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ABSTRACT

Five locally fabricated turbines with 3, 5, 7, 9 and 11 flat blades were locally fabricated and
tested in conjunction with a vertical penstock of diameter 0.0762 m and nozzles of diameters
0.0158, 0.0212, 0.0266, 0.0343 and 0.042 m in a simplified Pico hydropower system. This study is
an aspect of an ongoing work aimed at ultimately implementing the system for small power
generation. The turbines were mounted at the foot of an overhead reservoir 6.95 m high. A 1.11 kW
pump was used to recycle the water downstream of the turbine from an underground reservoir to
the overhead reservoir, and a 3.9 kVA alternator used for the on-load tests. The turbine was linked
to a 3.9 kVA alternator by a belt drive of pulley ratio of 6:1. The mean rotational speeds of each
turbine and alternator shafts, volume of water displaced, and voltage developed were measured for
each nozzle diameter. These data were used to compute flow rate, shaft and electrical power, and
efficiency for each operation. Dimensionless flow, head and power coefficients as well as specific
speed were computed and functional characteristic curves relating plotted. The turbine with 11
blades developed the maximum voltage with the nozzle diameter of 0.042 m and the least
voltage for 0.0158 m diameter nozzle. The corresponding estimated power output computed using
the manufacturer's specifications on the alternator was also highest and the mean maximum
efficiency based on the estimated power output was 0.4482. This indicates that the larger nozzle
diameters combined with the turbine with higher number of flat blades favour beneficial system
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Nigeria.

operation. The results indicate good potential for the system as a simple, environmentally friendly
and decentralized small power generation system that can contribute to the current energy mix in

Keywords: Decentralized; energy crisis; environmentally friendly; locally-fabricated turbine; nozzle
diameter; number of flat blades; pico hydropower.

1. INTRODUCTION

Globally, energy demand is increasing, leading to
the need for the generation of energy from
renewable resources. Africa is still grappling with
the great challenge of access to clean energy
services because energy is fundamental for
socioeconomic  development and poverty
eradication [1-4]. Energy plays a critical role in
the  economic  growth, progress, and
development, as well as poverty eradication and
security of any nation, with the per capita energy
consumption directly affecting the living standard
[5-10]. Future economic growth will be affected
by availability of energy from sources that are
affordable, accessible, sustainable and
environmentally friendly. The world is gripped
with an energy crisis largely due to rapid
population growth and increase in the living
standard of whole societies [11, 12]. In Nigeria,
industrial and commercial activities have been
paralyzed by it, and leading to the incidence of
poverty [13, 14]. Around 84% of Nigeria
generating capacity is thermal (Gas turbine), with
the remaining 16% hydroelectric and steam
turbine respectively [15, 16]. The private sector
has also produced an additional 90 MW from an
installed capacity of 270 MW and an additional
30 MW from Emergency Power Plant at Abuja
(EPP).

In Nigeria, clean, sustainable, reliable and
affordable energy has always been a subject of
great interest especially because a large
percentage of the Nigerian population lives
without access to energy which has led to
technological backwardness as investors shy
away from the country due to high cost of
production. About 40% Nigerian households
have access to the national grid while more than
45% do not, with much more than 6% supporting
their grid access with personal petrol/diesel
generators and around 3% relying completely on
self-generator [17]. About 1.1% have access to
the rural electrification programs and nearly 75%
of Nigerians still depend on firewood as their
cooking fuel with about 20% relying on kerosene.
This is directly as a result of the low access to
electricity and its low reliability of services. An
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urgent need for efforts for further developments
of the overall Nigerian electricity sector as well as
rural electrification programs to ensure rapid
economic development therefore exists [13, 18-
21]. The energy revolution will require moving
from electricity systems based on centralized
large-scale fossil fuels, large hydro and nuclear
fission plants to the ones based on new
renewable sources and massive improvements
in the efficiency of production, transportation, and
storage and use energy [22-24].

Renewable energy alternatives are an important
part of future energy, and need to be promoted
and enabled. But renewable energies can also
negatively impact on the environment and
people, therefore the need for impact
assessment tools to be applied to such projects.
These sources such as small hydro, modern
biomass, wind, solar, geothermal, and bio-fuels
now account for a higher percentage of global
final energy consumption and are growing
rapidly, hence replacing conventional fuels [25-
28]. Hydropower is a renewable, economic, non-
polluting and environmentally benign source of
energy, and amongst all renewable sources of
energy it is the most reliable and cost effective
accounting for a reasonable percentage of global
electricity production from both large and small
power plants second only to fossil fuels [29-33].
The world has endless potential for hydropower
generation. Numerous numbers of hydropower
stations have been built all over the world and a
large number of hydro power projects with a
capacity above 100, 000 MW currently going on
globally with Asia having the largest contribution
of 84, 000 MW.

In Nigeria, a very minimal part of the available
14750 MW power is currently being explored at
Kainji, Jebba and Shiroro hydropower stations
[18, 19, 34-36]. This implies that the percentage
of the nation’s hydropower potential in use is
quite small. The country has consistently
experienced epileptic power supply partly as a
result of its inability to exploit its vast hydropower
potential in addition to the fact that the available
large hydro power plants are not operating up to
installed capacity [16, 37-40]. Presently, the
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government of Nigeria is making efforts to
improve and stabilize the power sector including
advanced work at Kashimbilla (around 40 MW

expected soon according to government
sources) and Gurara.
However, large hydropower schemes are

generally affected by seasonal fluctuations in
water level apart from adversely affecting marine
ecology as well as the social well-being of people
[41-47]. To combat the problem of seasonal
variation in water level as well as other issues
with conventional hydropower systems, pumped
storage have been developed which involves
storing water at a higher level and releasing it to
generate power by turning a turbine at a lower
level. Small hydro schemes have gained
popularity especially in rural communities due to
its simplicity in design, ease of operation, low
environmental impacts in comparison to large
hydropower schemes. Furthermore, communities
could take advantage of simple drinking water
projects or irrigation systems to install small
hydro schemes. Generally, developing ways of
utilizing the advantages of hydropower which
minimize  the  operational and  natural
shortcomings is a step in the right direction [48-
56].

Pico-hydro power (up to 5 kW) provides a very
good option, suiting the general characteristics of
smarter, smaller systems which can be utilized in
locations where larger more conventional
systems cannot be optimally deployed. They are
more efficient and environmentally friendly, with
various benefits such as reliability, simplicity, less
maintenance and low operating expenses. It can
easily be controlled and maintained by homes,
schools, farms and communities [14, 57-62].
Conventional Pico hydro systems are run-of-
stream, meaning a reservoir of water is not
created, only a small weir is common, pipes
divert some of the flow, drop down a gradient
and through the turbine before being exhausted
back to the stream. The Pico hydro systems are
significant in our world today because power
generation through this means cuts down fossil
fuel consumption thereby reducing pollution [63-
65]. They however, have some technical and
social challenges. Flooding easily sweep
machinery away and the acceptance of this
technology is not straightforward as is to be
expected. Plus the fact that in Nigeria, like many
other developing societies, the political will to
drive its intensive uptake is lacking [66, 67]. This
study is part of an ongoing development of a
Pico hydropower system as a contribution to the
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mitigation of the energy crisis in Nigeria
especially in locations without naturally flowing
water.

2. THEORETICAL BACKGROUND

The power input in to a hydraulic turbine is given
by the equation 1 [68].

(1)

Where p = water density, g = acceleration due
to gravity, Q = flow rate, and H, = net head
defined as shown in equation 2 [69].

Py, =pgQH,

H, =H, —H| (2)
Where H, is the gross head and H,is the sum of
all head losses in the penstock. The Head loss is
made up of the major and minor losses caused
by viscous forces in the pipe and secondary flow
structures resulting from changes in direction and
geometry of the flow, respectively. The major
loses, Hy can be found using equation 3 [69].

<[

Where V is the flow velocity, d pipe diameter, L
pipe length and C the Hazen-Williams coefficient
(between 135 and 140 for plastic pipes and 150
for steel pipes).The mean velocity of the water in

a pipe (or jet) is given by V = Q/A, where A is the
cross sectional area of the flow [70, 71].

6.87L 1.85

f = gi165

(3)

The minor losses is defined as shown in equation
4. The contraction loss coefficient for pipe shape
geometry is found using equation 5 and sum of
all the head losses given by equation 6 [69, 71,

72].
V2
Hminor = ZZ K 4
e
K. = 0.42 [1 - (5) ] (5)
H, = Hy + Hynor + Ko 6)

The loss coefficients for various common fittings
have been determined experimentally and K, is
dependent on the ratio of pipe diameters d/D,
where d is internal diameter of the small pipe and
D internal diameter of the large pipe. The
contraction normally occurs at the end of the pipe
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or penstock before entry into the turbine in the
form of nozzle/reducer to covert the water into a
jet [68, 71].

The efficiency of the turbine is given by equation
773, 74].

Power output from shaft P,
n= =

@

hydraulic power input P_h

The power output or shaft power is given by
equation 8 [39, 75].

2nDN
P =pQ(V; + VZ)T

®
where V; and V, are the velocities of water
through the pipe and nozzle respectively, N =
rotational speed.

The flow (K,), head (Ky) and power (Kp)
coefficients as well as specific speed (Ks) can be
computed using the equations 9 to 11 [68, 76].

Flow coefficient, Ko = ¢/ 2 ©)

Head coefficient, K = gH/NzDz (10)
o _P

Power coefficient, K, =/ s ps (11)

where D = turbine runner diameter.

Another parameter which can be used to
compare turbines is the specific speed defined in
equation 12.

1/2

- K
Specific speed, Ny = P / 5/4 (12)
KH

where Ng is the specific speed, N rotational
speed of the runner in rpm, P the turbine power
output in kW, and H, the net head in meter. The
term specific speed arises from the idea of a
given type of machine producing a unit power at
a unit head, and is the speed at which it would
run. Specific speed is then neither dimensionless
(specific) nor a speed. It is better regarded as a
“shape factor” and it is its ability to describe the
shape of a turbine design independently of
turbine size [77].

2.1 Previous Aspects of Work on the
System

Edeoja et al. [14] reviewed on the suitability of
Pico hydropower deployment in Nigeria in view of
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the energy supply situation and the potential
benefits available especially for the teeming rural
populace. The consistent power outages
resulting from the vast distribution networks
frequently subjected to sabotage was identified
as a strong motivation for adopting such a power
supply system in which the end users will have
more direct control. They however opined
regrettably that there was a strong absence of
the political will necessary to facilitate its uptake.
Edeoja et al. [71] carried out a conceptual design
of a simple decentralized self-powering Pico
hydropower system which uses the basic
principle of a pumped storage hydro system as
an alternative to contribute to the mitigation
energy crisis in developing communities. The
unique features of the system include a vertical
penstock linking an overhead reservoir and a
locally fabricated turbine as well as a water
recycling loop using a pump to facilitate the
application of the system where there is no
naturally flowing water. The system models
smaller, smarter, decentralized systems which
are less expensive, more environmentally benign
and concede the control to the end user thereby
reducing the exposure to influence of outsiders
especially with the proliferation of insurgent
activities in Nigeria.

An investigation of the effect of penstock
configuration with regards to area reduction on
the performance of the simplified Pico
hydropower system was carried out. The system
explored the utilization of the head developed by
pumping water into an overhead reservoir and
discharging it through a vertically oriented
penstock. The concept area reduction was
introduced in order to extend the duration of
continuous recycling of the water while
minimizing head losses and achieving higher
power output. The penstock configurations were
obtained by reducing pipes of diameters 76.2 m
to 50.8 m in ratios of 5:2, 4:3, 3:4, 2:5 and 1:6
over a total height of 6.8 m. The configuration
with the ratio of 5:2 produced the highest
rotational speed and voltage, suggesting that the
use of a penstock configuration with a larger
diameter forming the greater part of the total
head will favor better power generation while
ensuring sustained continuous water recycling
[78].

Edeoja et al. [79] examined the effect of blade
cross section on the performance of the system.
Blades of various cross-sections (rectangular,
trapezoidal, u-shaped, partial v-shaped, and full
v-shaped) were fabricated for the turbine and the
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optimum turbine performance using each of the
specified blades determined. The results
obtained indicated that the full v-shaped blade
gave the best performance in terms of rotational
speed, and consequently voltage and power
output. Edeoja and Awuniji [80] studied the
effects of penstock configuration and lateral twist
angle of flat blades on the performance of the
simplified Pico hydropower system. Two
configurations of the penstock having 2 and 1
stages of area reductions were used in
conjunction with locally fabricated turbine runners
with flat blades laterally twisted at 30, 45, 60, 75
and 90°. The results showed that the turbine with
the 90° blade twist gave the best performance in
terms of rotational speed and consequently
power for both penstock configurations.

A study of the basic operational parameters of
the simplified Pico hydropower system was
carried out using five simplified versions of the
Pelton turbine of runner diameters 0.45, 0.40,
0.35, 0.30 and 0.25 m, along with five PVC pipes
of diameters 0.0762, 0.0635, 0.0508, 0.0445 and
0.0381 m as penstocks and five simple nozzles
of area ratios 1.0, 0.8, 0.6, 0.4 and 0.2. The
results showed that for all the turbine and
penstock diameters, the nozzle area ratios in the
range 0.2 to 0.6 performed better in terms of
system power and efficiency. They noted that
small nozzle area ratios combined with
correspondingly larger penstock diameters are
necessary for optimum operation of the system.
The results obtained highlighted the relevance of
proper nozzle selection in the system operation
[81].

Edeoja et al. [82] studied the effects of penstock
area reduction and number of turbine v-blades
on the performance of the simplified Pico
hydropower system. One and two stage area
reductions from 3 to 2% inches, and then from 3
to 2% to 2 inches were effected on the penstock,
and turbine runners with 6 to 12 v-blades were
tested for each configuration. The results
obtained indicated that the two stage area
reductions of the penstock with the runners
having 9 -10 blades produced the highest shaft
rotational speeds as well as computed fluid
power. They observed that the possibility exists
of further stages of penstock area reduction to
improve the system performance with no
advantage for system performance at that state
for number of blades lower than 9 to 10.

An investigation of the influence of penstock
outlet and runner hub to blade ratio on the
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performance of the simplified Pico hydropower
system was conducted. Five turbine runners with
10 v-shaped blades and hub to blade ratios of
0.7, 0.65, 0.55, 0.4, and 0.3 were fabricated and
tested. The results obtained showed that the
system with 0.55 runner hub to blade ratio and
20 mm penstock outlet diameter yielded an
alternator shaft speed of 1732 rpm
corresponding to a computed power output of
5.77 kW. In terms of the loss of the alternator
speed compared to the ideal value, the hub to
blade ratio of 0.55 also gave the least
percentage loss with the corresponding penstock
outlet diameter being 25 mm [40].

Edeoja et al. [83] investigated the effect of the
included angle of v- blades on the simplified Pico
hydropower system. Five turbine runners having
6 v-shaped blades with included angles of 30,
60, 90, 120 and 150° were fabricated and tested
on system. A maximum speed of 1810 rpm and a
corresponding voltage of 224 V were obtained
with  30° included angle which decreased
progressively to 1750 rpm and 218 V for 150°.
These results suggested that for optimum
performance of the system, smaller included
blade angles for the configuration used
translating to deeper blades are necessary. They
opined that further reduction of the included
angle beyond this range will require much
smaller water jets however, concluding that the
observation will be useful in the further
development of this system for use in buildings
and small workstations in isolated locations with
water reservoirs.

The influence of penstock outlet and the flat
blade lateral twist angle on the performance of
the Pico-hydro system was undertaken. Five
penstocks reduced from 76.2 mm to 15, 17.5, 20,
22.5 and 25 mm diameters at the outlet and a
runner with adjustable flat blades were
fabricated, and for each of the penstock outlets,
five blade twist angles of 50, 55, 60, 75 and 90°
were tested. A maximum computed power of
5600 W was obtained with the 25 mm penstock
outlet in conjunction with the blade twist angle of
75°. Also, the maximum speed of 1180 rpm of
the alternator shaft was obtained for a penstock
outlet diameter of about 20.25 mm at the same
twist angle of 75°. They observed that the
system could generate appreciable power using
flat blades with the penstock outlets and blade
twist angles in the ranges > 20 mm and = 60°
respectively, and that considering the simplicity
of the flat blade configuration, the results indicate
good promise for providing relatively
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cheap, clean and convenient domestic power
[84].

Edeoja and Tarka [85] studied the effect of
penstock diameter on shaft power of the
simplified Pico hydropower system with water
recycling. The mean efficiencies were 0.776 and
0.510 for penstocks diameters 0.0762 and
0.0381 m respectively. They concluded that
larger penstock diameters with small nozzle area
ratios favor optimal system operation. Edeoja
and Tarka [75] studied the basic operational
parameters of the simplified Pico-hydropower
system by measuring the mean maximum and
minimum rotational speeds of the shaft of each
turbine for each penstock diameter and nozzle
area ratio. The plots of the shaft power against
the flow rate/net head product for each pair of
turbine and penstock diameters resembled the
analytical expression for hydraulic power. They
concluded that the results obtained formed a
useful contribution to the process of developing
the system as a simple, environmentally friendly
and decentralized small power generation
system that could contribute positively to the
Nigerian energy mix.

Edeoja et al. [76] investigated the basic
operational parameters of the simplified Pico
hydropower system, using five simplified locally
fabricated turbine of runner diameters 0.45, 0.40,
0.35, 0.30 and 0.25 m, five PVC pipes of
diameters 0.0762, 0.0635, 0.0508, 0.0445 and
0.0381 m as penstocks and five simple nozzles
of area ratios 1.0, 0.8, 0.6, 0.4 and 0.2 for each

penstock diameter. They computed
dimensionless coefficients as a standard
procedure generally used for comparing

geometrically similar hydraulic machines and
concluded that the results will be invaluable in
development of the system into a simple,
environmentally friendly and decentralized
small power generation system that could
contribute positively to the energy mix in
Nigeria.

The basic influence of runner diameter on the
operation of the Pico hydropower system with
provision for water recycling were investigated by
Edeoja et al. [86]. Five highly simplified versions
of the Pelton turbine of runner diameters 0.45,
0.40, 0.35, 0.30 and 0.25 m were locally
fabricated and tested in conjunction with PVC
pipes of diameters 0.0762, 0.0635, 0.0508,
0.0445 and 0.0381 m as penstocks and simple
tapered pipes with area ratios 1.0, 0.8, 0.6, 0.4
and 0.2 fabricated based on each penstock
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diameter as nozzles. The mean efficiencies
based on the runner diameters were in the range
0.656 = n = 0.642. They concluded that the
results fundamentally indicated that the influence
of the runner diameter in the range used on the
optimum performance of the system was not
pronounced like that of the other parameters and
that the possibility of scaling up the turbine
diameter to accommodate larger penstock
diameters and a higher capacity alternators
exists as a target of future development.

Edeoja et al. [39] carried out on-load tests based
on the results of no-load tests carried out on the
simplified Pico hydropower system in order to
investigate the estimated power output. A turbine
of runner diameter 0.40 m, penstock diameters in
the range 0.0381 m to 0.0508 m and nozzle area
ratios in the range 0.2 to 0.6 were used for the
on-load tests. The system developed a maximum
voltage of 224 V with the penstock diameter of
0.0508 m and a minimum voltage of 111 V with
that of 0.0381 m both with nozzle area ratio of
0.6. The corresponding estimated power
outputs were 2.125 kW and 1.545 kW
respectively, with corresponding mean maximum
and minimum efficiencies based on the
estimated power output of 0.85 and 0.618. The
results indicated good promise for the system’s
implementation.

Edeoja et al. [38] considered the influence of
penstock outlet, number of v-blades, flat blade
lateral twist angle and hub to blade ratio on the
performance of the simplified Pico hydropower
system. This multi parameters investigation was
undertaken in order to provide several options for
selection in implementation for end user
applications. The results of the study have
heightened the enthusiasm and confidence of the
research team in this regard.

The general summary of the results so far
indicate a good potential for deployment with the
issue still being tackled revolving around the
water recycling aspect. The unique feature of this
effort is recycling the water to enable the
application of the system where naturally flowing
water is not available. The pump saddled with
this aspect is still powered externally, meaning
that the system could be successfully deployed
using a hybrid scheme with solar energy to
power the pump. This of course will increase the
cost significantly. However, the initial goal of
developing a standalone system has not
changed and this is the background leading to
the current investigations.
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3. MATERIALS AND METHODS

This investigation was carried out in the
Department of Mechanical Engineering at
Joseph Sarwuan Tarka University (formerly
Federal University of Agriculture), Makurdi. Mild
steel was used for the entire turbine wheel
construction due to its good weldability,
machinability, ductility and toughness in addition
to the availability of the material at an affordable
cost compared to other metals. The runner for
this study is highly simplified, resembling a
Kaplan runner. It is made up of a circular hub
welded to two circular supports of diameter equal
to that of the turbine wheel such that hub to
blade ratio is 0.55 [38, 40]. Holes of diameter 20
mm are drilled on the circular supports to
accommodate the shaft which is appropriately
secured to the supports. The radius of the cover
is 20 cm wide in order to accommodate the
largest penstock diameter used in previous
aspects of the study which is 76.2 mm and to
facilitate  welding operations during the
fabrication. The blades were made up of flat
strips of the sheet metal of about 10cm width
were then appropriately welded around the
periphery of the hub and unto the inner faces of
the circular support. The diameters of the
runners as well as the circular hub to blade ratio
were taken from Edeoja et al. [71] as with the
previous studies. The hub and blades were

fabricated from a 2 mm thick mild steel
sheet. Five runners were fabricated with 3, 5, 7,
9 and 11 flat blades and they are shown in
Fig. 1.

A support made of 2 x 2 mm angle iron was
provided for the turbine at the foot of the
stanchion directly beneath the penstock. The
support is firmly held in place with concrete with
adequate clearance to allow the free rotation of
the turbine wheel. Adequate provision was made
to channel the water back to the underground
reservoir and a fitting protective cover was used
to prevent water splashing during the operation
of the system and to serve as a guide for the
nozzles. Two bearings matching the shaft
diameter are provided at the ends of the support
on which the turbine runner is mounted. Fig. 2
shows a CAD produced exploded view of the set
up without the reservoirs and the piping.

Fig. 1. The turbine runners used for the study

BOM ID| Name

Light Bulb (Load)
Frame

Turbine

Shaft

formed hex screw_am
Shield

Nozzle

Shaft Pulley

Belt

hex bolt_am
Alternator

Pillow block bearing

oo~ | s w|ro| =

N_;A_._._._.»_A_._s_.‘g

Fig. 2. Exploded view of the turbine assembly
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Supply pipe
Upper gate valve
Penstock
—>
[Lower gate valve
h'
Discharge pipe| [
[Nozzie}~{
Water purnp
Reservoir

Overhead tank

Turbing

Alternator|

Extension

Fig. 3. The whole experimental set up

The experimental set up for this study consists of
a pump and the turbine connected with PVC
piping as penstock to a 2000 liters overhead tank
and a 3000 liters underground reservoir. A drain
allows the water downstream of the turbine to be
returned into the underground reservoir. Care
was taken to align the turbine runner and the
nozzle so as to ensure adequate clearance
between the runner, penstock and nozzle. The
turbine was coupled to a 3.9 kVA alternator
via a belt pulley drive of ratio about 1:6 provided
by a 600 mm diameter pulley is connected
to the turbine shaft and a 50 mm diameter
pulley connected at the alternator for the
on-load tests. Fig. 3 shows the full experimental
set up.

Water is released from the overhead tank
through the penstock and it flows through the
nozzle to the turbine. The flow through the
turbine is regulated using a gate valve installed
before entry to the penstock. The water jet
striking the runner produces a torque resulting in
the rotation of the turbine shaft and then the
alternator shaft for the on-load tests. The suction
pipe of the pump delivers water from the
underground reservoir to the overhead tank to
create a head.

The main variables monitored in this study were
the rotational speeds of the turbine and alternator
shafts, the depths of water in the overhead and
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underground reservoirs before and after each
operation, the time taken for each operation and
the voltage developed by the alternator and/or
the current. The data was used to compute the
gross head available, the head losses, the net
head available, the flow rate and the power
generated as well as efficiency using the
appropriate equations from the theoretical
background section. The water depths were
monitored using calibrated dip sticks and a tape
while a stop clock was used for timing each
operation. A tachometer was used to measure
the rotational speeds of the shafts while a
multimeter was used to measure the electrical
guantities. The procedure was repeated for each
of the turbine runners. All the data were then
plotted and also conveniently analyzed for
variance at 95% confidence level.

4. RESULTS AND DISCUSSION

Fig. 4 show the variation of head loss with nozzle
of diameter for the different number of blades of
the turbine for no-load (a) and on-load (b) tests
respectively. Both figures show that the head
loss increased with an increase in nozzle
diameter in accordance with basic fluid
mechanics principles and that the number of
blades expectedly did not affect the head loss.
This underscores the need to properly select
nozzle diameters to enhance the maintenance of
a favourable head which is critical for beneficial
hydropower operation [87, 88].
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Fig. 4. Variation of Head Loss with Nozzle Diameter for the Number of Flat Blades for
(a) No-load, and (b) On-load tests
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Fig. 5. Variation of net head with flow rate for the number of flat blades for (a) No-load and
(b) On-load tests

Fig. 5 shows the variation of net head (difference
between the gross head and head loss) with flow
rate for the different turbines for the no-load (a)
and on-load (b) tests. Generally, the net head
decreased with increasing flow rate as a
consequence of the observations explained in
Figs. 4(a) and (b), since increased flow rate is
enhanced by increased nozzle diameter. The
clustering of the trendlines indicate that the
number of turbine blades do not affect the flow
rate, this slight dispersion especially with the
case for no-load being most likely a pointer to the
fact that the flow rate is within a particular range
for the system. The relationships show how
these basic parameters required for conventional
hydropower site selection can be used in
selecting appropriate sizes of the required
components [89, 90].

Fig. 6 shows the variation of turbine speed with
the number of flat blades for the nozzle
diameters used for the study. The Figure shows
that the speed increases with the increase in the
number blades, and then tends towards a
constant value beyond 7 blades for both no-load
and on-load conditions. The underscores the
requirement of a higher number of blade to a
particular range after which the benefit erodes in
line with earlier findings with this system and
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others [91, 92]. As the number of blades
increase, a necessary trade-off between the
weight and required speed becomes necessary
for a specified level of operation [86, 88]. The
speed values for the no-load tests were
obviously higher than those for the on-load tests
and the observation is not farfetched since the
loading condition had changed. The apparently
errant trend for the 0.0212 m diameter nozzle in
Fig. 6(b) could be due to slight errors associated
with measurements. However, the trend for the
same nozzle diameter for the no-load tests in
Fig. 6(a) shows that the delivery of the water jet
was in harmony with those for the remaining
nozzle diameters. Fig. 6(b) also shows that the
larger nozzle diameters enhanced higher turbine
speeds primarily due to the fact that they
delivered higher flow rates in line with basic
mechanics of fluids [62, 77].

The variation of the no-load turbine speed was
highly significant at 0.05 level along the rows
(nozzle diameters) and less slightly significant
along the columns (number of flat blades). This
statistically confirms that both parameters
affected the torque developed to cause the
turbine rotation as expected because the nozzle
diameters dictate the flow rate while the number
of blades determines how much blade surface
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area is available for interaction with the water jet
[77, 88]. The on-load turbine speed varied
differently at the same level with the 2
parameters. While affirming the contribution of
both of them, it varied more significantly with the
number of blades than with the nozzle diameters.
This indicates the different loading situation of
the turbine with the use of the belt drive to link
the turbine with the generator. Under this
condition, the surface area of blades become
more critical in the torque production process
[58, 93].

Fig. 7 shows the variation of the generator speed
with the nozzle diameter for the different number
of turbine blades. The rotational speed of the
alternator generally increased with an increase in
nozzle diameter this is because an increase in
nozzle diameter leads to an increase in the flow
rate which consequently leads to an increase in
the rate of change of momentum of the turbine
and by extension the alternator rotational speed
[73, 74]. The Figure also shows that the higher
numbers of the blades enhanced higher speeds
of the generator due to the larger surface area
available for interaction with the water jet. Fig. 8
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shows the variation of the generator speed with
the number of flat blades for the respective
nozzle diameters for the on-load tests. They
generator speeds generally mirror the variation
with the turbine speeds as they are their
multiples due to the amplification brought about
by the use of the belt drive in line with the
generator manufacturer’s specification for speed
in order to generate power. For this work as
earlier stated, the drive ratio was 6:1. Matching
the turbine and generator speeds in Figs. 6(b)
and 8 show that the belt drive used for this study
was able to achieve the desired objective to a
large extent.

The variation of the on-load generator speed at
the same level with the nozzle diameters
and number of flat blades mirrors the one for the
on-load turbine speed. This is obviously
as a result of the fact that the generator speed is
a multiple of the corresponding turbine speed,
and this was achieved by the installation of belt
drive with a theoretical pulley diameter ratio of
6:1 [72, 94]. This statistically confirms the
achievement of a level success with the belt
drive use.
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Fig. 6. Variation of turbine speed with number of flat blades for the Nozzle diameters for
(a) No-load and (b) on-load tests
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Fig. 7. Variation of generator speed with nozzle diameter for the number of flat blades for the
on-load tests

46



Edeoja et al.; JENRR, 12(2): 37-56, 2022; Article no.JENRR.91089

2500 ND 0.0158 m
ND 0.0266 m
2000 | —®—NDO0.042m

1500

1000

500

Generator Speed (Rpm)

ND 0.0212 m
ND 0.0343m

5 7 9
Number of Flat Blades

11

Fig. 8. Variation of generator speed with number of flat blades for the nozzle diameters for the
on-load tests

2500 3

N
o
o
o

1500
1000

Shaft Power (W)

500

5

;‘_’/‘

7

0.0158

0.0212

0.0266  0.0343  0.042

Nozzle Diameter (m)
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load tests

Fig. 9 shows the variation of shaft power with
nozzle diameter for the different number of
turbine blades for the on-load tests. The shaft
power increases with an increase in nozzle
diameter and was highest in the turbine with 11
blades with a value of about 2100 W. This is
because this parameter depends on the turbine
speeds developed. Generally, the higher number
of blades precipitated higher values of shaft
power [95, 96].

The inherent requirement for a larger diameter in
order to deliver higher flow rates for power
production is suggested in Fig. 10 in which the 2
larger nozzle diameters clearly enhanced the
higher shaft power values with the others
enhancing values below 200 W. This strengthens
the need to properly select the water delivery
outlet diameters to enhance acceptable system
performances for any given situation [75, 97].
The Figure also portrays relationship between
the shaft power and increasing number of
blades, with the steepness of the trendlines more
pronounced for the higher nozzle diameters
again indicating the benefit of larger diameters
over the smaller ones [27, 88].

The on-load shaft power varied highly
significantly with the nozzle diameters at 0.05
level but the variation was barely significant with
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the number of flat blades. This is expected
because the computation of the shaft power was
largely dependent on the hydraulic attributes of
the system and not on the kinetic properties of
the turbine [59, 98]. This explains why the
variation with the number of blades was
negligibly significant.

Fig. 11 shows the variation of the electrical
power with the generator speed for the different
number of turbine blades for the on-load. The
electrical power increased with an increase in the
generator speed and was highest in the turbine
with 11 blades with a value of 950 W. This was
because the increase in the number of blades
lead to an increase in the weight of the turbine
and consequently an increase in momentum of
the turbine. The greater the momentum, the
greater the generator speed and hence the
higher the electrical power generated [99, 100].

Fig. 12 shows the Variation of Electrical Power
with the Nozzle Diameter for the different number
of blades of Flat Turbine on-load. The electrical
power increased with an increase in nozzle
diameter and was highest in the turbine with 11
blades with a value of 950 W. This was because
the increase in the nozzle diameter led to an
increase in momentum of the turbine. The
greater the momentum, the higher the alternator
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rotational speed and hence the higher the
electrical power generated [74, 101].

Fig. 13 shows the variation of electrical power
with number of blades for the various nozzle
diameters. The Figure also indicates that the
larger diameters enhanced higher power
production but the trends are now less linear
than those in Fig. 10 for the shaft power values.
This could be partly explained by the fact that
factors like the electrical characteristics of the
generator also critically affect the output [102].
The trendlines also indicate the possibility of
higher power generation with slight further
increase in the number of blades, the steepness
affirming the fact already mentioned that the

increase in the number of blades may not
necessarily be continuous as this will cause the
erosion of the benefit in terms of power

production.
The electrical power varied slightly
significantly  with  the nozzle diameters

and less so with the number of flat blades. This
can only be explained by the fact that the
contribution of nozzle diameter and number of
blades is not as prominent as those of other
factors such as the electrical characteristics of
the generator. This underscores the need of
proper selection of the component for optimal
output when implementing a power supply
system [103, 104].
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Fig. 10. Variation of shaft power with number of flat blades for the nozzle diameters for the on-
load tests
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load tests

Fig. 14 shows the Variation of Efficiency with
Nozzle Diameter for the different Number
of Flat Turbine on-load. The efficiency increase
with an increase in nozzle diameter and was
highest in the turbine with 11 blades with a value
of 0.45. This was because an increase in the
nozzle diameter leads to an increase in the
weight of the turbine and hence the alternator
rotational speed. This leads to an increase in the

electrical power and hence efficiency [61,
105].
Fig. 15 shows that the system efficiency

generally increased with the number of flat
blades for the respective nozzle diameters used
for the study and that the larger diameters
enhanced the efficiency of operation [90, 91].
However, the values were also not overtly
dispersed showing that the system, for all the
nozzle diameters, had all the efficiency values
within a narrow range, indicating some level of
consistency with the fabrication of all the turbines
and nozzles [60, 72]. It is also noteworthy that
the trendlines for the all the nozzle diameters
with the exception of the 0.0266 m show better
controlled operations probably because that

nozzle diameter indicated a turning
point between the larger and smaller
diameters.
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The system on-load efficiency varied highly
significantly with the nozzle diameters and less
so with the number of flat blades at the 0.05
level. This means that statistically, the nozzle
diameters and number of blades have a
reasonable contribution to the system efficiency
among the other system parameters. The nozzle
diameters do however dominate which is
expected because in conventional hydropower
practice in the main parameters that determine
the choice of site [61, 68].

Fig. 16 shows the variations of the head
coefficient and the power coefficient with the flow
coefficient for the different number of turbine
blades for the no-load tests. These coefficients
are standard procedure for comparing
geometrically similar components and are
invaluable in choosing component sizes for
future implementation of the system [51, 76]. The
head coefficient increased marginally with an
increase in flow coefficient after an initial
decrease as shown in Fig. 16(a). This is because
as the flow rate increases, the net head reduces
as earlier mentioned. Fig. 16(b) shows the
variation of the power coefficient with flow
coefficient for the different number of turbine
blades. The power coefficient increased
smoothly with increase in flow coefficient and
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there was hardly any relationship with the
number of turbine blades. However, since the
flow coefficient involves  basically the
flow rate, the power coefficient mirrors virtually
the same value (or close values) for every value
of the flow coefficient as the flow rate increases
with the shaft power as pointed out earlier [72,
74].

5. CONCLUSION

The results from this study strongly strengthens
the need to properly match large nozzle
diameters with number of turbine blades greater
than 7 in order to obtain beneficial power yield
from the system. This is underscored by the
performance of the system with a 0.042 m nozzle
diameter with 11 blade runners. The results
further indicate the potentials of the system for
implementation for domestic and small scale
power requirements in rural locations especially
where naturally flowing water is not available.
Further work on some aspects of the system has
been planned in order to upgrade it to self-
running status.
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