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ABSTRACT

This thesis describes the development of a simplified propeller turbine unit
to produce power in a low head micro hydroelectric power installation.

To be appropriate for remote areas and developing countries, a micro hydro
system needs to be simple in design. There are good turbine designs for medium to
high heads but traditional designs for heads under about 10m, ie, the crossflow turbine
and waterwheel, are slow running, requiring substantial speed increase to drive an AC
generator. Propeller turbines have a higher running speed but are normally too
complicated for micro hydro installations.

In this thesis a suitable propeller turbine was developed. The effect of flat
blades and optimum turbine blade and guide vane angles has been determined, as has
the effect of various cones attached to the downstream end of the hub. The large hub
diameter is an important compromise.

A prototype turbine for installation on a New Zealand farm was developed
from model tests. The turbine has a hub diameter to blade tip diameter ratio of 0.66
and 8 flat blades set at 30" to tangential (60° from axial). The best efficiency of the
model turbine was 62%, with an efficiency of 57% at the best power point. Using
scaling laws it is predicted that the prototype, with a blade tip diameter of 0.410m, will
produce 6.0kW at 612 RPM from a head of 2.7m and a flow rate of 0.41m?%/s. This
gives 4.3kW output from the SOHz 2-pole generator. This prediction is for no cone
fitted on the downstream end of the hub, but model tests indicate that the power could

be improved by about 5% with the addition of a straight sided cone on the hub.
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MEANING

turbine blade tip diameter
(characteristic turbine dimension)
total head acting on turbine
rotational speed

flow rate
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efficiency

pressure
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CHAPTER 1
INTRODUCTION
1.1 MICRO HYDROELECTRIC POWER

Electricity generation from water in a stream or river is virtually pollution
free and fully renewable.

The energy in falling water is normally lost through turbulence as heat,
equivalent to raising the temperature of the water by a quarter of a degree per 100m
dropped. A water turbine and generator transforms part of this energy to electricity,
which eventually ends up as heat elsewhere in the environment.

The term "micro" indicates the size of the generating system, ie that the
power produced is a few kilowatts, usually under 10kW. But more importantly the
term also refers to concepts in the design, which are different from those of larger
Systems,

Micro hydro systems are simple, cheap, and robust. They must be
"appropriate" to the society in which they are to be used. They can be found supplying
a house, farm, small village, or small factory with power in areas too remote to have
power from a national grid, in developing countries and in some areas of countries
such as New Zealand.

The important requirements are safety, reliability, and low cost. The micro
hydro system should be as safe and reliable as a large system, and it must be easy to
maintain and repair. The design must be appropriate for manufacture in a small
workshop, on a one-off basis. The cost, which is almost entirely initial capital, needs
to be minimised, because the ownership is usually private. If a suitable water resource
is available then a well designed micro hydro system will be cheaper and more
convenient than other renewable energy sources, a diesel powered generator, or the
national grid, even if the distance is only a few kilometres from the nearest power
lines.

To satisfy these requirements the system must be simple. This means there

is less to go wrong, less to maintain, and the equipment and structures can be
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designed, manufactured and maintained by non-specialists. This should ensure that the
cost is minimised. Costs can be reduéed by using readily available equipment, for
instance, centrifugal pumps can be used in reverse as turbines. The simplicity of the
system may be at the expense of efficiency, but while efficiency is important it is
usually of secondary importance to the overall requirement of low cost.

An important advance in micro hydro power is the development of the
electronic controller. Conventionally turbines are controlled mechanically with guide
vanes or valves to adjust the power produced by the turbine to match the changing
load, and so keep the speed constant. With an electronic controller the turbine runs
continuously at full power. The electronic controller varies the additional "dump" load
to match the total load to the power being produced by the turbine, and hence keep
the speed constant. Although an electronic controller is in itself complicated it is not
expensive and it makes the turbine far simpler, as the complicated adjustable guide
vanes or valves are not needed.

The major environmental impacts caused by a micro hydro installation are
the site works and disruption to the river or stream. When the system is small these
effects should not be significant. With a large river only a small part of the flow is
diverted, though a small stream may have its entire flow diverted through the turbine.
The environmental effects of the site works (channéls, weir, concrete structures) should
be less significant than other construction found on a farm, eg, roads, fords, ditches,

and buildings.



1.2 OBJECTIVES

There is a large potential for micro hydro power in New Zealand, since many
areas do not have sufficient population density to support reticulation of the national
grid (Blakely, 1981). There is also a large potential for micro hydro power in
developing countries, and many systems have already been installed (Inversin, 1986).

There are a number of suitable turbine designs for medium to high heads.
For example pelton wheels can be used for high heads, centrifugal pumps running
backwards as turbines are suitable for heads of about 200m down to 30m, and
crossflow turbines ‘are suitable for heads down to about 10m with some speed increase
(Section 1.3). With substantial speed increasing transmission waterwheels or crossflow
turbines can be used with heads lower than 10m but there is a need for an appropriate
higher speed turbine design for these low heads.

The objective of this study is to address the problem of low head power
generation by:

i. testing various model turbines to find a simple design with reasonable performance
ii. building a full size prototype turbine and testing it in a typical installation.

The simple construction of the turbine makes the flow more complicated,
since the simple geometry does not match the ﬂow"geometry correctly. Hence the flow
can not be predicted accurately with theoretical calculations and an understanding of
the flow and the way it is affected by the turbine geometry must be obtained from
observation, so that better configurations can be designed.

Testing of a scaled down model was necessary because the smaller size
reduces the cost of building different designs for testing and because there was a limit
to the flow rate available in the laboratory where the testing was to be done.

A real life application existed where the prototype could be installed and
tested. This was on a farm near Springs Junction, South Island, New Zealand. The
farm is about 10km from the national grid so reticulation is not viable. A diesel driven
AC generator was previously used, with high fuel costs, some noise and pollution, and
the inconvenience of not having continuously available power (the diesel generator was
only turned on for short periods due to the high fuel cost). There is a large river

running through the property which can be utilised. The head, made available by
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dropping diverted flow from one terrace level to another, was estimated by surveying
to be 2.7m.

A high head can only be obtained from a river that falls rapidly in height.
There are many areas where the land is too flat and so only a low head can be
obtained. Hence a successful low head turbine design would increase the range of

viable sites for micro hydro power.
1.3 LOW HEAD TURBINES

At low heads the main problem is the low speed of the turbine. Although
mechanical power can sometimes be utilised directly, usually AC electricity is required
and the generator must be driven fast enough to produce a standard frequency, so that
readily available appliances can be used. As the head reduces the fluid velocity
decreases and so the speed of the moving parts decrease. Also as the head reduces,
the flow rate must increase to get the same power, and so the diameter of the turbine
must increase, which further reduces its rotational speed. A waterwheel is a suitably
simple solution for heads of around 1m to 4m. It is simple and easy to build, but it
runs very slowly. The torque is therefore large requiring strong transmission
components. The theoretical maxirﬁum speed is given by D*# 422 RPM-  where D
is the wheel outside diameter. The operating point for best power is at slightly under

half this speed, so,
N=D*19RPM (D in mehes)

(Chapman, 1986). For an available head of 2.7m the wheel diameter would be about
2.5m, giving a speed of 12 RPM. Hence a two stage speed increase is required, which
can make the overall system expensive. To produce 4.0kW of electricity the wheel
width would be 0.90m.

Crossflow turbines are also suitable in terms of simplicity of construction, but
their speed is also low at low heads. The running speed of a typical design is given by

N = H*D! 40.4 RPM

(H,D in Vn&"ffrds”)
(VITA, 1980). For a head of say H=10m and a typical turbine diameter of D =0.30m,

the speed would be N=430 RPM. An available head of H=2.7m, and a likely
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diameter of 0.50m would give N=130 RPM, and to give 4kW of electricity the turbine
width would be at least 1.0m. |

A turbine with a large specific :
Water Velocity

speed is required, and the type of

relative to

turbine with the highest specific speed Blade Water

: : o Blade Flow

is the propeller turbine. This is ' ,
Velocity

Angle

because the blades move across the

flow, at a speed greater than the flow Blade Velocity

velocity (Figure 1.1). Propeller turbines Figure 1.1 Velocity Diagram for
are usually only used for larger systems FPropeller Turbine.

since their complex curved blades and
guide vanes make them expensive to design and manufacture. There is therefore a
need for a simple propeller turbine design, to enable economic utilisation of micro

hydro power at sites that only have a low head available.
14 PREVIOUS WORK ON SIMPLIFIED PROPELLER TURBINES

There has been a small amount of research done on simplified designs,
suitable for micro hydro applications. There is vefy little information on how aspects
of the design such as blade angle, shape, hub size, etc, affect the performance.

Rao (1988) has tested a turbine with eight helical blades which produces SkW
from a head of Sm. It would be a suitable design for lower heads but it was thought
that further simplifications to the design would be worth testing, particularly using flat
rather than helical blades. A comparison of performance is made in Section 6.4).

A turbine with moulded fibreglass blades, hub, and housing designed to
produce 5kW from a head of 10m was tested at M.IT. This is described by Ho, L.W
in Manufacture and Evaluation of a Five-Kilowatt Axial-Flow Water Turbine, Master of
Science Thesis, (Massachusetts Institute of Technology, Cambridge, MA02139, USA),
1976 (not sighted by this author). |

Susanto (1983) describes a 200mm diameter turbine with four cast iron
blades, designed to produce 2.5kW from a head of 2m. Its design speed was 1000
RPM, giving a specific speed of Ng=665 RPM (kW,m) or 174 RPM (hp,ft) (Susanto
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gives Ng=236, with no units). However the turbine had not been tested so the actual
performance was not known.

The "Metaz" turbine manufactured in various sizes in Czeckoslovakia, is
briefly described by Nechleba and Kopecky (1986). This turbine is built in a syphon
configuration (Figure 2.1 E), which enables it to be installed on existing weirs and
dams. It was designed with an emphasis on economical mass production and simple
operation, with few parts. Most of the parts, including the blades, are iron castings and
only a few parts require machining. A graph indicates a head range from 1m to 6m,
and a flow rate of up to 0.5m?/s at 1m head and up to 1.1m3/s at 6m head. The
efficiency indicated is approximately 70%-80%, with the higher efficiencies occurring
as the power (ie, size and head) increases. A turbine with a diameter D =300mm and
head H=2.6m was tested and the efficiency found to be 76% (including mechanical
losses from seals, etc.).

There are a few other simplified propeller turbines that have been
manufactured, for example the French "Hydrolec" described briefly by Monition (1984),
and an "8-inch, fixed-blade propeller turbine, which generates 1-10kW under a head
of 2-8m", described briefly by Inversin (1986). This turbine, and the one described by
Susanto (1983), have the shaft mounted in a right angle pipe bend (Figure 2.1 D), so
that the shaft can be positioned horizontally, and the hub can be positioned low down
near the outlet water level, which allows a higher head before cavitation occurs. Some
authors mention that boat propellers etc. can be used in turbines, but no record of

their actual use was found.
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CHAPTER 2

DESIGN
2.1 MAIN PARAMETERS (PROTOTYPE)

After developing a suitable design by model testing, a prototype turbine is
to be built and installed on a farm. The main parameters required for the prototype
give an idea of the scaling between the model and the prototype, and the general
performance that is required.

The comments on power and speed apply to most micro hydro installations,
and only those on head and flow rate are specific to the prototype designed for this

thesis. A good design would be useful for a wide range of low head applications.

2.1.1 Power

The instantaneous demand in a typical New Zealand residence supplied by
the national grid may reach 15kW but the average use is only about 1kW to 2kW. It
is not viable to try to provide for the maximum demand so the users must organise
their activities so that the load is spread out. High"demand appliances such as washing
machines and workshop tools must be used when there is little other demand. There
will be many times when very little power is being used, and the spare power can be
automatically fed to lower priority uses such as water heating, drying clothes, and
heating of a swimming pool or greenhouse.

A power supply of 1kW to 2kW would be useful for lighting and some low
power appliances (radio, TV etc), 3kW to 4kW would supply medium power appliances
(fridge, freezer etc) and over 4kW would supply all the electrical requirements of a
house including some water and room heating. Also a shearing shed could be run with
about 4kW. Even a small amount of power (1kW to 2kW) would reduce diesel usage
and increase convenience, but may not reduce overall costs.

There is therefore a range of powers that would be useful. The aim is to
produce as much as possible, up to about 5kW, or, allowing for the inefficiencies of the

generator and transmission, 7kW from the turbine.
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212 Speed

The turbine is to drive the generator at 3000 RPM, to produce 50Hz AC
power. There are 4 pole generators available to run at 1500 RPM, but they are more
expensive and the system would require 4 times the flywheel inertia to give the same
stability. It is preferable then to aim for a generator speed of 3000 RPM.

A speed increase through a single stage gearbox or belt drive of 4:1 is
straight forward, and up to 6:1 may be possible. In general the turbine speed must be

as high as possible.

2.1.3 Flow Rate
A water right was obtained to divert up to 1m>/s of water from the river, this
being a quarter of the estimated minimum flow. It is hoped to use an existing culvert

which would restrict the flow to about 0’.5m3/ S.

2.14 Head

By diverting the river flow where it enters the farmer’s property onto a river
terrace and dropping it to a lower terrace level near the house, a drop of 2.7m can be
obtained (see map, Figure 5.4). To increase this head would mean a large increase

in the costs of channels etc, and so would not be viable.

2.1.5 Efficiency

The gross power available with a head of 2.7m and flow rate of 0.5m?%/s is
13.5kW. Therefore an overall efficiency of about 40% or turbine efficiency of about
50% would be adequate. It is likely that the speed will be a more important factor

than efficiency.
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2.2 GENERAL CONFIGURATIONS

22.1 Turbine Axis and Bends

There are several possible configurations for a propeller turbine, as shown
in Figure 2.1. The propeller is shrouded by a straight tube for ease of construction.
After the propeller an expanding section (draft tube) is needed to gradually slow the
water and recover some of the velocity head (Section 4.2.3).

A,C,D and E could be made free-standing, B and F would suit being buried or formed
from concrete.

Configuration F was studied with particular interest in improving the flow
around the bend by introducing swirl into the flow. Some tests were done, but the
results were not conclusive. One major advantage of configuration F is that the
turbine is operating in a high pressure region, which reduces the chance of cavitation
problems. However cavitation was not expected to be a problem for a head of 2.7m
(see Appendix I.1). As there was sufficient height available the simplest configuration,
A, was chosen. For heads above about Sm cavitation would be a problem, and another
configuration may be necessary. For a lower head in relation to the turbine diameter,
there would be less room for the draft tube, and again another configuration would
become necessary. |

Bends can be expensive to manufacture. A small diameter turbine may be

able to utilise readily available pipe fittings.
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|
T

I

Figure 2.1 Turbine Configurations

A Vertical Axis: simple, compact, a limit to the room for a draft tube, cavitation
possible.
B Vertical Axis with Bend: more room for draft tube, careful design required

to avoid separation in bend/draft tube.

C Inclined Axis: more room for draft tube.
D Horizontal Axis: easier connection to generator, shaft seal required.
E Syphon: more room for draft tube, installation may be easier, requires

priming, shaft seal.
F Inverted syphon: convenient shaft location, very little room for draft tube,

bend may disturb flow through propeller.
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222  Guide Vanes

Guide vanes are used to give the flow approaching the turbine blades an
initial swirl or tangential velocity component. The turbine blades change the tangential
velocity component of the flow, and it is this change in tangential momentum that
produces the torque that drives the generator. There is also an axial component of
force on the blades, produced by the pressure differential across the blades.

If the swirl or tangential velocity component given to the flow by the guide
vanes balances the change in tangential velocity through the blades, the flow will leave
the blades with zero tangential velocity, ie, the flow will be purely axial. This is
theoretically the most efficient operating point since the tangential velocity can not be
recovered as pressure in the draft tube. However some exit swirl may cause improved
performance, for example the flow may follow the diverging draft tube walls better.

If the change in tangential velocity through the blades is not large the
increase in efficiency with guide vanes fitted may not justify the extra complications in

manufacture, ie the turbine could be made with a simpler inlet structure.

There are two
basic configurations for the
guide vanes, radial and

Guide Vanes

axial, as shown in Figure

2.2. The radial | i i \\

configuration is  slightly — -

more compact in the axial

direction, making the shaft

shorter. Some form of
Radial Axial

curved surface is required to

turn the  flow  without Figure 2.2 Guide Vane Configurations

causing separation, particularly on the "inside" of the bend. The top plate would
reduce the tendency for air entrainment and uncontrolled swirl associated with
vortices, and so may be necessary for the axial configuration as well. It also provides
a mount for a water lubricated bearing to steady the runner. The radial configuration

makes the guide vanes easy to adjust.
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223 Turbine Runner

The runner is the rotating part of the turbine, ie, the hub, blades and shaft.
It could be fabricated or made from a modified boat propeller. Casting from metal
is probably too expensive except for mass production. Fibreglass moulding has been
experimented with (Section 1.4) and may be suitable, especially for higher head
turbines. A propeller turbine with uniform thickness helical metal blades was tested
by Rao (1988).

The purpose of this thesis was to try further simplifications, particularly the
use of flat blades. This would give the turbine a greater range of applications, since
the manufacture would be less complicated. The runner could then be made with
hand tools, a lathe, and welding. Also there would not be any complexly shaped
surfaces (possibly critical to the turbine performance) to reproduce from drawings,
reducing the amount of skill required to build the turbine and so making it easier for
manufacture in developing countries or for users to build themselves.

Blade Angles Ideally the blade angles at their leading and trailing edges
should match the relative flow direction at all radii. This would require complicated
curvature of the blades or a non-free vortex approach flow. The blade angle should

change from leading to trailing edge and with varying radius.

The ideal change in angle

from leading edge to trailing edge is ,
Absolute

Flow
Velocity

Relative Flow

determined by the change in tangential Velocity

velocity component that is required. Vaxial

For a flow having axial and tangential

—_—

velocity components V,,,, and V,,,, the rw v
tan

angle of the flow (B8) observed relative — .
Figure 2.3 Flow Direction Relative to Blade
to a blade moving with tangential

velocity ro, is given by

Vaxial

Tw -an

tan(B)= (2.1)

where V,,.. ® Q/A (Figure 2.3).
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power. Equating the power produced by the turbine (in terms of head and flow rate)

wan 18 calculated from the change in tangential momentum that gives the required

to the rate of change of momentum gives:
npgHQ = pQAV,  (22)

Assuming that V=0 at the trailing edge, ie, zero outlet swirl, then at the leading

edge V,,,=AV,,,, so from Equation 2.2

v, - & (23)

(this swirl is provided by the guide vanes)
Taking typical values, for the blade tip: nH=1.5m, Q=0.5m>/s, A =V4r(0.4m)?(1-0.66%),
r=0.15m, © =700 RPM =73rad/s; then Equation 2.1 gives:

B

B
The change in flow angle from the leading edge to the trailing edge is small (=3.6°),

36.4° at leading edge

32.8° at trailing edge

and so a flat blade could be used with a small angle of attack (a=3.6") at the leading
edge. The difference in the angles is small because ro>AV,,,.

Flat blades do not give a match with théb flow anglé for all radii. The flow
direction relative to the blades (8) is a function of the tangential velocity of the blade,
which is proportional to radius. Ignoring any swirl in the water flow and any angle of
attack, then helical blades will give a match between the flow angle and the blade
angle for all radii. If flat blades are used then the hub must be large to limit the
variation in tangential velocity. A hub diameter to blade tip diameter ratio of F=0.66
was used. This gave a predicted variation in the angle of attack (@) at the leading
edge from 0° at the tip to about 10° at the hub, which is the angle at which stall could
be expected to start occurring. (It also corresponded to an available size of material).
The model hub was made from PVC water pipe, for ease of manufacture and
alterations.

The large hub reduces the flow area so a greater turbine diameter is required
to give the same flow, and this reduces the rotational speed. Although this goes

against the requirement of high specific speed, it was considered likely to be a
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worthwhile trade-off. A modified boat propeller may have been a better solution but
it would not have the same universal application, since it may not be available in
developing countries.

The initial blade configuration (4 blades, blade angle 22.5%) was designed
using recommendations from Stepanoff (1957). These recommendations are for axial
flow pumps, but it was thought that since an axial pump can be run in reverse as a
turbine the design would provide a useful starting point.

The process of testing and designing better blade configurations is described

in Section 3.4.
2.3 MODEL DESIGN

23.1 Model Dimensions

The model was designed with a blade tip diameter of 172mm and a head of
about 1.8m. These dimensions were not critical and so were mainly determined by
availability of materials and equipment. The model and prototype can not
conveniently operate with the same Reynolds number (Re) but when the flow is well
into the turbulent range this does not usually affect the modelling. Re for flow
rates from 30 1/s to 60 1/s is about 0.3x10° to 0.6x105.

The main limitations on the model were a maximum available flow rate of

model

100 1/s and a maximum dynamometer speed of 2500 RPM.

23.2 Draft Tube

A draft tube is required to increase the suction on the downstream side of
the turbine, ie, to make use of the part of the head after the turbine blades. It is
designed to slow the flow down gradually to recover the kinetic energy of the high
velocity flow. This energy is recovered in the form of pressure if the flow slows
without turbulence being created, ie, if the flow follows the passages without
separation. Because a high specific speed is required, the fluid velocity is high, and
so recovery of the velocity head is important.

The required length was 0.9m. Doubling of the diameter from the inlet to

the outlet of the draft tube gives four times the flow area and a sixteenth of the



18

velocity head (V?/2g), assuming that the flow is axial and uniform. For an inlet
diameter of 172mm and a length of 0.9m, the draft tube cone angle is 26=10.9°
(Figure 2.5). Gubin (1973) suggests that angles from 8° to 18 are typically used, so

this is a relatively gradual enlargement.

233 Cone
If the hub is large there is a significant decrease in the flow area at the
blades compared to the full turbine tube area. For a hub diameter to blade tip ratio
F=0.66 the annulus area is 1-F* = 0.56 of the full area and so the velocity head is 0.562
or 3.2 times that in the full area (again assuming uniform axial flow). The velocity
head after the hub is 0.56% or 31%, of the annulus area velocity head, ie, there is a
potential for % of the velocity head recovery to occur in the straight section of turbine
tube, ie, before the draft tube. A cone giving a gradual increase in the flow area, ie,

gradual decrease in the hub area, is required to recover this energy.

474

Figure 2.4 Straight and Radius Cones

Firstly a conical or "straight" cone was made with an apex angle of 40°. This
was a simple shape to manufacture. Later a "radius" cone was made with a more
gradual decrease in area (Figure 2.4).

Gubin (1973) uses an "effective cone angle", which is the "cone angle" (260)

of a draft tube that would give the same increase in area in the same axial distance,
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Figure 2.5 Effective Angle of a Cone

for any two cross-sections (Figure 2.5). For the straight cone the effective cone angle
=16°

ranges from about

(20, sreciive) 1S large at the beginning of the cone. Over the whole cone 26

effective

but for close sections at the beginning and end of the cone 20 g, e
35° to 6° respectively. (The values depend on the distance between the sections.)
Since the surface of the radius cone is initially tangential, 20, ... increases from an
initial value of zero. It becomes large near the tip. It was thought that the initially
small 26

head.

would reduce flow separation and give better recovery of the velocity

effective

234 Other Design Requirements

Inlet The turbine inlet must be submerged with sufficient space around it
to allow the flow to enter uniformly after coming from the approach channel, where
it may have a significant velocity. The turbine was mounted in the bottom of an open
steel tank (see Figure 3.1). This tank was connected to another similar one containing
the supply pipeline.

Turbine Construction To enable observation of the flow through the runner
and guide vanes and past the cone, the main turbine tube and top plate were made
from clear acrylic. A flat window was provided to observe the blade area without
distortion. Flow visualisation was done using cotton tell-tales and streams of air
bubbles. Pressure tapping points were provided in the turbine tube, just above the
blades and at the bottom of the straight turbine tube. The pressures were measured

relative to the outlet water level (Figure 2.6).
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The turbine tube was extended beyond the end of the cone so that longer
cones could be put in and so that the flow beyond the cone could be observed.

An acetal water lubricated rubbing bearing was used to steady the shaft.

Figure 2.6 Model Turbine



CHAPTER 3

MODEL TESTING

The model turbine was tested in the Fluid Mechanics Laboratory of the Civil

Engineering Department, University of Canterbury. The general layout of the test

facility is shown in Figure 3.1.
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3.1 MEASUREMENTS

The turbine was connected to a variable speed dynamometer via a flexible
chain coupling, right angle drive gearbox, and V-belt drive. The dynamometer used
a Schrage motor and could be set to run at any speed from 250 to 2500 RPM. The
torque on the dynamometer was measured with a Toledo weighing head on a lever
arm (this reading is called S). Digital tachometers gave accurate dynamometer and
turbine speeds. (see Section 3.5.2, page 26).

The inlet water level was measured with a piezometer tube on the inlet tank,
and the outlet water level with a float gauge. The outlet water flowed over a weir and
so the outlet water level varied slightly with flow rate. In the supply pipe line there
was a control valve which was used, once the speed had been set, to match the flow
rate exactly to keep the inlet water level constant, at a height to give approximately
1.8m head above the outlet water level. The flow rate was measured with an
electromagnetic flow meter in the supply pipeline.

The static pressures at the two pressure tapping points (Figure 2.6) were
measured using water manometers, giving differentials in head of water. The
differentials were measured relative to the outlet water level. Throttling of the upper

pressure tapping tube was necessary to stop a slight oscillation in the reading.
32  FLOW VISUALISATION

Without complex calculations, the flow through the turbine can only be
approximately predicted. Flow visualisation was important to determine the actual
flow patterns. The flow directions at various locations were determined with cotton
threads and air bubbles.

Cotton Threads These were attached to the blades at various locations from
the hub to the tip, on the leading and trailing edges. Observation of the threads with
a stroboscope showed the flow direction relative to the blades.

Air bubbles These were introduced through probes just above and below the
blades, at varying positions from the hub to the tip, and showed the absolute flow

directions. There were also small air bubbles throughout the flow introduced by
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turbulence at the supply pipe entry to the inlet tank. These bubbles enabled

visualisation of the flow in the area of flow expansion after the hub. By lighting the
turbine tube from the side with a narrow beam of light, perpendicular to the direction
of observation, a cross section of the flow pattern could be observed. The pattern of
moving bubbles was improved by lowering the inlet water level, which, through

increased turbulence, increased the number of air bubbles.

3.3 TESTING PROCEDURE

For each turbine configuration (blades, cone, guide vane angle) the
performance was measured for a range of speeds. The data for each speed was
entered immediately into a spreadsheet program and the calculated performance
parameters of power, flow rate, and efficiency were plotted on a graph, so that any
readings that did not fit a smooth curve could be retested with another reading at the
same speed.

All the recorded performance data is shown in Appendix II. The data is
scaled to a consistent head of H=1.800m, to remove the effect of the slight variation
in actual head (the scaling laws are explained in Appendix 1.2).

Initially the tests were done over 'a wide range of speeds, but for later tests

only the range from best efficiency point to best power point was covered to save time.
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3.4 DRIVE LOSSES

There were significant friction losses in the gearbox and V-belt drive. This
meant that the measured torque (S) at the dynamometer was less than the torque
produced by the turbine. The amount of friction was estimated by running the
dynamometer with the turbine disconnected at the chain coupling.

The gearbox contained gears running in oil. The torque due to friction loss
was almost entirely a function of speed, varying with the amount of churning of the oil
and also with the temperature of the oil, as this changed the viscosity. The amount of
torque transmitted through the gearbox should not affect the friction loss for spur
gears.

The friction loss in the V-belt drive was dependent on the transmitted torque
since the belt tension increased and the belt was pulled tighter into the pulley grooves

at higher torques. It would also have depended on the speed.

Gearbox and Belt Drive Friction Loss
(measured data and approximating lines)

S (dynamomatar torque reading)

o 20 T N

Y] ! It L i i i
200 400 600 800 1000 1200 1400 1800 1800 2000

Dynamometer Speed (RPM)

Figure 3.2 Friction Loss Against Speed, No Load

The total friction torque was measured with the dynamometer driving the V-
belt and gearbox. The variation in the dynamometer torque reading S is shown in

Figure 3.2. In comparison with this friction reading of about 1.5 units, readings with
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the turbine running ranged from about 3 to 7 units. The variation in the friction loss
with speed was approximated with two straight lines as shown, and the approximate
value was added to the S readings made with the turbine running to give the true
output of the turbine. The error at the worst point of the curve-fitting (730 RPM) was
1%.

The friction loss when under load was expected to be greater than with no
load, since the V-belt tension increases with load. This would mean that the friction
correction underestimated the true power produced by the turbine. However an
approximate check using a rope brake driven by the dynamometer did not show any
measurable rise in the loss with increased load. Therefore it was assumed that using
the friction correction value as given in Figure 3.2 would give a good estimate of the

true power produced by the turbine.
3.5 ACCURACY

3.5.1 Temperature Stabilisation

Because the loss in the gearbox was related to the temperature of the oil, and
the temperature increased with increasing speed, the turbine had to run for sufficient
time at a constant speed for steady state conditions to be reached. This could take
half an hour or more from cold or around 10 minutes for small changes in speed. If
readings were taken with insufficient time for equilibrium to be reached, with
increasing speed, the gearbox oil would be cooler than when the friction measurements
were taken, and so the torque loss would be greater than expected. This would cause
an underestimate of the true torque produced by the turbine. Conversely with
decreasing speeds the friction loss would be less and the turbine torque would
therefore be overestimated.

The effect on the readings when insufficient time was allowed for stabilisation
can be seen in Graphs G and H, Appendix 1I, where two separate lines connect data
for increasing or decreasing speeds. Readings were generally taken with increasing
speeds, to be conservative, and when a reading was taken out of sequence extra time

was allowed for equilibrium to be reached.
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35.2 Accuracy of Readings

The dynamometer torque reading S was the least accurate measurement
taken. The inaccuracy was due to vibrations of the indicating needle. There was a
rapid vibration (due to vibration of the internal mechanism of the scale), and a slow
oscillation with a period of a few seconds. The average or central position was clear
for the rapid vibration but not for the slow oscillation. The error in reading the S
value was +0.025 units, or under 1% for most readings.

The slow oscillation was due to either a variation in flow through the turbine
or some variation in the dynamometer. The oscillation was similar for all turbine
configurations. There was an oscillation in the pressure at the top pressure tapping,
just after the blades, and in the flow angle just before the blades (Section 4.3.3).
While these were not carefully studied, they may have had the same cause, ie, some
regular variation in the inlet flow in the inlet tank, guide vanes, or toroid section. The
oscillation was about 2% of the measured S values, for the heavily damped
dynamometer.

The flow rate and speed measurements were accurate to within 1% of their

true values.
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CHAPTER 4

RESULTS OF MODEL TESTS

4.1 TYPICAL PERFORMANCE
(AND PROTOTYPE DESIGN IMPLICATIONS)

The performance curves for the various turbine configurations tested had the
same basic form. A typical set of curves is shown in Figure 4.1 (the data is taken from
Graph C, Appendix II). The values have been non-dimensionalised by dividing by the

value at the best efficiency point.

Typical Turbine Performance
(all data divided by values at BEP)
1.4 -
Flow Rate .~
1.2 - e
Torque 7
Lr ,——.—-.L'_" ,,,,,, Power
0.8 - =
0.6 -
Efficiency
0.4
02k BEP  BPP
Stalled Region
0 l 1 ] 1 1 1 1 l |
0o 02 04 06 08 1 12 14 1.6 18 2
Speed

Figure 4.1 Typical Performance Curves at Constant Head
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411 Best Efficiency Point

This is usually the operating point of most interest, as it is usually used as the
point at which comparisons between different turbines are made. It is the point at
which the flow angles and blade angles are best matched to give minimum losses. It
is the performance point used for design of a turbine to produce the maximum amount
of power for a given head and flow rate. The turbine configurations tested had a best

efficiency ranging from 48% to 64%.

4.1.2 Best Power Point

As the speed is increased above the best efficiency point, the efficiency
initially decreases only slightly and the flow rate increases to give a best power point
at a highér speed than the best efficiency point. For a given power requirement the
required diameter of the turbine is less, giving a further increase in speed. The turbine
should therefore be designed to run at this point if high speed is more important than
the efficiency.

The speed at the best power point was 15% to 40% higher than the speed
at the best efficiency point, for different turbine configurations. The power was about
2% to 11% greater. The efficiency was 92% to 98% of that at the best efficiency
point, and the flow rate 10% to 20% greater. '

The power curve was flat around the best power point so there was a range
of speeds (about 15%) over which the power did not vary significantly. This makes the
design point less critical. The speed at which the best power point occurred could only
be approximately estimated, and because of this the efficiency and flow rate at the best

power point are also approximate.

413 Runaway Speed

The runaway speed is the speed the turbine would reach with no load. This
could happen to the prototype if the drive fails or the electrical load is lost. Since the
runaway speed was large (about 2.1 times that at the best efficiency point or 1.7 times
that at the best power point) damage could occur, particularly to the generator
windings, and so a fail safe brake is required on the prototype turbine. The flow rate

was about 1.4 times that at the best power point so if this flow rate is not available the
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inlet water level will reduce until air entrainment and other problems occur. There
would normally be sufficient volume of water in the supply channel for the turbine to

reach its full runaway speed before the water level had dropped significantly.

4.14 Zero Speed
When the turbine was stopped there was still a significant torque and flow
rate. Their values were about 75% and 65% respectively of their values at the best

efficiency point.

4.1.5 Stall Point

When the turbine is running at a low speed the angle of attack on the blades
is large and they become stalled. As the speed is reduced from the best efficiency
point the angle of attack increases, giving greater torque, until stall starts to occur.
The torque then decreases giving a rapid drop in efficiency and an increase in flow
rate, since the friction losses (<V?*) must increase to balance the decrease in power
absorbed by the blades.

The maximum torque was about 10% and 35% greater than at the best
efficiency point and best power point respectively. The turbine brake must overcome

this maximum torque. The speed was about 60% of the speed at the best power point.

4.1.6 Flow Rate
Above the stall point the flow rate against speed was almost exactly a straight

line, particularly from the best efficiency point to the best power point.
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4.2 CONE AND DRAFT TUBE

42.1 Results of Tests

The effect of different cones is shown in Table 4.1. The data given is at the
best efficiency points and best power points of the configurations as indicated (Graphs
D,G,H,X,Z, Appéndix IT). The Table shows the change in the performance parameters
from their value for no cone, as a percentage of the no cone value. The values in

brackets are for the performance at the same speed as that of the best power with no

cone.
Configuration Best Efficiency Point Best Power Point
CN N Q P 7 N Q P 7

BA35 1 0 2 3.6 2 8.4 75 6 2
SMB

GVA35 0 [ 3B3)| G2 | @

BA22.5 1 0 0 6 6 0 0 5 5
4PB

GVA32 2 0 0 0 0 0 0 -2 2

Percent Increase in value from No Cone value

BAn : Blade Angle of n degrees GVAn : Guide Vane Angle of n degrees
8MB : 8 Metal Blades 4PB : 4 Plastic Blades

CN=1: Straight Cone CN=2 : Radius Cone

Table 4.1 Effect of Cone Type on Turbine Performance

No Cone The performance with no cone was better than expected. The
overall efficiency was 53% to 58% for the configurations used in Table 4.1, and the
maximum efficiency measured with no cone was 64% (Graph O, Appendix II). An
increase in efficiency of about 15% (to say 75%) could be expected with a perfect cone
and draft tube (Section 4.2.3).
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Straight Cone This gave a small but definite improvement in the
performance of the turbine, compared with the performance with no cone. In general
there was an increase in power and efficiency for the same speed and flow rate, which
implies that the effective head was greater, ie, the losses were reduced. This was
confirmed by the pressure recovery measurements (Section 4.2.4), which show an
increase in the velocity head recovery for the straight cone. For the 8 metal blades at
35°, at the best power point, there was still an increase in power but also an increase
in speed and flow rate, and a slight decrease in efficiency. The data for this
configuration (Graph Z) was not very good, and so the speed at the best power point
is not certain; if a lower speed was chosen the corresponding efficiency would be
slightly higher, as indicated by the numbers in brackets in Table 4.1. The data still
showed an improvement in the performance.

The small improvement in performance may not warrant the extra
manufacturing complexities, so making the turbine with no cone may be preferable in

some situations.

Radius Cone This gave no improvement in performance compared with no

cone. At the best power point there was a slight decrease in power and efficiency.

4272 Flow Patterns and Explanations of Results

The flow patterns in the turbine tube between the blade outlet and the draft
tube inlet, were made visible with small air bubbles, as described in Section 3.2,
After the hub there was a wake of stationary or recirculating flow (Figure 4.2). This
wake extended well beyond the hub and into the inlet of the draft tube (from there it
was not visible). The existence of the wake means that the assumption of uniform flow
was not valid at the entry to the draft tube. The area of the wake at this point was
difficult to measure because of the distorted view, but was in the order of a quarter
of the area of the hub.

The existence of the wake meant that the velocity at the inlet to the draft
tube was greater than expected. Hence there was more velocity head to be recovered
in the draft tube, but this recovery would not be good because of the non-uniform

velocity distribution.
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Drafti Tube Drafti Tube Drafti Tube

Observed Flow Paltern Observed Flow Pattern Possible Flow Pattern

Figure 4.2 Flow Patterns for Different Cones

No Cone The sharp edge of the hub seemed to produce a flow pattern that
gave reasonable recovery (Figure 4.2). The zone of fast moving flow appeared to stay
separate from the wake zone. It is the interaction and mixing of the fast moving flow
- with the "stationary" or recirculating wake flow that causes turbulence and losses, and
over the observable area (ie, before the draft tube) the wake boundary was fixed and
definite. The velocities in the wake appeared to be large, but the flow pattern was
steady and smooth, ie, there did not appear to be large amounts of turbulence to cause
losses.

It is likely that in the draft tube with the extra expansion and with a small
remaining wake area, the boundary between the fast flow and the wake would become
less stable and turbulent mixing would occur. A longer straight section before the
draft tube could possibly give better pressure recovery, but this could also cause an

increase in other losses such as skin friction drag.

Straight Cone There was some improvement in the performance with the
straight cone, although the cone was located entirely within the wake (Figure 4.2). The
flow did not follow the cone surface, which was not surprising considering the large

rate of expansion in flow area and the sudden change in flow direction required.
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It is possible that reducing the free area for the recirculating flow to develop
in had reduced the losses. If the cone caused a reduction in the size of the wake at

the entry to the draft tube then the overall recovery should be better.

Radius Cone This was expected to improve the turbine performance
significantly by controlling the flow better at the beginning of the expansion. It was
expected to slow the flow more quickly and with less turbulence, by keeping the flow
attached to its surface. The reason for the radius cone not giving improved
performance was not discovered, although some possible reasons were identified:

i. The extra friction drag due to the increased surface area rotating at a high
speed could have counteracted any improvement in velocity head recovery. The torque
on the hub, and hence the power lost, was estimated with an approximate analysis of
the drag force on the hub, treating the hub surface as a flat plate moving through
stationary water, with a velocity equal to the tangential velocity of the surface of the
hub (re). This approximate estimate (using a drag coefficient of 0.003+.001) gives a
power loss of approximately 5% of the power produced by the turbine (calculated at
typical conditions: BPP, Graph V). Therefore the increase in area over which drag
was acting with the radius cone attached could have counteracted an increase in
performance of a few percent. A‘

ii. If separation was still occurring part way along the cone, then the initially
improved recovery may be counteracted by a worse flow pattern after separation. Also
because the separation would have occurred closer to the draft tube the wake would
not have so far in which to reduce in size before entering the draft tube. Figure 4.2

shows an extreme example of what could have been occurring.
423 Pressure Recovery Measurements

Velocity Head Using the average axial velocity (Q/A), for typical conditions
(BPP, Graph V; Q=57.51/s), the velocity head Hv=V?/2g in the annulus area was
0.97m or about 54% of the total head, H. This velocity head ratio Hv/H was 17% at
the inlet to the draft tube and 2% at the exit of the draft tube. The swirl velocity

(tangential velocity component) was ignored because it would be hard to recover
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without straightening vanes, and because the swirl was not large around the best
operating points. The point of minimum outlet swirl occurred near the best power
point for the metal blades set at angles of 20°-35°.

If none of the velocity head is recovered as pressure then 549% of the
available head would be lost. Still using the assumption of uniform flow distribution,
% of the potential velocity head recovery would occur past the cone as the flow slows
from its annulus area velocity to the velocity in the full turbine tube area, and ¥ would
occur in the draft tube. The velocity head is only fully recovered as pressure if the

flow slows without turbulence occurring, otherwise energy is lost as heat.

Measured Recovery Differential manometers were connected to the pressure
tappings in the wall of the turbine tube, just after the blades and just before the draft
tube inlet, and between the latter tapping and the outlet free surface water level
(Figure 2.6). The manometer differential readings gave the velocity head recovery, ie,
the decrease in velocity head minus the head lost through turbulence.

The total recovery of velocity head, for the straight section of turbine tube
and the draft tube, was typically about 70% of the velocity head in the annulus area,
calculated using the average axial velocity. This figure was generally constant over the
range from best efficiency point to best power pdint. ‘

- Therefore at least 30% of the total velocity head was lost, representing about
15% of the total head, so there is potential for a good cone/draft tube design to
increase the overall efficiency by around 10%. The remaining losses of approximately
25% were assum ed to occur mainly in the blades.

The measurements showed that approximately equal proportions of the
pressure recovery occurred in the cone area and in the draft tube. There was a
decrease in the proportion of recovery occurring before the draft tube as the speed was
increased from the best efficiency point to the best power point.

The pressure recovery for 8 metal blades at 35° (Graphs X and Z, Appendix
II) showed an increase with the straight cone fitted compared with no cone. The
pressure recovery for no cone was 62% of the annulus area velocity head, compared

with 72% for the straight cone. For no cone this ratio was constant from the best
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efficiency point to the best power point but at the best efficiency point for the straight

cone it rose to 77%.

Cylindrical Draft Tube If the draft tube did not increase in area, ie, the final
outlet diameter was the same as the turbine tube diameter (D), then 17% of the total
head would be lost as velocity head at the outlet. This would reduce the overall
turbine efficiency by 17% to about 40%, but avoiding the extra expense of the conical
draft tube may be more important in some situations. (A straight section after the hub
is still required to allow recovery of the initial % of the velocity head). There would
be other effects of having a straight draft tube, eg, increased skin friction loss and

possible improvement of the velocity head recovery from the annulus area.



4.3 GUIDE VANES

4.3.1 Results of Tests

36

The guide vanes were set at an angle, GVA, to the radial direction (Figure

4.3) to give the flow swirl in the same direction as the rotation of the blades.

The effect that varying the guide vane angle had on the performance is

shown in Figure 4.4. The data shown is
for the turbine configuration of 4
plastic blades at 22.5°, straight cone
(Graphs A-E, Appendix IT). The effect
on other configurations was similar.
Small changes in the guide
vane angle did not make a large
difference to the performance, though
there was a definite improvement with
the guide vanes fitted (at say 30°)
compared with mno guide vanes
(GVA=0). As GVA was increased

there was an increase in the efficiency -

and power, to a maximum at about 45°

for the efficiency and 30° for the

]

Guide Vane

Flow Direction
(absolute)

i
/‘;B{ade

Toroid
Section

Viewing Direction
for Flow Angles

Figure 4.3 Guide Vane Angle

power. There was no significant change in the speed of the best operating points. The

flow rate dropped as GV A increased, ie, the increase in efficiency was greater than the

increase in power.

If the power is the most important parameter then GVA~30° would be best.

To maximise the efficiency a larger GVA could be used; the efficiency was possibly

still increasing at 45°.
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Turbine Performance at Best Effcy Point
for Varying Guide Vane Angle
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Figure 4.4 Effect of GVA on Turbine Performance at Constant Head
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4.3.2 Losses

The losses through the guide vanes and inlet passages through to the turbine
tube just above the blades were measured with GVA=25". For a flow rate of 40.31/s
the pressure at the outside wall of the turbine tube was zero (ie, atmospheric
pressure). This was determined from a probe hole in the tube wall, just above the
blades, which had no flow of water or air through it when open (at other flow rates air
was sucked in or water forced out of the probe hole). The annulus area was 0.01303m?
giving an average axial velocity V,,,=3.09m/s. The observed flow angle was
approximately 20° from axial giving the average resultant velocity
V=3.09/c0s20°=3.29m/s. The velocity head is therefore V?/2g=0.55m. The pressure
tapping point was 0.58m below the inlet water free surface. Using Bernoulli’s equation
for energy changes from the inlet free surface (1) to the probe hole (2), including the
loss H

gives

loss?

\A \A
&‘FZ +.__l_ = &-pz +_2+H

pg ' 2g pg 2 2g %

2

where P, =Py =Pgymr Y1=0, 2;-2,=0.58m, so: H . = (z,2)- _2
Q! . 2g

= 0,.58m-0.55m=0.03m

This was about 1.7% of the total head. The swirl would have caused a radial pressure
distribution with a higher pressure at the outer wall than the average pressure, so p,
would be less than the measured value and hence H,  becomes greater. The increase
in the pressure head (p/pg) at the outer wall due to the centrifugal force of the
rotating flow was calculated, assuming a free vortex swirl distribution, as 0.026m, giving
H,~0.06m or about 3% of the total head.

The total inlet loss was not large. At large guide vane angles the guide vanes
could stall giving increased losses and reduced swirl but this was not observed at the

maximum GVA tested of 45°.
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433 Flow Angles

The absolute flow angle just before the turbine blades was measured by
observing a stream of bubbles released from a probe. The angle was measured from
the axial direction (Figure 4.3). The angle was difficult to measure exactly because it
varied slowly by 5° to 10°. The fluctuation had a variation of a few seconds; it was
similar to the fluctuation in the dynamometer torque, and hence may have been
related. No regular variation at the inlet free surface was noticed.

The average flow angles for GVA=25" were measured at varying radii as
about 15° at the tip position (outer radius of annulus area), 20° midway, and about
30° at the hub (inner radius of annulus area). For GVA=32° the average tip angle
was 22°, varying from 15° to 25°, and the hub angle about 30°. As expected, the flow
angles did not appear to vary with flow rate, for a fixed geometry.

There were three possible reasons for the variation in the flow angles with
radius. Firstly the tangential swirl velocity varied with radius, due to conservation of
angular momentum, ie, assuming a free vortex swirl distribution. The theoretical
tangential velocity is therefore inversely related to radius and V,,, at the hub is greater
than V,, at the tip by a factor F1=1.51, where F is the hub diameter to blade tip

diameter ratio. Secondly the axial velocity was probably not uniform from hub to tip.

tan

As the flow was turned from the radial diréction through the guide vanes to the axial
direction in the turbine tube, there may have been an increase in the velocity on the
"inside" of the bend, ie, the outside of the turbine tube. There would have been a
matching decrease in the velocity at the "outside" of the bend, ie, at the hub (Ward-
Smith, 1980). Thirdly the area of stationary or recirculating flow around the top of the
hub (ie, the "outside" of the bend) may have influenced the flow, particularly near the
hub.

Assuming uniform axial velocity (Q/A) and conservation of momentum, the
calculated flow angles for GVA=25" are 15.7°, 18.7°, and 23.0° for the tip, middle,
and hub positions respectively. For GVA =32’ the angles are 21.4°, 25.2°, and 30.6°,
which is very close to the measured values above. This is partly chance since the flow
angles could not be measured accurately (the error was about +2°). There is a
difference between the measured and calculated value for GVA=25°. If the angular

momentum is not conserved then it is more likely that the tangential velocity at the
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hub will be less than predicted, which gives a smaller calculated flow angle at the hub
rather than the larger angle measured. Therefore to match the measured values the
axial velocity must have varied. The ratios of the actual axial velocities to the average
value (Q/A), that matches the calculated flow angles with those measured are 1.05,
0.93, and 0.74 at the tip, middle, and hub respectively (still using the assumption of
conservation of angular momentum). These do not give the correct average of 1,
indicating that the actual GVA was slightly greater than measured. Using GVA=27"
in the calculations gives a match with an axial velocity distribution of 1.15, 1.0, and 0.8.
The guide vanes were accurately set at the same angle using a template, but the actual
angle could not be accurately measured. The increase in the axial velocity at the tip
position was expected, if the flow around the toroid section was similar to flow in a

bend.

434 Guide Vanes made with a Varying Angle

The flow angles do not match the turbine blade angle for all radii, because
the tangential velocity of the turbine blades is large in comparison to the flow velocity
and it varies in proportion to the radius. Normally the blades are curved to give a
perfect match. An attempt was made to match the flow angles to the straight blades
by giving the inlet flow more swirl at the tip position. This was done with flat guide
vanes, angled at 45° from vertical, to give GVA=20" at the top (hub position) and
GVA=45" at the bottom (tip

position).  The guide vane

arrangement is shown in Figure
45.

However the results
showed no improvement in
performance (Graphs JK,
Appendix II). This was
probably because the flow did

not follow the guide vanes

properly and so the full

variation in swirl did not occur.  Figure 4.5 Varying Angle Guide Vanes



41

Also the areas of varying swirl may have mixed, giving an averaging effect. It was also
found that the increased angle of attack towards the hub gave a more consistent outlet
swirl distribution, since the flow nearer the hub did not follow the blade angle exactly
(Section 4.4.2).

4.4 TURBINE BLADE CONFIGURATION
Various types of flat blade were tested. The blade angle, 8 (or BA), is

measured from the tangential direction as shown in Figure 4.6, ie, §=0° means the

blade is perpendicular to the axial flow direction.

4.4.1 First Configuration

Design The initial blade configuration
was determined using axial flow pump design
guidelines. Axial flow pumps can be run in reverse
as turbines so it was thought that the guidelines
would have some relevance, even if only as a
starting point. The required specific speed of the

prototype was estimated and this value used in

guidelines presented by Stepanoff (1957).
However the hub diameter was made larger than
that indicated by the guidelines, since a large hub
was required to reduce the effect of the flat blades
(Section 2.2.3). The guidelines recommended 3 or %
4 blades and suggested a blade angle of 22.5° as a

typical angle used for axial flow pumps.
Figure 4.6 Blade Angle
The blades were made from 3mm sheet
PVC plastic glued into slots milled in the hub, which enabled easy and accurate

assembly. The first blade design is shown in Figure 2.6.



42

Results The performance data is given in Graphs A-I, Appendix IL

Flow visualisation showed that most of the flow through the blades was at a
steeper angle than the blade angle. Only close to the blades did the flow follow the
blade angle, and then only while passing the blades. As soon as the blades were
passed the flows of differing directions combined.

The effective blade angle, ie, the typical flow angle relative to the moving
blades or hub, was about 30°, compared with the actual blade angle of 22.5°. It was
thought that more blades would control the flow better so that it followed the blade
angle more closely. This would reduce the losses caused by the mixing of the different

flows after the blades.

44.2 Second Configuration
The mumber of blades was increased to 8, still using PVC plastic. At the
same time an attempt was made to get a varying trailing edge blade angle, so that the

outlet swirl would be the

same at all radii. Fig 4.7
shows B, and B, the blade
angles at the leading and

trailing edges respectively,

of a blade set square to the

e
hub at the leading edge. N leading
S N edge
~
. B \
ta"'o j%. y \\

- %, g : \
tang=x/y 2y : .
~
\\
view 2B

x=ztan}3L | direoti(;n ) :
; - (BYACO)
B
z=rsing
elevations
y=rtang

Figure 4.7 Blade Angles at Leading and Trailing Edges
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rtand
or B, = tan"!(cosdtanP,) (4.1)

The blade angle, B, becomes smaller as ¢ gets larger, until at ¢ =90° the blade angle
is zero.

The blades were made with a cut-away trailing edge (Figure 4.5), so that ¢
ranged from 25° at the hub to 40° at the tip. This Agave a varying B from 18.3° at
the hub to 15.6° at the tip (8,=20").

Results The performance for this blade configuration is given in Graphs J-N,
Appendix II. In general there was an increase in the efficiency but a decrease in the
flow rate and power, with the speed remaining constant.

Flow visualisation showed that the flow angle through the blades followed the
blade angle at the tip, but differed significantly towards the hub. This was mainly due
to the increasing angle of attack at the leading edge. Because the flow was not
following the blade angle closely, the blade angle at the trailing edge did not
determine the outlet swirl, except at the tip of the blade. The flow left the blades with
less variation in swirl with radius than was expected assuming conformity of the flow
to the blade angle. _

The fact that the flow rate decreased for the same running speed indicates
that the effective blade angle had reduced, ie, the general flow was following the blade

angle more closely.

443 Blade Thickness

Calculations and the results for various cone configurations showed that the
large velocity head in the hub annulus area was a significant cause of losses (Section
4.2). Therefore the further increase in velocity due to the blockage of the blades could
be significant. With 8 blades of thickness 3mm, the decrease in flow area was 15% of

the annulus area, which would increase the velocity head by a factor of 1.37. This
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represents about 10% of the total head at typical conditions. Since it is likely that the
recovery of this extra velocity head would be poor, there is potential for improved

efficiency with thinner blades.

4.4.4 Third Configuration

The blades for this configuration were made from 0.5mm sheet steel,
attached with two bent tabs screwed to the hub. They were cut from a single sheet as
shown in the drawings for the prototype turbine, Appendix IIl. The blade angle was
20° as for the second configuration. The performance data is given in Graphs O and
P, Appendix II, and summarised in Table 4.2.

There was a small increase in efficiency, but a drop in the power at the best
operating points, because these occurred at lower speeds and correspondingly lower
flow rates. There was a slightly greater drop in the flow rate than there was in the

speed indicating that the flow was following the blade angle more closely.

Config. Best Efficiency Point Best Power Point
(GVA= N Q P n N Q P n
33°) (RPM) | (I/s) | (kW) | (%) | (RPM) | (I/s) | (kW) | (%)
8PB ‘ " |
880 35 37 | 60.5 1000 37 38 59
(thick) ‘
8MB
800 30 33 62 950 32 345 61
(thin)

Table 4.2 Effect of Thin Blades on Turbine Performance

Flow visualisation confirmed that the flow was following the blade angle
more closely. There was still a tendency for the flow nearer the hub to have a steeper
angle than that of the blades, due to the increasing angle of attack. This reduced the

variation in outlet swirl at different radii.
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4.4.5 Blade Angle

Progressively through the previous configurations the effective blade angle
was decreased as the flow followed the blade angle more closely (there was also a
slight decrease in the actual blade angle). This resulted in a gradual improvement in
efficiency but a decrease in the power and speed at the best operating points. Initially
it was thought that a smaller blade angle would give a higher running speed, but,
although this does increase the speed for a given flow rate, it was found that the effect
of the smaller blade angle was to move the best operating points to lower speeds, with
correspondingly lower flow rates and lower power. This is similar to Kaplan turbines
in which the blade angle is reduced to maintain a high efficiency at part load, with the
speed remaining constant. It became apparent that larger blade angles should give

improved performance.

Results The effect of varying the blade angle is shown in Figure 4.8. The
guide vane angle was kept at 25°, except for the run with a blade angle of 20°, where
the guide vane angle was 33°. This should not make a significant difference to the
results. The full data for the four different blade angles tested is given in Graphs O-X
Appendix II. There was some uncertainty in the data, particularly the speed at the
best operating points, since estimating the maximum points was difficult. It is possible
that inaccuracies in the manufacture of the blades may have caused some of the
variation in the results. The blades were made by hand to give a tip clearance of up
to Imm (it was particularly large for the 35° blades), compared with the blade width
of 29mm. The blade angle was accurate to within 1° of the nominal value. The
blades were all of the same length so that as blade angle increased the effective length
decreased slightly. The spacing of the blades also increased.

The graphs in Figure 4.8 show an initially large increase in the power,
levelling out at a blade angle of about 30°. The speed was highest at 30°. Therefore
30" was the optimum blade angle, since maximising power and speed was more
important than maximising the efficiency. The efficiency dropped slightly as the blade

angle increased.
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Turbine Performance at Best Effcy Point
for varying Blade Angle
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Figure 4.8 Effect of Blade Angle on Turbine Performance at Constant Head
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Explanation of Results When the v
turbine was operating at its best power point, — T Bzw
which was the case for the results shown in DOy
Figure 4.8, the fluid velocity at the blade exit
was close to the axial direction. Assuming it
to be exactly axial, the velocity triangles Vaxial
would be as shown in Figure 4.9. The flow & o
rate through the turbine is given by Figure 4.9 Flow Angles

Q = VaxialAannulus = I’mtan*BTAarmulus
(at some typical radius)

The angles are related by tanAg = L+ 1

tanf, tanf,

(A8 is the typical change in the absolute fluid flow angle through the blades.)
The power produced by the turbine is given by
P = pQAV, 10 = pQ*/A, utan(AB)ro

L 1 yreyA

_ 12
= P(tanp"r) (tanBT UmﬁL mmvulus

tanf..
tanf;

« tanB, (1-——2)N?

This shows the effect the blade angle has on the power. As g8; and B, are increased,
more water goes through the turbine, and so more power is produced. There is
however a limit to the increase in power as the increasing friction and turbulence
losses (<Q?) mean that the efficiency decreases. This moves the best power point to

a lower speed and lower flow rate, giving less power.
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4.4.6 Conformity of Flow to Blade Angle

From flow visualisation it was found that the flow followed the blades more
closely as the number of blades was increased. With the final blade configuration of
8 thin metal blades, at various angles, the flow was observed to follow the blade angle
closely at the tip (measurement of the flow angle had an uncertainty of a few degrees).
The calculated flow angles also indicated that the flow was following the blades
reasonably closely at the tip. Table 4.3 shows the calculated flow angles at the best
power point, for the various blade angles tested. BA is the nominal blade angle, also
equal to the actual blade angle at the leading edge, ie, BA=g,. The actual blade angle
at the trailing edge is B, given by Equation 4.1. The calculated flow angles under the
heading "Average" was calculated using the tangential blade velocity at the tip (rw) and
the average axial flow velocity, Q/A. Under the heading "Estimate" the true axial flow
velocity was estimated using the approximate distribution found in Section 4.3.3, ie,
1.15Q/A. It was assumed that the flow leaving the trailing edge had no tangential
component, ie, zero swirl, which was approximately true near the best power point.
The difference between the flow angle "Estimate" and B is the equivalent for the
trailing edge of a (angle of attack at the leading edge). It is small indicating that the
flow followed closely to the blade at the tip. Towards the hub the flow did not follow
the blade angle at the trailing edge, because of the increasing angle of attack. The
reason for the larger difference for BA=25" (and for the same calculated flow angles
for BA=25" and BA=30") is not known.

Blade Angles Calculated Flow Angles

BA Bt "Average" "Estimate” difference
(BL) (approximate)
20° 16° 16° 18° 3

25° 20° 23° 26° 6°

30° 24° 23° 26° | 2°

35° 28° 28° 32° 4°

Table 4.3 Flow Angles
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CHAPTER 5§

PROTOTYPE DESIGN

5.1 SELECTION OF TURBINE CONFIGURATION
AND OPERATING POINT

In Chapter 4 the effect of various changes in configuration was discussed, and
the optimum of each variable was individually found. This process is confirmed by the
more general approach described below.

The optimum turbine configuration and operating point depends on which
performance parameters are to be maximised. The requirements vary for different
applications, with the overall objective being to minimise the cost.

There are three common parameters that can be used to compare different

turbine configurations and operating points: n, Ng, and k.
The efficiency, n=P/(pgHQ)=(P/p)Q(gH)?!

is maximised to get the maximum Power for a given Flow Rate and Head (or

minimum Flow Rate for a given Power and Head).
The Specific Speed, Ng= NP2/

is maximised to get the maximum Speed for a given Power and Head (or maximum

Power for a given Speed and Head).
The Characteristic Number, k= 0Q%(gH) >/

is maximised to get the maximum Speed for a given Flow Rate and Head (or
minimum Flow Rate for a given Speed and Head).

The Specific Speed (Ny) can be written in a fully non-dimensional form as
ng=w(P/p)"/*(gH)*/

Note the similarity in form of the equations for n, ng, and kg, and that

ng=kgn'/’.
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In kg, Q is raised to a positive power (compared to the negative power in n),
since as the turbine is scaled up to take a greater flow rate, the speed decreases. ng
(and Ny) indicates how well a turbine performs, in terms of both speed and power, for
a given head (the effect of the flow rate cancels out since it has an opposite effect on
the power and speed).

In general the limiting factor with low head turbines is their low running
speed, and so the speed is usually of most importance. Therefore Ng or kg should be
maximised. However since kg does not include the power or efficiency, it is high for

high speed, inefficient turbines (for instance the shortened blade configurations,

Typical Turbine Performance
(all data divided by values at BEP)
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Figure 5.1 Typical Performance Curves including Specific Speed, at Constant Head

(Graphs T, W), Table I1.2, Appendix II). Also it continues to rise past the best power
point and is still rising at the runaway speed (where no power is produced), so it is not

in fact a useful parameter. Ny reaches its maximum value at a higher speed than that
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of the best power point, as shown in Figure 5.1 (typical performance, from Graph C,
Appendix IT). The reason for this is that above the best power point the power does
not initially decrease enough to overcome the effect of the increasing speed. Ng
reaches a maximum at a speed of about 1.2 times the speed at the best power point,
but the drop in efficiency at this point is significant. The larger flow rate and size of
the turbine would increase the overall cost, so it would normally be better to use an
operating point nearer the best power point.

For the prototype designed in this project the performance goals were:

Speed: as high as possible, to reduce the cost of the speed increasing
transmission. The speed should be high enough to be able to get to 3000 RPM with
a single stage speed increase (4:1 to 5:1).

Power: as high as possible, up to the limits of the generator to be used, which
can produce a maximum of about 4.8kW.

Flow Rate: effectively no limit on availability, but the cost of the channels,
concreting, and turbine increase as the volume of water being carried increases. In this
case there is an existing culvert that can carry up to about 0.5m’/s, which would be
expensive to replace. |

Head: an increase would give an improvement regardless of what
performance is the most important. To get a."higher head would require more
extensive channels etc, and would not be cost effective.

The parameter of most interest was Ng. This was maximised with the
configuration of Graph V (BA=30°, GVA=25°, CN=0). The full data for 7, kg, and
Ny at the best operating points is given in Table I1.2, Appendix II. There would be a
further improvement in Ng with GVA =30° (Section 4.3) and with a straight cone fitted
(Section 4.2).

The configuration chosen for the prototype turbine was 8 blades, with a
leading edge blade angle of 30° (Figure 4.6), and a guide vane angle of 30°. The
operating point that was finally chosen was at a slightly higher speed than that of the

best power point.
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5.2 PERFORMANCE PREDICTION AND SELECTION OF
SIZE AND OPERATING POINT

5.21 Scaling Laws

If a prototype is to be built of a different size to that of the model, and
operating under a different head, then its performance can be predicted using the
scaling laws derived in Appendix I.2. The laws apply if the model and prototype are
"similar". This requires that the flow patterns in each must be the same and that they
are the same shape, ie, have a consistent scale ratio throughout. The size of the
turbine is given by a characteristic dimension, which in this case is D, the blade tip
diameter. The scaling laws can be arranged into various forms and three useful sets

of equations are:

P proto = ( Hiroto Y2 ( Noroto )2 (5.1a)
Pmade] Hmodel NIHOdﬂl
Qproto = ( protﬂ )332 ( NPIOW )'2 (Slb)
Quotet  Huodet modsl
Dproto = ( Hpmto Y2 Nproto )1 (5.1¢)
Dmodel Hmodcl Nmodd
Pproto = ( Hproto )3/2 ( DPfOtO )2 (5 .221)
Pmode] model D model
Noroto = ( Hroto W2 ( D roto ) (5.2b)
Nmodel ngdel model
Qproto = ( Hpmto )132 ( DPYO‘O )2 (520)

Qmodel Hmodel model
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mego - ( Hproto )~1 ( PprotO) (53a)
Qmodel H, e Pmodel

Nproto = ( Hproio )5/4 ( PPfOtO )-1/3 (5.3b)
Nmodel ‘model model

D prats ( Hptoto )—314 ( PPfOiO )1/2 (5.3C)
Dmodel model Pmodel

(n is theoretically constant.)

The values for the model performance are obtained from testing. Two
variables can be set independently for the prototype; the other performance variables
are then determined by the scaling laws. Since the flow must remain "similar" there
are limits to the range over which the scaling laws apply. For instance, if the head is
increased above about Sm (or 10m if the turbine hub is located low down near the
outlet water level), cavitation will occur and there will be a drop in performance.

Figure 5.2 shows the turbine performance as the head and size of the turbine
is changed. The performance is scaled frdm the model turbine performance, for the
best configuration (BA=30°, GVA=30") at its best power point, using Equations 5.2.
The efficiency at this operating point was 57%. An increase in power of about 5% is
expected with a straight cone fitted (Section 4.2.1). Generally as the size and head of
the turbine increases there will be a small increase in efficiency, due to the increase
in Reynolds number and a decrease in the relative size of manufacturing inaccuracies,

clearances, and roughness.

522 Required Power

The maximum power that can be produced by the system was determined by
the thermal limit of the generator. The generator chosen was a Markon 2 Pole Single
Phase Brushless Synchronous generator, with a maximum capacity of 6kVA. A larger
generator would not be cost effective because the extra power would not often be

utilised. The limit is on the current, which increases when the power factor of the
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Figure 5.2 Scaled Turbine Performance at Best Power Point

system is less than unity. With a load consisting of electromagnetic motors and
resistance loads, the power factor can typically drop to around 0.8. This limits the
maximum power output from the generator to about 4.8kW. The generator can take
larger currents for short periods of time, which could occur when large motors are
started.

The manufacturer gave the efficiency of the generator as 75%, and the
gearbox was expected to have an efficiency of 95%, so the maximum power that can
be produced by the turbine is 4.8kW/(75%*95%) = 6.7kW.
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The model performance at best power point of P=0.58kW, N=1150 RPM,
Q=57.51/s, with H=1.8m, and D=0.172m, can be scaled to find the parameters of a
turbine that will produce 6.7kW from a head of 2.7m. Using Equations 5.3a,b,c gives:
N=562 RPM, Q=0.44m’/s, and D=0.43m. Operating above the best power point

will give an increase in speed and flow rate.

52.3 Required Speed (Final Selection)
If the speed step-up ratio is chosen, then the prototype speed is set, and if
the head is known then the other parameters of the prototype can be determined. The

gearbox that was finally chosen (Section 5.3.4) had a speed ratio of 4.9:1, giving a

Performance Scaled to 612RPM, Head=2.7m
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Figure 5.3 Turbine Performance at Different Operating Points, Constant Head

turbine speed of 612 RPM. Figure 5.3 shows the predicted performance at different
operating points around the best power point, when scaled using Equations 5.1a,b,c to
give a speed of 612 RPM and a head of 2.7m.
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The turbine size chosen was D =0.410m, which gives a predicted power of
6.0kW with a flow rate of 0.41m®/s and an efficiency of 55%. With a straight cone
fitted the power would be expected to increase by 5%, giving a power of 6.4kW, and
the predicted electrical power produced by the generator would then be
6.4kW*95%*75%=4.5kW. There is some uncertainty in the model power and hence
the predicted prototype power, and there may be an increase in the efficiency of the
prototype, due to scale effects. Therefore the prototype power could be greater than
6kW, but if it produces slightly too much power the head could easily be reduced to

give a power that would not overload the generator.
5.3 DESIGN

5.3.1 General

The scope of this Thesis includes the design of the prototype turbine, draft
tube, transmission, flywheel, and brake. It does not include design of electrical
controls, concrete structures, channels or other civil works, though these are briefly
described for completeness.

The turbine dimensions were primarily determined by scaling from the
model, having decided on a turbine dimension "o'f D=0.410m. The scale ratio is
0.410m/0.172m = 2.38. However in some cases the dimensions had to be changed to
suit strength or manufacturing requirements. There were some other small changes
made to the design, which should not affect the performance significantly.

The turbine and transmission were designed with an emphasis on avoiding
complicated or critical machining. There are many parts which can not be made
accurately, so provision was made for adjustment so that the correct alignment could
be achieved on assembly. The prototype turbine was manufactured in a well equipped
workshop, but the limitations of a less well equipped workshop (for example in a
developing country) was kept in mind. Design for one-off manufacture and ease of
assembly and maintenance on site were also important factors.

The turbine was made predominantly from steel. Parts exposed to the air
were painted for protection after assembly. Corrosion should not be a problem for

parts that stay submerged.
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532 Design Calculations

Some typical calculations are described below. Calculations of bearing life,
stresses, etc, are not described. Sizing of the flywheel and brake is described in
Section 5.3.5.

Axial load The blades experience a force which has two components,
tangential, which causes a torque on the turbine shaft, and axial, which causes an axial
load on the turbine shaft. An approximate estimate of the axial force on the hub and
blades is obtained by calculating the pressure difference corresponding to the total

head acting on the turbine, and assuming it acts over the entire hub and blade area.
Foim = PA = pgHaD?/4 = 3.6kN

This is an over-estimate since some of the total head is lost, and so the effective head
across the turbine blades is less the total head. Taking the effective head as nH (and

assuming it also acts across the hub) gives

F,_., = pA = npgHxD?/4 = 2.0kN

axial =

This is an under-estimate because some of the losses causing a drop in the power
output do not reduce the effective head across the blades or the hub. The axial load
on the blades can also be calculated using the torque, which gives the other component
of the total force perpendicular to the bladc; surface. This gives a similar result to that
obtained using nH as the effective head. For the design of components, bearing life
etc, an axial load of 2.7kN was used. _

Blade thickness This is not determined simply by scaling the thickness of the
model blades, since the bending moment at the blade root is not just a function of the
size of the turbine. The force on each blade is proportional to the total head, H, and
the area of the blade, which is proportional to D2 The distance of the force from the
root of the blade is proportional to the size of the turbine, D. Therefore the bending
moment is proportional to HD?, The strength of the blade in bending is proportional
to the allowable stress in the blade root, the length of the blade, and the thickness
squared. From these relationships the thickness of blades (t) can be scaled by the
relationship t«<DH¥, to give the same stress level in the blade root as in the model
blades, which showed no signs of bending. An extra allowance for safety was made,

giving a blade thickness of 3mm.
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533 Steadying Bearing, Cone, and Draft Tube

The axial load on the turbine blades is supported by the main bearing at the
top of the turbine shaft, which is above water. A steadying bearing is required to
position the hub accurately in the turbine tube. This bearing must be submerged
unless a cantilever arrangement is used with the steadying bearing located just above
the water level. On the model the steadying bearing was located above the hub on the
top plate to which the guide vanes are attached (Figure 2.6). When designing the
prototype it was decided to mount the steadying bearing below the hub, supported by
four fins in the turbine tube (Appendix III). The bearing used was a "Thordon" water
lubricated plain bearing, mounted in the bottom of the turbine shaft. It runs on a
stainless steel shaft attached to the four fins.

The fins may improve the efficiency slightly by straightening the flow as it
leaves the hub. They also allow a cone to be mounted in the turbine tube, which
would be stationary, compared with the cones on the model which rotated with the
hub. This should reduce the small loss due to skin friction on the hub (Section 4.2.2).

The draft tube was made from available cones, to reduce the cost. The
outlet diameter was less than it should be if scaled from the model dimension (0.620m
instead of 0.834m). This would cause a drop in efficiency of 2% because of the
increased velocity head at the outlet, though the fﬁore gradual expansion may partly

offset this loss.

534 Speed Increase

A speed increase of about 4:1 to 5:1 was required to drive the generator at
3000 RPM. If a 4-pole generator running at 1500 RPM was used then half the speed
increase would be required. However four times the flywheel inertia would be
required and the generator would be more expensive. Either V-belts or a gearbox
could be used for the speed increase. A right angle change in direction is required,
since the turbine shaft is vertical and the flywheel shaft should preferably be horizontal
for ease of assembly and for a better load direction on the flywheel bearings.

A V-belt transmission was sized, to show its feasibility. It requires two stages,
since the quarter turn drive can not incorporate a large enough speed ratio. The

minimum centre distance for the quarter turn drive is given by ~ C=55(D+W) where
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D is the pitch diameter of the larger pulley and W is the total width of the belt or
belts (DAYCO, 1981). To minimise the centre distance the quarter turn drive is put
after the speed increase, so that the torque transmitted is less and hence smaller
pulleys can be used. To transmit the power at 3000 RPM two V-belts with pulleys with
a pitch diameter of 117mm are required. This gives a minimum centre distance of
about 820mm. The speed increase requires two V-belts on pulleys with pitch
diameters of 483mm and 93mm. The minimum centre distance is about 400mm.

The main advantage of a V-belt drive is that it is cheap. However it would
take up extra room, and would require adjustment and periodic replacement of the
belts.

A suitable gearbox was found with a speed ratio of 4.9:1. It is usually used
for speed reduction, but can be used in reverse. A gearbox with a worm gear would
not be able to be reversed. The advantages of a gearbox are its compactness and the
simplicity of the overall design. It is however more expensive and may require

periodic replacement of bearings.

5.3.5 Flywheel and Brake

Two requirements of the design are that the system have sufficient inertia to
prevent any instability of the electronic speed governor, and that there be a brake to
ensure the turbine and generator can not over-speed if the load is lost. These
requirements can be simply achieved with a combined flywheel and disk brake.

The frequency sensing electronic governor controls the generator speed by
changing the dump load in steps of '/, of the total power produced. The step-wise
control is smoothed by mechanical inertia in the system. A large inertia also increases
the stability of the system when large loads are switched on or offby the user. When
electric motors are started there can be a temporary load in excess of the rated
capacity of the generator, which the generator can tolerate, provided that there is
sufficient inertia to ensure that it does not slow down significantly. The manufacturer
of the electronic governor that was used, Delphi Industries, recommends a flywheel

inertia given by

J = 0.02 P (3000/N)>
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where J is the polar moment of inertia in kgm?, P is the genefator rating in kW or
kVA, and N is the flywheel speed in RPM. For P=6kW and N=3000 RPM,
J=0.12kgm?. However from experience it has been found that a larger inertia is
beneficial for better stability when switching large loads (Giddens, 1991). The size
chosen for the flywheel was a diameter of 470mm and a thickness of 12mm. This gave
J=0.46kgm® During manufacture it was found that the disk had been distorted
enough during cutting to cause noticeable dynamic imbalance. It was machined down
to a thickness of 10.9mm, giving J=0.42kgm? which is 3.5 times the recommended
inertia.

A calliper brake operates on the flywheel disk and is held open in normal
operation by a solenoid. The brake is operated by a spring. If the electronic governor
senses that the speed is outside set limits it will deactivate the solenoid allowing the
brake to operate. The system is fail safe since if power is lost to the governor the
solenoid also loses its power and the brake operates.

The brake must overcome the maximum torque produced by the turbine and
provide sufficient torque to decelerate the flywheel. The total inertia of the high speed
shafts was approximately 0.5kgm?. For a stopping time of 3 seconds the rate of
deceleration is 100 rad/s% which requires a torque of SONm. The torque produced by
the turbine at its normal operating speed is 100Nrﬁ. It increases at lower speeds to a
maximum of about 140Nm (Section 4.1.5). This torque is reduced by the gearbox

speed ratio to 30Nm, giving a total torque the brake must provide of 80Nm.

53.6 Submergence and Overflow

To minimise the length of the turbine shaft and tripod support structure the
hub should be located as high as possible. The limit is the critical submergence of the
intake to the turbine, required to avoid vortex generation and air entrainment. The
required depth was estimated from the model, with no inlet vortex generation observed
with an inlet submergence of 0.2m. The critical submergence is mainly a function of
the inlet velocity head (Knauss, 1987), which from the scaling laws (Appendix 1.2) is
proportional to the total head on the turbine, H. Therefore the required depth of
submergence is given by 0.2m(2.7m/1.8m) = 0.3m.
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The generator and flywheel must be located sufficiently high above the
normal water level to allow for the rise in water level when the turbine is stopped or
if the up stream control gate is accidentally opened too much. At normal operating
conditions a small amount of water goes over a spillway, so that the correct inlet water

level is maintained. When excess water goes over the spillway the water level will rise.

5.3.7 Debris Protection

The turbine can run with a small amount of sand and silt in the water, since
there are no fine running gaps. The water lubricated bearing is tolerant of some
abrasive material but should be kept as free of it as possible, to ensure a long life.
The water flowing through the bearing is sucked through from a hole in the turbine
shaft, above the hub and the top plate of the inlet and guide vane structure. It is
covered with a fine mesh screen.

Larger debris such as leaves, grass etc, can catch on the blades and reduce
the efficiency; on the model leaves were observed to remain caught on the blades for
an indefinite length of time. A mesh screen surrounds the turbine inlet to stop larger
debris from entering the turbine. This may need cleaning occasionally. The intake
channels incorporate settling ponds so there would be minimal amounts of sand and

silt in the flow.

538 Low Flow

For the site where the prototype is to be installed, insufficient flow rate is not
expected té be a problem since only a small part of the river’s normal minimum flow
is diverted to the turbine. However low flow can often be a problem at sites with less
flow available, since there is usually an annual variation. This means that the turbine
must either be designed to use only the minimum flow rate, or it may not be able to
operate throughout the year.

Often there will only be short periods of insufficient flow, and ideally the
turbine should still be able to produce a small amount of power, to supply essentials
such as a few lights. Higher head turbines with long supply pipelines and air removing
valves can operate under low flow conditions as the pipeline only partially fills with

water, giving a reduced head and hence reduced flow rate.
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However the propeller turbine is not so well suited as low flow will cause
substantial air entrainment with shock loads on the hub and rapidly varying torque.
If an easily changeable speed ratio could be incorporated in the drive, for instance with
two pulley sizes on a V-belt drive, then the turbine speed could be moved to the best
efficiency point instead of the best power point, with a drop in flow of approximately
15% (Section 4.1.2). Another alternative would be to raise the outlet water level with
a variable height weir, to give a reduced head and hence reduced flow rate. There is
a large decrease in power due to the reduced flow rate and also a decrease in the
efficiency, as the operating point moves towards the runaway speed (if the running

speed remains the same as the head is reduced).

539 Civil Works A

A map of the installation site is shown in Figure 5.4. It is situated at the top
end of a large established shingle fan. The intake from the river leads directly to a
settling pond. There is a multiple gate and weir system which ensure that the correct
flow reaches the turbine, with little variation as the river level changes. The excess
water is diverted back to the river. The water from the turbine is discharged into an

old stream bed which leads it back into the main river.
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CHAPTER 6

CONCLUSIONS

A model propeller turbine has been tested to find a design that gave good
performance but was not complicated to manufacture. Various conﬁgura{ions of
blades, guide vanes, and cones were tested to find the optimum design. Because of the
simplified design, particularly the use of flat blades, the flow was complicated, and
could not be predicted accurately by theory. Hence flow visualisation was important
in determining the reasons for poor performance in the configurations first tested.
From the measured performance and flow visualisation, better configurations were
designed, until a suitable configuration was found. This configuration was used to

design the full size prototype turbine.
6.1 PERFORMANCE

From the model testing the best blade configuration was found to be 8 metal
blades, with a blade angle of 30° from tangential (Figure 4.6). The optimum guide
vane angle was about 30° from the radial direction (Figure 4.3).

The best efficiency of the model was measured as 62% with no down stream
cone on the hub. The efficiency at the best power point was 57%. With a straight
sided (“straight") cone the best efficiency would be about 63%. There is some
uncertainty in the measured power and hence in the efficiency (Sections 3.4, 3.5), and
there may be some increase in the efficiency of the prototype due to scaling effects
(Section 5.2.1) and use of a fixed cone rather than one revolving with the hub (Section
5.3.3).

The prototype turbine has been designed to run at 612 RPM, and has a
predicted power of 6.0kW (4.3kW produced by the generator) from a flow rate of
0.41m*/s and a head of 2.7m. This gives a specific speed of Ng=433 RPM (kW,m) or
502 RPM (hp,m). The operating point is at a slightly higher speed than that of the
best power point, and hence the efficiency is reduced to 55%. The overall efficiency

of the turbine and generator unit is predicted to be 40%. The design would be
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suitable for a wide range of heads and flow rates, with predicted performance as given
in Figure 5.2. The main constraint is in the head, since cavitation would be expected
to occur with heads above Sm to 10m, depending on the height of the blades above the
outlet water level (Appendix I1.1).

6.2 MAJOR CAUSES OF LOSS

When operating near the best operating points, the major losses occurred at
the expansion in flow area at the end of the hub, and at the blades, which because Of
being flat had a large angle of attack at the hub.

In order to get as high a running speed as possible the fluid velocity past the
blades must be large. This is because of the direct effect on the blade velocity, and
also because a higher fluid velocity means a smaller turbine diameter for the same
flow rate, and hence the same power, which gives a further increase in rotational
speed. The high fluid velocity means that the losses due to turbulence, which are
proportional to the velocity head, V2/2g, will be large. The velocity head at the outlet
from the blades is about 60% of the total head. Hence it is important to recover a
large proportion of the velocity head as pressure, by slowing the flow with a minimum
of turbulence.

The most significant reduction in velocity head (%5 of the total reduction,
Section 2.3.3) occurs between the hub and the inlet to the draft tube, as the flow area
increases from the blade annulus area YwD?(1-F2) to the full turbine tube area Van D2,
A cone on the end of the hub was expected to improve the recovery of velocity head
(and hence give a better efficiency), but it was found that while the "straight" cone
made a small improvement the carefully shaped "radius" cone made no improvement.
However the performance with no cone was still good, since reasonable recovery of
the velocity head occurred in the straight section of turbine tube after the end of the
hub.

Further recovery of velocity head occurs in the draft tube. It is possible to
get good recovery with a gradually enlarging conical draft tube, provided that the flow
entering the draft tube is reasonably uniform and non-turbulent (Gubin, 1973). Hence

it is important that the straight section of turbine tube after the hub is long enough for
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the flow to become reasonably uniform. The length of the straight section from the
end of the hub to the beginning of the draft tube was 1.3D on the model (D is the
turbine blade tip diameter), which is considered to be a minimum, as it was observed
that the full velocity flow had not completely filled the centre of the tube on entry to
the draft tube, ie, a small central area of wake still existed (Section 4.2.2). For the
prototype the length of the straight section was increased to 1.7D, which may improve
the velocity head recovery and hence slightly increase the efficiency.

Recovery of the velocity head is an important factor in the efficiency of the
turbine. There is potential for improved efficiency with a better design of cone and
draft tube. An alternative arrangement, to avoid the problem of the large expansion
in flow area after the hub, would be to have a non-revolving continuation of the hub
extending into the draft tube, with the draft tube beginning immediately after the
blades.

The diameter of the hub is an important compromise. A large hub reduces
the losses due to the miss-match of the blade angle (ie, the large angle of attack -
beyond the angle of stall), but increases the losses as the flow slows down to fill the
whole turbine tube area after the hub. Hence there will be an optimum hub diameter
for best efficiency. The power (or the speed if the turbine is scaled to keep the power
the same) is increased with the larger flow rate obtained with a smaller hub. There
is expected to be an overall decrease in the efficiency with small hub diameters so
there would be an optimum hub diameter to give maximum power, which would be
smaller than the optimum for efficiency.

The best compromise for F depends on what parameters (particularly
efficiency or running speed) are the most important in a particular situation. The
effect of varying the hub diameter ratio was not tested but the value used for the

prototype (F=0.66) is thought to be a reasonable compromise.
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63 - MANUFACTURE

The purpose of the project was to design a turbine that was appropriate for
manufacture in a small workshop on a one-off basis. The prototype turbine (including
transmission, flywheel, etc.) was built using a mill, lathe, rolling machine, and welding
equipment plus various hand tools. The only difficulty experienced was with distortion
of the top plate when welding the guide vanes to it, which could be rectified with
different detail design. The blades in particular were easy to cut out, weld, and
machine to give an accurate outer diameter. A lathe of sufficient capacity was needed
to machine the blades and the flywheel disk, but this could be avoided if the blade tips
were finished with a grinder, and the flywheel disk was cut out without it becoming
distorted. The other requirement for machinery that may not always be available was
in making the turbine tube, which was rolled from Smm steel plate. The accuracy is
important to give a small gap between the blade tips and the turbine tube; the
variation of the inside radius of the tube was about 0.5mm, which is more than
adequately accurate. Use of available pipe (steel, plastic, or possibly concrete) would

make the manufacture simpler.
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6.4 COMPARISON WITH OTHER TURBINES

The helical bladed turbine tested by Rao (1988) is similar in design to the
flat bladed turbine, apart from the blade shape. The efficiency for the helical bladed
turbine is given as 67%. It produces SkW from a head of 5m, but the running speed
is not given. For the flat bladed turbine the best efficiency was 62% without a cone.
Apart from this improvement in efficiency, there is a further advantage of helical
blades, since they allow a smaller hub to be used. This means for the same size of
turbine, the flow rate and hence power increases, or for the same power the required
size is less, giving a greater speed. The hub diameter ratio F for the helical bladed
turbine was 0.42 compared with 0.66 for the flat bladed turbine.

Even though there is a decrease in efficiency and speed with flat blades, the
simplification in manufacture may make them preferable when there is limited money
or facilities for manufacture.

The turbine described by Susanto (1983) was expected to produce 2.5kW
(using an assumed efficiency of 86%) from a head of 2.0m and a flow rate of 0.15m?/s,
and run at 1000 RPM. This gives a specific speed of Ng=665 RPM (kW,m), compared
with 433 RPM (kW,m) for the flat bladed turbine. A "similar" turbine (ie, scaled using
the scaling laws in Appendix 1.2) to produce 6.0kW from a head of 2.7m would have
a size D=247mm, a speed N=940 RPM, and a flow rate Q=027m’/s. This is
significantly better than the flat bladed turbine, which runs at 612 RPM and has a flow
rate of 0.41m>/s, for the same power.

There are two reasons for the better performance of Susanto’s turbine.
Firstly the hub to tip diameter ratio (F) is smaller (0.44 compared with 0.66), so that
the speed is greater. Secondly the efficiency is much higher. However this assumed
efficiency of 86% is optimistic; the turbine has moulded blades, which would be
expected to give a better efficiency than flat ones, but it also has an abruptly ended
hub, and immediately after the hub there is a right-angle bend leading into the draft
tube. It is likely that turbulence due to the enlargement in area after the hub
combined with the right-angle bend, will cause extra losses that do not occur in the flat
bladed turbine, and that the non-uniform flow will reduce the performance of the draft

tube. Hence an efficiency of say 70% might be more reasonable, which would give a
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turbine power of 2.1kW, Ng=603 RPM (kW,m), and a turbine scaled to give 6.0kW
from a head of 2.7m would have N=850 RPM, Q=0.32m/s, and D=0.27m. Although
the performance figures given by Susanto have not been confirmed by testing, they

show the potential improvement with specially shaped blades.
6.5 FURTHER WORK

During the project a number of areas were noted where further development
would be worthwhile. There is no limit to the number of variations that could be
made to try to improve the performance of the turbine, since the design is simplified,
but most of these variations would involve greater complexity of manufacture or would
not give significant improvement. Some simple modifications that are thought likely

to give improved performance are described below.

6.5.1 Hub Size

The hub diameter is an important compromise when using flat blades. The
power and speed is expected to increase with a smaller hub (relative to the turbine
diameter, D), and the efficiency to decrease (Section 6.2). The optimum hub diameter
will depend on the specific requirements of eachlapplicatioﬁ. The effect of the hub

diameter could be determined by further testing.

6.5.2 Cone and Draft Tube

Various configurations of cone attached to the revolving hub were tested,
including no cone. Another alternative is to have a stationary cone fixed in the turbine
tube. The optimum length and shape for this type of cone is not known.

Since the recovery of velocity head as pressure in the straight section of
turbine tube after the hub is important to the turbine performance, there would be an
optimum length for the straight section. This length must be designed in conjunction
with the draft tube, for which the effect of length and divergence angle is better
understood (Gubin 1973).
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6.5.3 Blades

Further testing could be done to confirm the optimum blade angle. It is
possible that more blades would control the flow better, but this would also decrease
the flow area. The length could also be optimised. There may be simple ways to bend
the blades to get better matching of the flow angle at the hub, however an attempt at

this was made which gave no improvement in performance (Graph Y, Appendix II).

6.5.4 Inlet and Guide Vanes

If as a simplification it was decided to not use guide vanes, then the toroid
section and inlet used for the model and prototype would not be needed, which would
give further simplifications in the design. The effect of using flat guide vanes in an

axial configuration (Section 2.2.2) could be studied.

6.5.5 Other Alternatives

Use of standard boat propellers has been mentioned in various literature, but
there is little information on performance, etc. This may be a suitable solution, but
would depend on what is available in different countries.

The Deriaz (diagonal flow) turbine may be suitable for simplified
manufacture as it avoids the problem of the cone, and appears to have nearly flat
blades, but it does not have such a high specific speed as the propeller turbine (Davis
and Sorensen, 1969).
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APPENDIX I

BACKGROUND THEORY

I.1 CAVITATION

The blades in a propeller turbine act as wings; the force on each blade is
developed by a pressure differential across the blade. The fluid on the lower side of
the blade is at a lower pressure than the surrounding fluid, by an amount proportional
to the net pressure change through the blades, ie, the net head. The surrounding fluid,
at the downstream side of the blades, is below atmospheric pressure due to the effect
of the draft tube. If the local pressure drops below the vapour pressure of the fluid,
then bubbles of vapour will form. As soon as the pressure increases the bubbles will
collapse causing shock waves, and there will be damage to the turbine and a drop in
performance.

The drop in pressure head at the blades is taken as proportional to the net
head across the blades, which is proportional to the gross head, H, for any particular
turbine, so it equals oH (o has a different value for different turbines). The local

absolute pressure head is given by

H,,. - H,,. - cH

suc

where: H,,, is the atmospheric pressure head,
H,,. is the suction head caused by the draft tube.
Cavitation will start to occur when the local pressure is equal to the vapour

pressure head of the fluid, H,,, ie, when
I{atm - Hsuc -oH = Hvap (I 1)

By rearranging Equation 1.1, o can be calculated for a particular turbine at any

operating conditions.

G = Hatm_Hsuc-Hvap (L2)
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The value of o at the operating conditions at which cavitation just starts to
occur is taken as o, if the o values at other operating conditions are greater than
O siticar then cavitation will not occur. o is usnally calculated using a suction head, H,
equal to the elevation of the turbine blades above the exit water level, ie, not taking
into account the drop in pressure due to velocity head recovery in the draft tube. This
alters the values of o but they can still be used for comparison if they are calculated
consistently. This form of o is known as Thoma’s cavitation parameter.

The 040 Values for various turbines has been measured and tabulated, and
has been found to be mainly a function of specific speed (Ng). The values for
propeller turbines range from about 0.2 to 3.5, increasing as the specific speed
increases. Davis and Sorensen (1969) give a graph of o .. against Ng. The
approximate specific speed for the turbine being designed, using initial estimates of
P=6kW=8hp, H=2.7m=8.9ft, N=750 RPM, is Ny=140 RPM (hp,ft). The o ., value
corresponding to this is 1.0.

o for the turbine was estimated using H=2.7m, H,,, =10.0m, H,,,=0.1m, and
H,,=2.5m, which gives 0=2.7. This is greater than o, so cavitation should not
occur. If the turbine blades are near the inlet water level then H,, approaches H.

(For a syphon configuration H

suc

can be greater than H). Taking H,,=H and

neglecting H,,, gives G = HyooH (L3)

H

For 6 .a=1.0 cavitation will become a problem when H is about half of H,,,, ie,
H=~5m, If the turbine blades are located near the bottom of the turbine, ie, at about

the exit water level, then H,, approaches zero. Equation 1.2 then becomes

H
¢ = —m
H

(14)

For 64;.a=1.0 cavitation will start to be a problem when H approaches H,,,,, ie, when
H=10m.

From the predicted performance of the prototype turbine, ie, P=6.0kW,
H=2.7m, and N=612 RPM, a better estimate of Ny can be obtained. This value is
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Ng=120 RPM (hp,ft) for which the o, value indicated by Davis and Sorensen is

0.75. This means that the limits on the head H given above are conservative. As a
comparison the helical bladed turbine tested by Rao (1988) had o ,;..=0.8, however

the specific speed is not given.
1.2 MODELLING: SCALING LAWS AND SPECIFIC SPEED

If a model and prototype are "similar", ie, their shape is the same (at a
different scale) and the flow patterns (streamlines) are the same throughout, then they
will have the same efficiency at any particular operating point. The scale ratio of the
size of the turbines is determined using a typical dimension, which for turbines is
usually the blade tip diameter (D). To get "similar" flow Reynold’s number (Re)
should be equal for the model and prototype. However it is generally accepted that
for turbulent flow (ie, large Re) the flows will be sufficiently similar even if Re is not
equal. Re = pVD/pu (LS5)

As well as changing the size of the prototype, the head can also be changed.
For the prototype to be at the same operating point as the model, the axial velocity
of the flow must remain in proportion to the tangential velocity of the blades. This
gives the same flow angles relative to the blades and hence the same flow patterns, so
that similarity is maintained. For the efficiency to be the same, the total losses
through the turbine must vary in proportion to the head, H. For turbulent flow the

losses are proportional to the velocity head, Hv, for any particular flow situation.

Hv = V?/2g
therefore H,,,, = Hv < V*
and since we require H o< Hj,gq
then H < V?
or V « H” (1.6)

This must hold when scaling (known) model conditions to prototype (predicted)
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conditions. Equation L6 is equivalent to Vorot = (Y12
model Hioodal

At any particular cross section through the turbine the flow rate Q is a product of the
velocity and the area. Since the area when scaling is proportional to the square of the

size of the turbine (as represented by D), then
Q = VA « VD?
substituting for V using Equation 1.6 gives Q < H/?D? (L7)

The rotational speed of the turbine (N) is proportional to the tangential

velocity of the blades (Vy,,4.,), divided by the radius. The radius is proportional to the
diameter D, so N « V46D
Vonaes 18 proportional to the axial flow velocity V, since the flow angles must stay the
same, SO N « VD!
substituting for V using Equation 1.6 gives N « HY?p?! (1.8)
The power (P) is proportional to the head (H) and the flow rate (Q), so

| P <« HQ |

substituting for Q using Equation 1.7 gives P « H/?D? (L9)

The three Equations 1.7, 1.8, and 1.9 can be written in equivalent form as

Qp:oto _ HPI’O‘O 1/2 Dproto 2 (I 1 Oa)
( )7 ( )
chdel I{mcxclel Dmodel

Nproto = ( Hpmto )112 ( mem )"1 (IlOb)

Nmodel IImodel Dmodel

P proto = ( Hororo Y2 ( Dyroto ) (1.10¢)
model Hoodel D nodet
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They can be used to predict the performance of a prototype from the performance of
and head, H

proto*

the model, given the prototype’s size, D The prediction is for

protos
performance at the same operating point. The equations are only valid if the model
and prototype are "similar", so for example if the prototype head is increased enough
for cavitation to occur, the performance will be different from what was predicted.
The efficiency theoretically stays constant, but in fact tends to increase slightly as Re
increases. Also as the turbine size increases the relative size of manufacturing
inaccuracies, roughness, etc, gets smaller, giving a small increase in efficiency.

The three Equations 1.10a,b,c can be rearranged to allow prediction of the
prototype performance once any two variables are set. The indices of all the
combinations of equations are given in Table I1.1. The Equations I.10a,b,c are

represented in the first column.

HD | HQ H,N PH PN P.D P,Q [N D| NQ QD
D o | Yol | Yo | s 3y2 /s
1 215 | 3 | 1| 22 | | 24
(_3' 1/ 22 3/ »2 1,-1 3/5:‘4/ 5 '3/431/ 2 1,3
Nl Yo | ¥4/, SR QAL 1,3
Pl 2| 11 |32 35 | %sls | 12

Table 1.1 Indices for Scaling Equations
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As an example the equation to predict the ratio of operating speeds between

the model and prototype in terms of ratios of the power produced and the head is

. N P H
represented in the fourth column: profo . (_Broi0 y~1/2( __proto y5/4
Nmodel Pmodel Hmodel

The speed of a "prototype" at standard conditions is known as the specific speed, Ng.

N o Psym Hs g
Nmodel Pmodel }{model

Common values for the "standard" conditions are Py = 1lhp (metric) and Hg = 1m. If

the "model" is any turbine for which the specific speed is required,

then NS - (Pmodel)l/z( ngdel)-5/4
N el 1hp 1m
or Ng = N PRy 54 (L.11)

This is the normal equation for the specific speed. The value of Ng depends. on what
standard conditions are being used, ie, it depends on the units of P and H, and so is not
fully non-dimensional. Other commonly used units are imperial (hp,ft), and metric

(kW,m). Alternatives to Ny are discussed in Section 5.1.
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APPENDIX II

DATA FROM MODEL TESTS

The complete data obtained for each turbine configuration tested is given in
Graphs A-Z. The data has been scaled to a constant head of 1.8m, as each individual
reading had a slightly varying head, from about 1.7m to 1.9m. The scaling laws are
described in Appendix L

There are occasionally readings that do not fit a smooth curve. When these
were noticed during a test a repeat reading was taken. It was assumed that since the
graphs usually had smooth curves, any irregular data was due to errors in the
measurements, rather than any unusual turbine performance.

The performance of the different configurations is summarised in Table I1.1,
which gives the performance at the Best Efficiency Point and Best Power Point.
Because the power curve is flat at its maximum point, it is not possible to give an
accurate value of the speed, and hence efficiency and flow rate, at the best power
point.

Table 11.3 describes each configuration, giving the blade type and angle, guide

vane angle, and type of cone.

Abbreviations

BAn Blade Angle = n deg. (approximate, from tangential)
GVAn  Guide Vane Angle = n deg. (approximate, from radial)
CNO no cone ‘

CN1 "straight" cone nPB n plastic blades
CN2 "radius” cone nMB  n metal blades

Notes: In Graphs A-Z the power is divided by 10, ie, to get the power (in Watts),
multiply the number on the graph scale by 10.

The Graphs are for a constant head of 1.8m.
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Graph Speed Flow Power  Effcy Speed  Flow Power  Effcy
no. N Q P E N Q P E
RPM) (Ifs) (kW) (%) RPM) (/fs) (kW) (%)
A 900 51 43 48 1100 56 45 46
B 900 50 47 53 1080 53 48 51
C 950 49 48 55.5 1100 53 49 53
D 950 47 477 573 1100 50 493 555
E 950 44 445 57 1050 46 453 56
Q 1150 44.5 44 56 1250 46 45 55
F 950 47.4 45 54 1100 50.5 47 53
G 950 47 45 54 1100 51 46 52
H 950 46.7 45 54 1100 50 47 53
I 900 47 44 53 1050 50 45 51
J 850 34 35 58 1050 38 37 55
K 950 355 37 58 1050 37.5 38 57
L 900 355 37 58 1000 37.5 38 57
M 880 35 37 60.5 1000 37 383 59
N 850 33 37 63 1000 35.5 38 60
O 800 28.5 32 04 900 30.5 34 63
P 800 30 33 62 950 32 345 61
R 800 45 48 61 1050 518 52 57
S 800 46 48 59 1100 555 525 54
U 850 51 53 59 1100 60 58 55
A% 900 50 545 61.5 1150 57.5 58 56.5
X 750 54 S5 58 950 60 58 55
zZ 750 55 S7 59 1030 64.5 615 54
T 900 58 S4 53.5 1100 65 S8 51
w 800 52.5 S2 56.5 1150 62.5 565 51
Y 850 51 S3 59.5 1050 56 565 57

Table II.1 Performance Data at Best Operating Points
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Best Efficiency Point  Best Power Point

Graph kg Ng kg Ng
no. 1 (RPM) §)) (RPM)
(bp,m) (bp,m)
A 2.48 330 3.18 413
B 2.46 345 3.03 418
C 2.57 368 3.09 431
D 2.51 367 3.00 432
E 2.43 354 2.75 395
Q 2.96 427 3.27 469
F 2.52 356 3.02 422
G 251 356 3.03 417
H 2.50 356 3.00 422
I 238 334 2.86 394
J 1.91 281 2.50 357
K 2.18 323 2.48 362
L 2.07 306 2.36 345
M 2.01 299 235 346
N 1.88 289 2.30 345
O 1.65 253 1.92 293
P 1.69 257 2.07 312
R 2.07 310 292 423
S 2.09 310 3.16 446
U 2.34 346 3.29 469
\Y 2.46 372 3.36 490
X 2.13 311 2.84 405
Z 2.15 317 3.19 452
T 2.64 370 342 469
w 2.24 323 351 483
Y 2.34 346 3.03 441
max.  2.96 427 3.51 490

Table I1.2 Characteristic Number kg, and Specific Speed N, at Best Operating Points



Graph Description
no.

BA GVA CN

A 225 0 1 4PB

B 22.5 10 1 4PB

C 22.5 25 1 4PB

D 22.5 32 1 4PB

E 22.5 45 1 4PB

Q 20 33 0 4MB

F 22.5 32 2 4PB

G 22.5 32 2 4PB

H 22.5 32 0 4PB

I 22.5 25 0 4PB

] 20 4520 2 8PB(CUTAWAY)
K 20 4520 0 8PB(CUTAWAY)
L 20 25 0 8PB(CUTAWAY)
M 20 33 0 8PB(CUTAWAY)
N 20 40 0 8PB(CUTAWAY)
o) 20 40 0 8MB

P 20 33 0 8MB

R 25 25 0 8MB

S 25 15 0 8MB

U 30 15 0 8MB

\% 30 25 0 8MB

X 35 25 0 8MB

y4 35 25 1 8MB

T 25 15 0 8MB(SHORTENED)
\ 30 25 0 8MB(SHORTENED)
Y 35-30 25 0 8MB(TWISTED)

Table I1.3 Description of Turbine Configurations
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Turbine Performance
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Turbine Performance
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Turbine Performance
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Turbine Performance
14/3,BA22.5,GVA32,CN2,4PB
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Turbine Performance
18-21/3,BA22.5,GVA25,CNO,4PB

70

. % ; ; | i :

200 400 600 800 1000 1200 1400 1600
Speed (RPM)
Graph I
Turbine Performance
8/4,BA20,GVA45-20,CN2,8PB(CUTAWAY)

70
60
50
40
30 ;
20 | |

10 b S SASSTVI SNUON: SISO WVIE SO

0 i i i i i i

200 400 600 800 1000 1200 1400 1600

Speed (RPM)

Graph J



88

Turbine Performance
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| Turbine Performance
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Turbine Performance
1/5,BA20,GVA40,CNO,8MB
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Turbine Performance
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Turbine Performance
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Turbine Performance
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Turbine Performance
22/5,BA30,GVA15,CN0,8MB

70

60

50 4

40 -
30 A-ceeenenn e RO PR OO U

20 f-crreeiiennn P e s E ............. § ............. i .............

10 [ g; . Power (w) 2/10 .. "+"';‘P'lowRat,e (].:/S) . ‘-')‘(‘"‘E::ffic'iency(%f) ............

0 ; j j | x ;
200 400 600 800 1000 1200 1400 1600
Speed (RPM)

Graph U

Turbine Performance
23/5,BA30’,GVA25,CNO,’8MB

70

60 ~

50 ~

40 + -
30 o e U e e e SURRRRRRII

20 e P e U s S e

10 oo g (W) /10 =R Tow Rate (/s) e Efticionioy (%)

0 i ; ; ; i i
200 400 600 800 1000 1200 1400 1600
Speed (RPM)

Graph V



Turbine Performance
24/5,BASO,GVA25,CNO,8MB(SHORTENED)

70

60 -

50

40 -

60 b
20 4o — — —— —— —
10 - s oy 1 = i Oy bt Gy

0 E % E i E E
200 400 600 800 1000 1200 1400 1600

Speed (RPM)

Graph W

Turbine Performance
27/5,BA35,GVA25,CN0,8MB

70

60 -

50 -

40

30 A eeeereennnn ............ ............ ............ ............. ............. ............
SO S S e S SR S
LU ——B— Power (W) g'/lb' ' ‘ﬂ—"+-'-§rrdw'nx.'ce '(rfyg)' ' wﬁlétrfi'ciéi{c'j'(%i) """"""

0 % i i E % i
200 400 800 800 1000 1200 1400 1600

Speed (RPM)

Graph X



95

- Turbine Performance
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APPENDIX III

PROTOTYPE TURBINE DRAWINGS

Generall layout of turbine and generator unit.

Blade construction detail.

Hub and shaft construction detail.

Top plate, guide vanes, tripod support, and gearbox mount.

Turbine tube and toroid flanges.
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