,15,16).
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DIFFERENT TYPES OF DRAFT TUBES

As with turbine design, there are also many different types of
draft tubes . However, there are two main categories of draft tubes;
straight divergent draft tubes,and elbow type draft tubes .

Although at present discussing all details of various designs of
draft tubes is out of the scope of this report, a summary of some of these
designs would be presented as follows :

I. Straight divergent draft tubes

1. Simple straight draft tubes

This is the simplest type of straight divergent draft tubes . Its
shape 1s that of a frustum of a cone. It usually possesses good power
generating characteristics.However for the purpose of avoiding flow
separation from the tube walls, it is essential to keep the cone angle to at

the most 8° (i.e.0=4°figure 2.11a). (10). This is due to the fact
that this flow separation would lead to an unfavorable loss of head.
Since the draft tube must discharge su<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>