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ABSTRACT: A study to determine the effect of penstock outlet and runner hub to blade ratio on the
performance of an existing simplified Pico hydro system was been 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 turbine was
connected to a 3.9 kVA alternator via a V-belt drive and a 1 Hp pump was used to circulate water in the system.
The speed of the alternator and turbine shafts were measured, and the water level in the two reservoirs were
monitored. The results obtained showed that the Pico hydro system with 0.55 runner hub to blade ratio and 20
mm penstock outlet diameter yielded an alternator shaft speed of 1732 rpm. This corresponds 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. The parameters all statistically varied significantly at 95% level of confidence. The results are good
encouragement in the effort towards implementing the system as an environmentally clean and decentralized
source of energy.

Keywords: Alternator shaft speed, decentralized source of energy, environmentally clean, Hub to blade ratio,
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l. INTRODUCTION

The level of energy consumption of any society is a reflection of its development [1]-[4].
Uninterrupted energy supply is vital in the economic growth, progress, and development, as well as poverty
eradication and security of any nation [5]-[7]. Future economic growth will depend on the long term availability
of energy from sources that are sustainable, affordable, accessible, and environmentally friendly. The standard
of living of a given country can be directly related to the per capita energy consumption since it is a measure of
the per capita income as well as a measure of the prosperity of a nation [8]-[20].

The challenge of the 21st century is the need for sufficient and sustainable supplies of energy to
provide the economic activities required to meet the needs of increasing populations. Hence, energy is a prime
agent for wealth creation and economic development. Historical data attest to a strong relationship between
availability of energy and economic activities [21]-[26].

Currently the global energy demand is rising fast as population and emerging economies like China
and India are growing exponentially with small and medium enterprises springing up. In developing countries
of Africa like Nigeria, the International Energy Agency forecasts that energy demand would be 50% higher in
2030 than they are today [1], [20], [27]-[31]. Yet fossil fuels on which the world depends are finite and not
environmentally friendly [32]-[36]. There is therefore a gradual drift of the world’s attention to potential
renewable energy resources for power generation such as wind, solar and hydropower resources. Renewable
energy constitutes about 15% of the world’s energy mix with hydropower making most of it [37]-[50].

The global demand for electricity is continuously growing and a vast majority of the people in
developing countries, especially in rural areas, do not have access to electricity. This number keeps increasing
despite the rural electrification programs because they are not sufficient to cope with the population growth or
the political will in some of the places is not strong enough or absent Availability of useable energy in the form
of electricity has gradually assumed an essential component of daily life in all society. Access to electricity is a
key to development as it provides light, heat and power for productive uses and communication [24], [51]-[58].
Moreover, despite the fact that about 80% of the world‘s population lives in developing countries, they consume
only about 20% of the global commercial energy [7], [21], [48], [59]. The World Bank asserts that most of the
world‘s poor people spend more than 12% of their total income on energy, which is more than four times what a
middle-income family in the developed world spends [60].
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In Nigeria, about 40% households were reported to have access to the national grid with more than
45% not having access to any form of electricity. More than 6% support their access to the grid with standby
generators while about another 3% completely relied on them. Furthermore, about 1.1% have access to the rural
electrification programs while more than three-quarters of the population still depend on firewood for cooking
fuel with about 20% relying on kerosene. This is consequent upon low access to and low reliability of electricity
services in Nigeria. An 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 [61]-[75].

Electricity generation also causes massive environmental and social problems. The need therefore
exists to change the way energy is produced and used in order to reduce these impacts while providing energy
services to the growing population of people who have inadequate or no access to electricity [76]. This energy
revolution will require moving from electricity systems based on large-scale fossil fuels, large hydro and
nuclear fission plants to options based on renewable sources and massive improvements in the efficiency of
production, transportation, storage and use energy [5], [22], [77]-[79].

Water is a good choice among the renewable sources of energy because a small-scale hydropower is a
very cost-effective and reliable energy technology for providing clean electricity generation. Hydropower is a
renewable, economic, non - polluting and environmentally benign source of energy. It is the most reliable and
cost effective renewable source and accounts for about 19% of global electricity production from both large and
small power plant [80]-[88].

The world has enormous potential for hydropower generation with numerous hydropower stations built
all over the world and a large number of hydropower projects with a capacity above 100, 000 MW currently
going on globally, Asia having the largest contribution of around 84, 000 MW [48], [89]-[92]. Nigeria is richly
endowed with abundant water resources whose potential is in the region of 14,750 MW of power. About 1980
MW of this potential is explored at Kainji, Jebba and Shiroro hydropower stations, each contributing around
760 MW, 600 MW, and 540 MW respectively, leaving 12,200 MW unexplored [45], [50], [65], [93]-[95]. This
implies that only about 14% of the nation’s hydropower potential is in use. 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 [32],
[85], [96] and [97].

Furthermore, large scale hydro schemes are becoming a challenge due to socio-economic and
environmental concerns. Conventional large hydroelectric power plants despite having many advantages over
other energy sources have potential negative environmental impacts [98]-[100]. It is not reliable since its
operation depends on the hydrological cycle [101] and [102]. Also, global climate change will increase rainfall
variability and unpredictability, making hydropower production more undependable. Increased flooding due to
global warming also poses a major hazard to the safety of dams [103]. In addition, reservoirs lose storage
capacity to sedimentation which in many cases seriously diminish the capacity of dams to generate power.
Hydropower projects alter the habitats of aquatic organisms and affected them directly [104]-[111]. Several
millions of people are usually forcibly evicted from their homes to make way for dams, losing their land, means
livelihood and access to natural resources and enduring irreparable harm to their cultures and communities
[112]-[116]. Furthermore, growing evidence suggests that reservoirs emit significant quantities of greenhouse
gases especially in the lowland tropics [117]-[119]. Also, there is growing evidence that hydropower is often
falsely promoted as cheap and reliable, are prone to cost overruns and often do not produce as much power as
predicted [120]. Hence, small hydro schemes (mini, micro and Pico) continue to gain increasing popularity
especially in remote areas due to its simplicity in design, ease of operation, low environmental impacts in
comparison to larger hydro power scheme [89] and [121]. Furthermore, communities could take advantage of
simple drinking water projects or irrigation systems to install small hydro schemes.

Developing a means of applying the advantages of hydropower while significantly minimizing the
operational and natural shortcomings is a desirable step. Pico-hydro power provides a very good option. It suits
the general characteristics of smarter, smaller systems which can be utilized in locations where larger more
conventional systems cannot be optimally located. It has become a very useful option in the Asian developing
countries where the topography has imposed great natural barrier to the uptake of more conventional grid —
connected energy systems [6], [12], [82], [122]-[126]. In Nepal for instance, 300 Pico hydro schemes
constructed by practical action are producing electricity while 900 others are used for mechanical power only
[127]. There are many sites suitable for Pico hydro development in Nigeria as in many other African countries
but deliberate focus has not been given to its development by articulating realizable policies geared towards
achieving solutions to the energy crisis. Moreover, it has been verified that seasonal fluctuations of water levels
also affect the operation of the conventional Pico hydro schemes. Low water levels do not allow optimal
operation while very high ones can sweep the units away [45], [85] and [128].

In the last decade, Pico hydro has become more prevalent in sub Saharan Africa as well, where
electrification rates are some of the world’s lowest [129]. Although Nigeria has successfully benefited from
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large and small scale hydropower to generate electricity little or no efforts are been made towards utilizing
hydro generation in the range of micro and Pico hydro systems, despite its available potential. If fully utilized it
would contribute remarkably to reducing the energy problems of domestic and commercial consumers in
addition to providing a cheap source of power to remote areas where the extension of grid system is
comparatively uneconomical [65], [94], [97].

Pico hydro systems like other decentralized systems are not prone to sabotage and terrorist attacks as
individuals and communities take responsibility of safeguarding their own facilities. Due to the increased rate of
terrorist activity in the country, the need and use for small Pico hydro is feasible due to the fact that power can
be generated within the domestic environment, hence increasing energy security as power generation and
distribution is being modified and simplified [22], [130]-[132].

While Pico hydro present significant advantages including cost over other methods of electricity
generation, its implementation also presents several challenges including a heavy dependence on site specific
conditions for scheme design. Off the shelf systems have been designed to reduce the site specific design but
this does not completely eliminate the need for technical expertise and periodic maintenance [131], [133]-[136].
Also, besides the requirement of flowing water, the exploitation of hydropower requires civil works which
constitute the major cost and electromechanical devices such as a turbine and generator. To further reduce the
cost of the technology standard pumps and induction motors could be used in place of conventional generators
and turbines [137]. These electromechanical devices play an important role in the determination of the power
output and the efficiency of the system.

This study however focuses on the investigation of the effect of penstock outlet and the runner hub to
blade ratio on the performance of a simplified Pico hydropower system that has been undergoing development
in the Department of Mechanical Engineering, University of Agriculture, Makurdi for about four years now
[138]-[143]. It involves an overhead water reservoir with a locally fabricated turbine at its foot and has an
underground reservoir. A pump is used for recycling the water; tapered pipes are used as nozzles, PVC pressure
pipes as penstocks and an alternator or generator. This study seeks to find the optimum penstock outlets and
runner hub to blade ratio that will be suitable for the simplified Pico hydropower system with the aim of
improving its performance and provision of additional data for research in this field of study. Generally, the
present development will explore all the benefits of a simplified Pico hydro system that concedes control to the
user and as a result minimize exposure to sabotage and regional restiveness that has adversely affected power
supply in Nigeria.

. MATERIALS AND METHODS
The set up for this study is basically the same proposed and used first by [143] and [140] with some
modifications. The turbine runners were fabricated using the procedure in the previous stages of the study. Five
runners were fabricated with varying hub to blade ratios of 0.7, 0.65, 055, 0.4 and 0.3. These ranges of ratios
were selected because the prevalent approximate value used in literature is 0.55. Fig. 1 shows the turbine
runners used for the study. The 76.2 mm diameter pipe used as the penstock was reduced to outlet diameters of
15, 17.5, 20, 22.5 and 25 mm. these reductions are shown in Fig. 2.

Figure 1. The turbine runners used for the study.
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Figure 2. The five penstock outlets uedfor the study

Following the complete fabrication of the runners, each was assembled in the turbine casing proposed
and used by [143] and [140], ensuring free spinning of the shaft and preventing leakages from the turbine. The
upper and lower ends of the penstock were then connected to the overhead tank and the reduced outlet
respectively. Care was taken to align the turbine runner, casing and the penstock outlet with a clearance of about
15 mm between the runner and penstock outlet. The turbine was coupled to a 3.9 kVA alternator via a toothed
V-belt drive. The system consists of a pump and the locally fabricated turbine connected in a closed loop
through the PVC piping used as penstock, a 2000 liters overhead tank and about 3000 liters underground
reservoir. Fig. 3 shows a picture of the entire system.

The Suction pipe of the pump draws water from the underground reservoir to the overhead tank to
create a head. The water is then released from the overhead tank through the penstock and the reduced outlet.
The flow through the turbine is regulated using a gate valve installed before entry to the penstock and also
before the turbine. The water jet strikes the blades which are attached to the hub, thereby transferring its kinetic
energy to the shaft causing the rotary motion of the hub and the shaft assembly. A 0.3 m diameter pulley is
connected to the turbine shaft and transmits power to a 0.05 m diameter pulley connected to alternator via a
toothed V-belt drive in a step up ratio of about 12:1 causing the rotary motion of the alternator shaft. The water
in the turbine casing is exhausted through an outlet port into an underground reservoir from where it is re-cycled
to the overhead tank by the pump. The pump is rated 1 Hp with a flow capacity of 50 liters/min. A DT2268
contact type digital tachometer was used to measure the speed of generator and turbine shafts. The water levels
in the overhead and underground reservoirs were monitored and each duration of the operation timed. These
parameters were used to compute the flow rate. The procedure was repeated for the five turbine runners for each
penstock outlet diameter. The data obtained were used to compute the hydraulic power of the system, the
alternator shaft speed and the computed power were subjected to analysis of variance at 95 % confidence
interval. The product of the flow rate and the net head (QH,)were also computed for each operation with
H, determined by summing up the computed hydraulic losses and deducting them from the gross head available.
The percentage departure of the measured alternator shaft speed form the ideal expected values were also
estimated and related to the hub to blade ratio as well as to the penstock outlet.

Overhead Tank

Penstock

Figure 3. The experimental set up of the system
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1. RESULTS AND DISCUSSION

Figs. 4 and 5 depict the variation of the alternator shaft speed (N,) with the hub to blade ratio (D;,/D,)
and the penstock outlet diameter (POD) respectively. Fig. 4 shows that N, is maximum for the combination of
Dy, /D, and POD of 0.55 and 20 mm respectively. It also shows the dependence of the torque developed by the
system on the flow rate which depends on the cross-sectional area of flow. This is indicated by the curves for
the POD of 22.5 and 25 mm being next to the one for 20 mm. Fig. 5 confirms the potential high performance of
the system with the pair of D, /D, and POD mentioned earlier. It further shows that the range 0.65 > D,, /D, =
0.4 will potentially enhance the development of large output power since N, directly affects the power
developed by a hydropower system [22], [144]-[154].
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Figure 4. Variation of alternator shaft speed with hub to blade for various penstock outlet diameters.
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Figure 5. Variation of Alternator Shaft Speed with the Penstock outlet diameters for various Hub to Blade
Ratio.

Figs. 6 and 7 show the variation of the computed power with D, /D, and POD respectively. Fig. 6
clearly shows that the computed power was maximum for the same combination of Dy, /D, and POD (0.55 and
20 mm) mentioned earlier. The value of the computed power for this combination was in the region of 5.77 kW.
This directly derives from the fact that this combination of parameters yielded the highest value of N, since the
power developed depends on the torque on the shaft [6], [155] and [156]. The figure also strengthens the fact
that reduction in flow cross-sectional area is detrimental to system performance [157] and [158].

Fig. 7 emphasizes the forgoing explanation. The curves in this figure bare very close similarity to those
in Fig. 5. This is because N, directly affects the power generated. The clustering of the curves indicates that for
each POD, the power developed did not vary over a wide range. However, the range is wider for the 20 mm
POD which also consolidates the position that this value of POD and Dy, /D, = 0.55 is conducive for generating
large power outputs with this system.

Figs. 8 and 9 show the variation of the percentage loss in the measured N, compared to the ideal value
with Dy, /D, and POD respectively. In Fig. 8, the general pattern of the trends for all the values of POD indicate
that the losses were minimum for Dy /D, = 0.55. The losses increased either side of this value of Dy, /D,
confirming the assertion of several researchers that the optimum value of the ratio is around 0.55 [154], [159]-
[164].
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Fig. 9 generally reinforces the lines of thought in the preceding section. The curves for 0.65 >
Dy, /D, = 0.4had the lower percentage losses while the ones for D, /D, = 0.3 and 0.7 depict larger losses. This
could be as a result of variations in the masses of the runners as Dy, /D, changes with all the inertial effects. The
figure also shows that the POD of 25 mm generally supported the least losses for all Dy, /D, values. This is
obviously as a result of the higher flow rates involved which could have reduced the tendency of the losses.
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Figure 6. Variation of computed power with the hub to blade ratios for the penstock outlet diameters.
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Figure 7. Variation of computed power with the penstock outlet diameter for various hub to blade ratios
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Figure 8. Variation of percentage loss in alternator shaft speed with hub to blade ratio
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Figure 9. Variation of percentage loss in alternator shaft speed with penstock outlet diameter.

Figs. 10 and 11 show the variation of the flow rate and net head product (QH, ) with D, /D, and POD
respectively. The parameter QH,, was computed since the flow rate and net head available are critical requisite
parameters for building conventional hydropower plants. Moreover, QH,, is part of the analytical expression
used for computing the hydraulic power of a hydropower system [159], [165]-[174]. Expectedly, QH, values
were higher for larger POD values as shown in Fig. 10 because flow rate increases with flow cross-sectional
area. The variation of QH,, with D, /D, as shown in the figure is not very pronounced for each POD. This again
is expected because the flow rate and net head are measured parameters and do not depend of the dimensions of
the turbine. Fig. 11 shows more clearly the dependence QH, on POD while emphasizing the slight variation of

the parameter with Dy, /D, as shown by the clustering of the trend lines.
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Figure 10: Variation of the flow rate and net head product with hub to blade ratio
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Figure 11. Variation of the flow rate and net head product with penstock outlet diameter.

Tables 1 and 2 show the results of the analysis of variance (ANOVA) at 95% confidence level ofN,
based on D,, /D, and POD respectively. Table 1 shows that N, statistically varies highly significantly with POD
but much less significantly with Dy, /D,. The results in Table 2 confirm the results in Table 1. The result give

statistical credence to the earlier discussion on the variation of the parameters.
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Table 1. ANOVA for Alternator Shaft Speed based on Hub to Blade Ratio
Source of SS df | MS F P-value F crit
Variation
Rows 144706.5 4 36176.62 18.13707 8.58E-06 3.006917
Columns 5290375 4 1322594 663.0796 1.5E-17 3.006917
Error 31913.96 | 16 1994.623
Total 5466995 | 24
Table 2. ANOVA for Alternator Shaft Speed based on PenstockOutlet Diameter
Source of SS df MS F P-value F crit
Variation
Rows 5304354 4 1326088 588.9328 3.84E-17 3.006917
Columns 155212.8 4 38803.19 17.23299 1.19E-05 3.006917
Error 36026.89 16 2251.68
Total 5495594 24

Tables 3 and 4 show the results of ANOVA of computed power with D, /D, and POD respectively at
the same confidence level. Table 3 shows that the power varies very significantly with POD but the variation
with Dy, /Dy is not statistically significant. However, Table 4 shows a slightly significant variation with D, /D,
suggesting that the power also depends on it.

Table 3. ANOVA for Computed Power based on Hub to Blade Ratio
Source of | SS df | MS F P-value F crit
Variation
Rows 216018.2 4 54004.55 3.15295 | 0.043286 3.006917
Columns 96465432 4 24116358 | 1407.986 | 3.72E-20 3.006917
Error 274052.2 | 16 17128.26
Total 96955503 | 24
Table 4. ANOVA for Computed Power based on Penstock Outlet Diameter
Source of SS df MS F P-value F crit
Variation
Rows 96108471 4 24027118 | 1869.375 | 3.88E-21 3.006917
Columns 242761.2 4 60690.3 | 4.721869 | 0.010433 3.006917
Error 205648.4 | 16 12853.02
Total 96556881 | 24

Tables 5 and 6 shows the results of ANOVA for the loss percent in the measured N, with Dy, /D, and
POD respectively. The tables show that the loss percent slightly statistically affect both parameters at the same
level of confidence. Hence, in addition to other structural and operational errors, the right combination of
D, /D, and POD is essential for improving the efficiency of operation of the system.

Table 5: ANOVA for Percentage Loss of Alternator Shaft Speed based on Hub to Blade Ratio
Source of SS df | MS F P-value Fcrit
Variation

Rows 1334.814 4 333.7034 7.495685 0.001336 3.006917

Columns 1235.678 4 308.9194 6.938984 0.001942 3.006917

Error 712.3104 16 44,5194

Total 3282.802 24

Table 6: ANOVA for Percentage Loss of Alternator Shaft Speed based on Penstock Outlet Diameter

Source of SS df MS F P-value Fcrit
Variation
Rows 1235.678 4 308.9194 6.938984 0.001942 3.006917
Columns 1334.814 4 333.7034 7.495685 0.001336 3.006917
Error 712.3104 16 44,5194
Total 3282.802 24

www.ijpera.com38 | Page




Influence Of Penstock Outlet Diameter And Turbine Hub To Blade Ratio On The Pe....

IV. CONCLUSION
The main conclusions of this study are:
(i) The system with 0.55 hub to blade ratio and 20 mm penstock outlet diameter yielded the maximum
alternator shaft speed which translates to the highest computed power;
(if) The results also suggested a minimum departure of the measured alternator shaft speed from the ideal value
indicating potentials for minimal loss when the 25 mm penstock outlet for all the hub to blade ratios; and
(iii) The system performance indicates that the optimum hub to blade ratio for this system is in the region
of 0.55 as reported in available literature on turbine performance generally.

These will contribute immensely as the system is further developed to attain end user status. Further
aspects for investigation will involve attention on the water recycling circuit with a strong case for hybridization
with solar energy in order to improve on the mode of power provision for the pump. The pump as turbine option
will be investigated.
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