ISSN: 2456-3978

Volume 11, Issue 1, 2025

International Journal of

Energetic Materials

https://journalspub.com/journal/ijem/

January-June

DOI (Journal): 10.37628/IJEM

Design and Implementation of a Prototype Micro
Hydropower System Utilizing Jaffi Waterfalls, Nigeria

Ibrahim Salihu*

Abstract

Micro-hydroelectric power is a dependable and effective clean renewable energy source. Research
presents Development of a prototype Experimental Hydro Electric power system using Jaffi waterfalls
as a source of water supply. The objectives of the study are to design, construct, test and carry out
performance evaluation of the prototype hydropower system using Jaffi waterfalls. The Prototype
Hydropower system was designed and constructed using local readily available material that is
relatively cheap. The performance evaluation test was carried out at the study site with a Net head of
10 m and variable flow rate ranging from 0.0001-0.0004 m%s. The experimental results show that two
control valves opening has minimum and maximum values of output power of 14.64 and 28.95 W and
a corresponding voltage of 12.20 and 16.45 V, respectively. While experimental results with one control
valve opening (one Jet) have minimum and maximum output power of 19.21 and 44.08 W and a
corresponding voltage of 15.25 and 21.50 V, respectively. The results of the two experiments show that
a prototype system with one control valves opening higher which is enough to light LED energy saving
bulbs and charging of small battery bank.
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INTRODUCTION

Energy is one of the most important aspects of world progress. It powers vehicles, televisions, musi-
cals, and other household appliances in addition to running machinery and illuminating towns and
houses. Human survival in the cosmos depends on energy, which is also crucial for any nation’s eco-
nomic and technical progress [1]. Nigeria is largely affected by inadequate energy supply, as demand
is a major predicament nowadays; hence, the current state of power has been the major problem of its
underdevelopment [2]. With the expansion of both industries and the population, the demand for power
is rising daily. Alternative means of electric power generation must be found considering the critical
energy scenario. Energy-related issues like the oil crisis, climate change, the need for electricity, and
limitations on whole-sale marketplaces have been more prevalent globally during the past ten years.
Nonetheless, the underutilization of certain off-grid renewable energy generation opportunities has been
connected to the sharp increase in energy demand
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above production levels [3]. The necessity for tech-
nological alternatives to ensure their resolution is
indicated by the fact that these challenges are only
getting worse. Using renewable energy sources that
do not harm the environment, such wind, solar,
tidal, and hydroelectric power plants, to generate
electricity closer to the consumption location is one
of these technological options [4]. The present
available hydropower system is not adequate and is
also not accessible to all consumers. Biomass and
fossil fuel-based energy are having serious health
effects in the form of emissions and deforestation.
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These are also very expensive and not readily available to rural communities. Literature-based investi-
gations reveal that hydropower potentials in Nigeria are huge, and these typical sources of energy are
not being utilized effectively for power generation. This research work will highlight the potential for
electricity based on the use of Jaffi waterfalls located in the Kwaya-Kusar Local Government Area of
Borno State, Nigeria. The system is expected to provide a clean and cheap source of energy for rural
communities using micro hydroelectric facilities, as energy from fossil fuels currently in use is usually
expensive and sometimes unaffordable. The hydropower plant is also expected to enhance the supply
from the national grid. The objective of the research is to design and construct a prototype of the hy-
dropower system for the Jaffi waterfalls, test, and carry out a performance evaluation of the prototype
machine developed.

MATERIALS AND METHODS

With a population of 56.5 thousand according to the 2016 area census, Kwaya-kusar occupies an area
of 732 km? and is primarily inhabited by Bura and Tera tribes. According to the United Nations Office
for the Coordination of Humanitarian Affairs, most of the population of Kwaya-kusar is a subsistence
farmer [5]. It demonstrates that most of the communities in the Kwaya-kusar area lack access to a suf-
ficient supply of electric power, a problem for which our effort aims to provide a remedy. The Jaffi
waterfall is in the Kwayakusar Area of Borno State, Nigeria, at latitude 10°30 11 N and longitude 11°50
36 E. It flows year-round and offers a peaceful, isolated setting that is perfect for excursions and other
associated field trips. It descends from a plateau that is 15.4 meters high into a valley (Figures 1 and 2)

[6].
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Figure 2. Jaffi waterfalls retreat upstream.
Materials Selection
The selection of materials must be carefully considered to design and build a successful prototype
micro hydropower system. The materials must be safe, effective in preventing water from striking the
turbine blades, structurally sound, and highly resistant to corrosion.

Lastly, the cost must be considered to ensure that the target audience can afford it.
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Shaft

It is a kind of carbon steel that contains 0.05% to 0.25% carbon by weight. It is more machinable,
welding-friendly, and malleable due to its reduced carbon content. Moreover, it has greater ductility
and a broad range of applications. reasonably priced and cost-effective in comparison to steel equiva-
lents. Therefore, it is recommended that this design work be done.

Casing

Common casing materials include steel, aluminum, wood, fiber sheets, and galvanized iron. These
materials vary in price and weight, but they are quite durable and weather stable. Table 1 displays the
characteristics of a few case materials. Steel is coated with zinc to create galvanized steel. Galvanized
steel has a special set of qualities that make it highly resistant to corrosion, durable, recyclable, and
formable. Because of its low density, low conductivity, and inexpensive cost, galvanized steel was se-
lected for the casing.

Table 1. Properties of Casing Materials [7].

Material Thermal Conductivity (W/mK) | Density (kg/m3) | Thickness (m)
Fiber glass sheet 0.048 2450 0.001-0.01
Galvanized steel 65 7833 0.001-0.003
Aluminum 228 2700 0.0005-0.007
Stainless steel 15.6 7913 0.0005-0.0036

Turbine

Strong, abrasive-resistant, and corrosion-resistant materials ought to be used for the turbine blades.
Particular attention is paid to maintaining extremely low material costs for the turbine runner’s produc-
tion [8]. Various materials used for turbine runners and their properties are presented in the Table below,
such as stainless steel, cast iron and aluminum alloy.

Stainless steel has the properties of corrosion resistant, wear resistant and is most widely used in
producing water turbine buckets. Grey cast iron is also used for turbine buckets because of its low cost
and good machinability. Aluminum alloy is relatively cheap and readily available compared to stainless

steel and grey cast iron.

Table 2. Parameters of Turbine Materials [9].

Properties Stainless steel Aluminum Alloy Cast iron
Young Modulus (MPa) 1.90E5 7.27E4 1.253E5
Density (kg/m3) 7850 2700 7300
Tensile Yield Strength (MPa) 6.22E2 3.13E2-690 2.1E2
Tensile Ultimate Strength (MPa) 9.91E2 3.40E2 2.7T7E2
Hardness (MPa) 1.18E2 1.48E3 30-150 187
Fracture toughness (Mpam%?) 22-35 14-28 80-106
Poisson ratio 0.3 0.3 0.3

Penstock

Things to think about when choosing materials for a specific penstock design [10]. The necessary
working pressure and diameter, the coupling method, weight, site accessibility, and ease of handling,
Local pipe availability, projected lifespan and maintenance needs, kind of terrain to be traversed, and
the impact of soil, climate, water quality, and potential tampering on the pipe.
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Table 3. Properties of Penstock material [10-11].

Mild Steel GFRP HDPE PVvC
Phase at STP Solid Solid Solid Solid
Young Modulus (GPa) 200 35-86 1.25 2.90-3.30
Density (kg/m3) 7850 1250-2500 960 1380
Tensile Yield Strength (Mpa) 400-550 483-4580 50-80
Melting point (°C) 1450 1135 120-180 212
Thermal conductivity (w/mk) 44-52 0.18 0.16
Linear expansion (—°C) 9.9X10® (6.0-10) E-6 12E15 8X10-°
Water absorption (%) - - 0.02 0.04-0.4
Elongation at break (%) 15 (1.2-5.0) 15% 2040

Turgo Turbine Design Calculation/ Analysis
The pressure at the bottom of the penstock creates a jet of water with velocity, (vje;)

Vjer = kn\/29Hy @
k,, = Nozzle velocity coefficient (normally ranges from 0.95-0.99). For this case k,, = 0.98
Flow rate (Q) is then given by the velocity above multiplied by the cross-sectional area of the site.
Q= Ajet X Vjer X Njer (2)
dzjet
Q === X Vjer X Njer

where:
Njet IS the number of jets and d;,, is the diameter of the jet (m)

solving ford;;

d= % X /% 3
H4y €

Design Analysis for the Number of Buckets
Number of Buckets, Z is given by the equation below

_ 15 4 FCD
z=15+— (4)

Based on research carried out by Yani et al. (2020) [12] on shapes of blades, spoon blades with a
smaller number of blades tend to have higher electric efficiency. Also, Payambarpour et al. (2019) [13]
reveals that increase in number of blades decrease in the flow through the turbine due to increase in
turbine hydraulic resistance. For this present design, the number of buckets was reduced by 20%. There
is a total number of buckets for this design, which stand at 16 buckets

Angle of sector of each bucket is given by:

__ pitch centre diametre (5)
number of blades

Jet ratio, m is given by
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__PCD

(6)

- djet
Absolute velocity, U = x X vjg; @)

where: X = speed ratio which ranges from 0.45-0.50 and is used to produce the maximum power [14].
Turbine speed, N is given by

_ (60 X Vjgr X x)

N = ey 8)
The correlation between the specific speed (Ns) and the net head (Hn) is given by
N, = 85.49 x % 9)

Velocity Triangle of a Turgo Turbine

Generally, the Turgo turbine efficiency is affected by several variables, such as the nozzle or the jet
inclination angle, the speed ratio and the bucket design. In fact, the efficiency of the Turgo turbine for
micro-projects is highly influenced by the jet inclined angle and the jet position [15]. The investigations
carried out by [15-16] concluded that the highest efficiency of the studied Turgo turbine applied for
low head micro-hydro plants was achieved for an optimal jet inclination angle of about 20°. Therefore,
for this design, water strikes the blade at an angle of 20 degrees (Figure 3).

s

Figure 3. Velocity Diagram of a Turgor Turbine.

If the vane surface, loss of energy due to friction is zero

Ur1 = Ur2
ul = uz

where v,; _ Relative velocity of the jet and vane at the inlet, v,., = Relative velocity of the jet and vane
at the outlet, u; - Velocity of the vane at the inlet, u, = Velocity of the vane at the outlet.
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Figure 4. Inlet Velocity Diagram Triangle of a Turgor Turbine.
The velocity of the whirl at inlet of vane at inlet is giving by
le = v1 X coSs al

where v; = inlet velocity of the jet, @; = Angle between the direction of the jet and vane’s direction of
motion (Guide blade angle) (Figure 4).

The flow velocity at inlet is calculated as

Vpp = Uy X Sinay (10)
= v;, =16.6 Xsin20" = 5.68m/s

Angle between the relative velocity and vane’s direction of motion (vane angle at inlet) is calculated
as

vf
tan B, = i (11)
| U | Uz
oz Bz
vy Vez Uy

Figure 5. Outlet Velocity Diagram Triangle of a Turgor Turbine.

where v, _ velocity of the jet at outlet, u, = Velocity of the vane at the outlet, v,., = Relative velocity
of the jet at outlet, vs, = Velocity of flow at outlet, v,,, = Velocity of whirl at outlet, 5, = Angle
between the relative velocity and vane’s direction of motion at outlet, &, = Angle between the direction
of jet v, and vane’s direction (Figure 5).

cos B, = :—:2 (12)
Uy = Sinfy X Vpy (13)
Vw2 = V2 — Uz (14)
vp2 = /(027 = Vuz?) (15)
a, = tan™! (Zﬁ) (16)
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Mass of Water Striking the Vanes Per Second
Mass of water striking the vanes per second is in terms of relative inlet velocity between the jet and
the blade and is given by

m = Py, Qv (17)

where m = mass flow rae of the water jet, p, = Density of water = 1000m%kg, v,; =
Relative inlet velocity, and a; = velocity of the water jet at inlet

Force Exerted by the Jet of Water on Bucket.
Force exerted by the jet of water on bucket in the direction of motion of the blade is given by
E = Pwa;jVr1 [vwl t+ sz] (18)

= F. = mlvy; £ vy,]

But a, = 74" which is less than 90°
~ B =mlvyg + vyl (19)

Work Done Per Second
Work done per second on the vane is given by

W.D/Sec = FE, Xu (20)

Bucket Dimension of Turgo Turbine
The prototype modelof bucket and 3D Representation of the assembled Prototype Turbine Runner
are shown in Figures 6 and 7, respectively.

The Width of the Bucket, wy,
The width of the bucket, w;, ranges from (1.68-2.34) d; and is given by the relation

wp = 2.2 X d]
= w, =22xd; = (21)

Length of the Bucket [,

The length of the bucket ranges from (2.4-3.4) d;
= I, =32X%Xd; = (22)

Depth of the Bucket hy,
The depth of the bucket 4, is given by

hy =12 % d; (23)

Figure 6. prototype Model of a Bucket.
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Figure 7. 3D Represe

Nozzle Design
The dimensions of the nozzle are determined according to the diameter of the jet (d;)
e Nozzle diameter, d, = (1.151.25) times jet diameter
elInthiscase d, = 1.18 X d;

» Blocking space needle to nozzle tip, n,, = 0.45 X d;

e Location of the nozzle orifice radius n,, = 0.503 X d;
e Length of needle tip, ns, = 3.17 X d;

e Curved of needle tip radius, ¢, = 0.705 X d;

e Curved of nozzle orifice radius, ne, = 2.2 X d;

Penstock Design Analysis
3D Representaion of the assembled prototype of Turgo Hydropower system and Orthographic view
assembled prototype of Turgo Hydropower system are shown in Figures 9 and 10, respectively.

Internal Diameter of the Penstock
The diameter of internal penstock diameter Dy is calculated using the relation below

0.1875
= D, =2.69 X (0.009* x 0.007* x L,/15.40) (24)
0.5
But length pipe L, = (horizontal distance’ + H,”)

The thickness of the penstock is calculated using equation () above

84+508
>ty = ( 420 )+ 1.2(mm) (25)

Safety Factor (SF)

This is the ratio of maximum stress or ultimate tensile strength to working stress. For penstock design
a safety factor of less than 3 should not be recommended for any design penstock [10].
Mathematically SF is given as

— (tpxs)
5 = (5%103xHgxDp) (26)

where S= Ultimate tensile stress of PVC = 28 x 10° N/m?,
=~ the penstock design is safe as calculated Safety Fcator is greater than 3
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Figure 10. Orthographic View Assembled Prototype of Turgo Hydropower System.

RESULTS

Table 4. Experimental Results of Two Control Valves Opening at Constant Net Head of 10 m.

Flow-Rate, Q (m?%/s) Shaft Rotational Speed, N (RPM) Volt (v) Curr. (A) | Power (w) Eff. £(%)
0.001 346.50 12.20 1.20 14.64 24.97
0.002 386.56 13.35 1.36 18.16 30.98
0.003 427.28 15.20 1.55 23.56 40.19
0.004 473.52 16.45 1.76 28.95 49.39

In the constructed prototype micro hydropower system test results using two control valves opening
shown in Table 4, the turbine is capable to deliver a maximum power of 28.95W and an increase in the
water flow, the shaft rotational speed also increases.
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Table 5. Experimental Results of One Control Valves Opening at Constant Net Head of 10 m.

Flow-Rate, Q (m%s) | Shaft Rotational Speed, N (RPM) Volt. (v) Curr. (A) | Power (w) | Effi. £(%)
0.001 462.50 15.25 1.26 19.21 32.77
0.002 486.32 17.50 1.46 25.55 43.59
0.003 670.58 19.36 1.68 32.52 55.48
0.004 712.53 21.50 2.05 44,08 75.20

In keeping the net head constant and varying the flowrate from 0.001 to 0.004m?%/s using one control
valves opening as shown in Table 5 indicates that as the flow increases, the rotational speed increases
to maximum speed of 712.53 rpm. The generator generates maximum potential difference of 21.50 V.

DISCUSSION

By opening the valve at the inlet of the two jets positioned at a 20° angle of attack, one can alter the
water flow rate. The addition of valve openings in each variation results in an increase in water
discharge, and the power increase is dependent on the shaft's rotational speed. The shaft’s speed will
increase as the valve is opened wider because the flow rate will be higher. Rotational torque has a
significant impact on mechanical power. Though the mass of water entering the turbine will also have
an impact on the momentum that occurs in the turbine blades, high rotation will often result in higher
power.

Because torque, pressure, and losses are some of the variables that affect performance, Table 5 shows
that high-power turbines do not always need to have two control valves operating on the turbine blades.
Due to the notable rise in torque, there is a phenomena of power increase in the second test condition
in every variation of water flow rate. As a result, the power has increased from the previous one.

Such conditions, where the turbine has a high rotation as well as high torque characteristics, are
highly desirable. One control valve opened, resulting in a flow rate of 0.0004 m%/s and a power of 44.08
W, while two control valves opened, resulting in two jets acting on the turbine blade, generating a power
of 28.95 W at the same steady flow rate.

Based on the results obtained in Tables 4 and 5, it can be observed that the at constant net head and
varying the flow-rate, the system efficiency has higher maximum efficiency attained at 0.004 m%/s
which corresponds to efficiency of 49.39% and 75.20% using two and one control valves opening,
respectively.

The efficiency decreases as the turbine’s rotational speed decreases. The rotation at each flow rate
decreases as the torque derived from the direct coupling between the electric motor and the shaft
increases. This indicates that the shaft will supply more energy because the turbine will need to carry
more energy to rotate the electric motor when there is a greater torque. The turbine shaft has a reduced
turn as a result of this circumstance. The turbine will be unable to rotate if the load is increased too high.
in order for each turbine to receive the proper load based on the water’s rotational power that can be
transferred to the shaft for increased efficiency. When the load is converted to rotation, the same pattern
will show up since a high rotation will result in a high torque. As the torque increases, the turbine shaft
rotation decreases, so increasing the water discharge will likewise increase the turbine’s power. When
the load is converted to rotation, the same pattern will show up since a high rotation will result in a high
torque. The turbine’s output will rise in tandem with an increase in water outflow.

Though the mass of water entering the turbine will also have an impact on the momentum that occurs
in the turbine blades, high rotation will often result in higher power. Turbine efficiency differs because
of this. The turbine will be unable to rotate if the load is increased too high. so that each turbine receives
the proper load according to the water’s rotational power that can be transferred to the shaft.

CONCLUSIONS
In underdeveloped countries with erratic power sources, microgrids have been considered as a
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potential way to make up for power shortages. Sometimes, certain operations, including charging
phones, small devices, and low-energy lighting, require relatively little electricity. These needs can be
met by creating, storing, and using micro-scale electricity when needed, rather than using fossil fuel
generating plants that increase global emissions.The hydro turbine power system prototype was created
and built utilizing readily available, reasonably priced components from the area. At a net head of 10
meters, a performance test was conducted in the field with an average flow discharge ranging from
0.0001/s to 0.0004 m?/s, respectively. The developed prototype micro hydro-turbine power system
performance evaluation was carried out using two control valves opening (two jets) and one control
valve opening (one jet). The two experiments shows that a prototype system with one control valves
opening has higher which is enough to light LED energy saving bulbs and charging of small battery
bank
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