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Abstract

This study, seeks to identify and discuss barriers responsible for the perennial power
challenges in the region. The identified limiting factors include insufficient fund in the power
sector; high cost of power projects; lack of adequate manufacturing infrastructure; lack of
adequate power generation and distribution policies; insufficient human and power
infrastructure capacities; insufficient public-private partnership (PPP); over reliance on
foreign power technology; and, inadequate domestic and regional participation in the design
and manufacturing of power devices and systems. Further, the study has singled out small
hydropower (SHP) schemes as the best power system for rural and remote areas and stand-
alone electrification in the region. This is due to the technology simplicity, environmental
friendliness, cost effectiveness, and the abundance of SHP potentials especially pico- and
micro-hydropower systems in the region. Additionally, hydro is a renewable energy source
with minimal emission of greenhouse gases (GHG).

The study opines that adequate power supply impediments in the region will best be tackled
through domestic participation in the design and manufacturing of SHP components and their
production technologies. However, the study revealed that the present dwindling
manufacturing sector in the region cannot adequately support the production of hydro turbine
blades, the most critical component in a hydropower system. The conventional materials for
hydro turbine blades are stainless based. The study further found that locally sourced
materials that their properties could be enhanced through manufacturing and heat treatment
processes should be promoted. Aluminium alloys and their composites are naturally suitable
for aerodynamic applications and corrosion resistance and should be exploited further for
turbine blade application. The study concluded with an investigation of locally sourced
aluminium based materials and manufacturing techniques in the production of a hydro Pelton

turbine bucket.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Africa has enormous hydropower potential of about 4,000,000 GWh/year spread throughout
the continent. The distribution of the hydro resources in the region has been described as
technically good for Small Hydropower (SHP) for rural and standalone electrification [1]. Of
this huge potential, which is enough for the power requirements of Africa, only 76,000
GW/year is being generated from a total of 20.3 GW installed capacity. This means that only
6 % of the feasible hydro energy available in Africa has been tapped as against 18 % in Asia,
18 % in South and Central America, 22 % in Oceania, 55 % in North America and 65 % in
Europe [2-4]. Generation of electricity from hydropower is least on the African continent
despite the perennial power problems and the huge SHP potential in the region. In sub-
Saharan Africa (SSA), the rate of average electrification is about 35 %. This situation is
severe in the rural areas where it is below 20 %. Over half of the population has no access to
electricity in 41 countries of Sub-Sahara Africa. Consequently, the region is faced with high
transaction costs, low productivity and efficiency, struggling small and medium enterprises
and sluggish economic growth [5, 6]. Other fallout from this insufficient and erratic power
generation and supply in the region are high rates of unemployment, abject poverty, and

insecurity.

1.2 Research rationale

In 2014 the International Energy Agency (IEA) reported that of the 620 million people of
SSA, about two-thirds have no access to electricity and other modern energy services [7]. It
was also reported that in the region, four out of five people depend on firewood (traditional
biomass) for cooking [8, 9]. The power sector is characterised by gross inadequacies of
generation, transmission and distribution facilities, erratic power supply, and emission of
greenhouse gases (GHG) from fossil fuel power plants. These challenges are coupled with

high cost of power project execution and generation.

1.3 Problem statement

Inadequate manufacturing capacity for small hydropower components and systems in sub-
Saharan Africa.



Inadequacies in manufacturing infrastructure has grossly affected the power sector in SSA.
Manufacturing and power are intertwined in such a way that deficiency of one directly affects
the other. Manufacturing is a product of power that needs to give back to the source in a
diversified manner. In this context, energy challenges will exist in the region if domestic
manufacturing is not able to deliver adequate, quality, affordable, and sustainable power
supply. Sub-Saharan Africa is lagging behind in technological advancement. The average
share manufacturing contributed to the gross domestic product (GDP) in 2013 was 11 %
which is equal that of 1990s [10]. Takahiro described the development of manufacturing in
SSA in 2004 as stagnant and that the process of industrialisation has not begun in most
countries [11]. Takahiro stated that manufacturing as a proportion of GDP of SSA in 2004
was about 13 % when South Africa is excluded. South Africa accounts for about 60 % of the
manufacturing in SSA. The World Bank Development indicator shows that manufacturing in
SSA GDP dropped from 17.16 % in 1975 to 11.32 % in 2014 [12]. South Africa is the only
country in SSA that generates and distributes fairly adequate, quality and affordable power.

The low level of manufacturing in SSA is the prime power limiting factor in a region that is
chronically short of electricity. The technical aspects of power production include design,
manufacturing, installation, operation, maintenance and repair of power devices and systems.
Failure of the region to tenaciously develop engineering design and manufacturing of power
equipment, has left the region with gross inadequate and erratic power supply along with
dependence on foreign power equipment, expertise, technology and exorbitantly high costs of

power project execution [5].
1.4 Background to the study

1.4.1 Energy, human existence and national growth

Energy is an indispensable component of human survival, national economic growth, and
promotion of health, manufacturing, security, research and development and transportation.
Adequate access to reliable, quality and affordable energy is a prerequisite and critical to
national security, employment, and acceptable standard of living. Social evolution relies on
energy conversion for human use and energy is a cornerstone to civilisation. Many people still
hold on to the belief that advancement and standard of living are proportional to the quantity,
quality and sustainable energy a society possesses. This pushes many people to accept this
correlation: energy = progress = civilization [13]. The earliest tools such as tools for hunting

animal, catching fish, plant harvesting, processing and moving foodstuffs to where they are
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needed were products of energy. Subsequently, human existence has been grappling with the

age-old challenge of energy as it is needed to carry out virtually all daily activities.

In the same way that humans cannot do without energy, so it is with a country; no country can
develop without quality, adequate and sustainable energy. From the foregoing, it is clear that
energy is an essential input to all aspects of modern life. The United Nations Millennium
Development Goals (MDGs) recognised that the provision of modern energy services are vital
to the eradication of extreme poverty. To better comprehend the importance of energy in
human and national growth, the IEA recently developed an energy development index which
measures a country’s progress in its transition to modern fuels as well as the degree of
maturity of its energy end-use. After incorporating energy into the production function, the
IEA studies point to energy use as a contributing factor in development, rather than simply an
outcome [14]. In some cases, access to energy is a dividing line between the
poor/undeveloped countries and the rich/developed countries. For any nation to tackle the
problem of poverty, the country needs to provide adequate, quality, affordable and sustainable
energy for its citizens [15]. This explains the wide margin of energy per capita between

developed countries and the undeveloped countries.

1.4.2 Generation of electricity by hydro

The generation of electricity by hydro requires water to be in motion to possess kinetic energy
which strikes and turns the turbine blade. The blade is linked to the generator (alternator) via
a shaft that transmits the rotary motion of the blade to the generator. The generator then
converts the available mechanical energy into electricity. Hydro turbines are broadly
categorised into two types, namely, reaction and impulse turbines [16, 17]. Hydropower is
mainly categorised based on the head, capacity, and source of water, as presented in Table
1.1

Table 1.1: Classification of hydropower

Capacity (output) Type of flow source Head

Large hydropower (>100 MW) Run-of-river High head (>300 m)
Medium hydropower (20—100 MW) Storage Medium head (30-300 m)
Small hydropower (1-20 Mw) Pumped storage Low head less than (<30 m)
Mini hydropower (100 kW—1 MW) In-stream

Micro hydropower (5—-100 kW)
Pico hydropower (<5 kW)




There is no international standard of classification, but Table 1.2 presents some countries’
specific classification of small hydropower (SHP) in terms of power output. In this study,

SHP will be used for any small scale hydropower equal to or less than 20 MW, which means

that small, mini, micro and pico hydropower are grouped as SHP.

Table 1.2: Classification of SHP by country

Country SHP (MW)
United States 5-100
Sweden <15
Norway <10

India <25
Europe <20
China <50
Canada <50

Brazil <30

Small hydropower has been identified as a non-polluting, cost effective and environmentally
benign renewable energy source suitable for rural electrification [18, 19]. The use of SHP
schemes for rural electrification can increase access to reliable and adequate energy in the
region. Small hydropower is essential to industrialisation, improving the living standards of
the people, enhancing safety and security, and preserving a healthy environment. To boost
energy accessibility and sustainability sufficiently in SSA requires the region's active
participation in the manufacture of SHP equipment. This step has positive multiplying effects
on power as this will ensure a reduction in the cost of power projects execution compared to
the present cost situation. Further, the ability to design and manufacture will improve
operation, maintenance and parts availability problems and jobs will be created. Adequate
access to power in the region will provoke commercial and industrial activities and
consequently, raise the productivity and standard of living of the people [20, 21]. This can be
achieved through the popularisation and use of SHP technology for rural areas, industrial

estates and standalone electrification rather than the national grid [22].

1.4.3 Basic principles of small hydropower

Small hydropower is associated with the combining of head and flow of a river or any other
water source to produce energy that powers a turbine (hydro machine). The water must flow
to possess energy as still water has no energy and the amount of power that can be generated
is defined by head and the rate of flow. The flowing water is diverted away from the river

through an intake, channelled past a settling basing for desilting and flows to the forebay.
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From there the water is directed through the penstock to drive the turbine, which subsequently
turns the generator to produce electricity. There are different types of turbines for different
applications. The selection of turbine type to be used is governed by the hydraulic properties
of the water source. Hydro turbines are broadly categorised into two types, namely, reaction
and impulse turbines [16, 17]. The blade is the most vulnerable turbine component because of
the pressure put on it by the striking water.

1.4.4 Turbine materials

The blade converts Kinetic energy in a moving water or the linear momentum of a water jet
into rotational motion that turns the alternator for transformation into electrical energy [23].
As a result, blades are constantly under dynamic load, coupled with the aggressive and
notorious environment in which they work. The blades are prone to corrosion and erosion
wear caused by the flowing or impinging jet water that may contain sand and chemically
aggressive elements. Blades are sometimes used in seawater which is the most corrosive of
natural mediums containing corrosive halide reagents such as NaCl and MgCl.. The
compositional content of seawater depends on geographical location and varies over a wide
range, however, the salt content of the world’s oceans is approximately constant, about 3.1 %
[5, 6]. To satisfy both rigidity and environment requirements, stainless steel has been the
common material for buckets coated with epoxy or polyurethane based resins materials [24,
25]. The production of stainless based materials is complex, expensive and huge energy is
required for casting and welding. Production of stainless steels is not adequately supported by

the dwindling manufacturing infrastructure in sub-Saharan Africa (SSA).

1.5 Aim of the study

To analyse key barriers to adequate power supply in SSA, proffer solutions and to exploit
locally sourced materials and production facilities to domesticate SHP technology.

1.6 Objectives of the study

The objectives of the study are summarised as follows:

i.  To present the power situation, limitations to adequate, reliable, affordability and
quality power and to discuss the correlation between manufacturing infrastructure and

rate of power accessibility in SSA.



Vi.

Vii.

viil.

To examine and identify simple renewable energy technology schemes to supply
adequate, reliable, affordability and quality power to rural areas and standalone

electrification.

To examine simple renewable energy technology schemes to enhance greater access to
greener energy and energy sustainability that could to be developed domestically to
reduce reliance on foreign technologies in SSA.

To present a simplified and basic design process of SHPs, to accelerate local

fabrication of SHP components and plants in SSA.

To advance smart design and development of SHPs and exploitation of locally sourced
material for Pelton turbine bucket production.

To research bulk fabrication technologies for functionally graded materials (FGMs)
that can enhance the mechanical properties of locally sourced aluminium alloys and

composites.

To examine the mathematical correlation that exists between reinforcement particle
and metal matrix of composites produced by means of the centrifugal casting
technique.

To investigate functionally graded aluminium A356 alloy and A356-10%SiCp

composites for hydro turbine bucket production.

To enhance the wear and corrosion resistance of a Pelton turbine bucket surface by
using the centrifugal casting technique and heat treatment.

To submit the findings of this study to Department of Higher Education and Training
(DHET) recognised journals and conferences as required by the University of

KwaZulu-Natal for thesis by publication.

1.7 Significance of the study

The significance of the study is as follows:

Promotion of domestic design and manufacturing of small hydropower components,

systems and their production technologies in sub-Saharan Africa.

Empowerment of rural dwellers through domestic design and fabrication of SHP

components and systems capacity building in SSA countries.



Promotion of the use of locally sourced materials and technology for turbine blade

production.
iv.  Promotion and sensitisation of the use of SHP schemes which are simple and cost
effective renewable energy source in SSA for rural and industrial estate electrification.
v. Use of centrifugal casting technique to fabricate and enhance the mechanical
properties of a non-cylindrical part, Pelton turbine bucket.
vi.  Development of SHP design charts for smart design of SHP components and systems.
vii.  Development of a novel manufacturing technique for Pelton turbine bucket
production.
1.8 Scope of the study

The scope of the study incudes:

Vi.

The analysis of the power situation and barriers to adequate, reliable and affordable

power supply in SSA.

Simplification of SHP components and system design processes and development of

design charts.

Development of a production system for Pelton turbine buckets.
Comprehensive literature review of bulk manufacturing techniques for FGMs.
Design and fabrication of a Pelton bucket prototype.

Investigation of locally sourced materials and manufacturing processes for blade
production.

1.9 Thesis layout

Chapter 1 is the introductory part of this study, it provides the rationale, problem statement,

and highlights of the background of the study. It also presents the aim, overall objectives,

significance, scope, and highlights of the study contribution. This thesis is a product of

research publications and conference papers as required by the University of KwaZulu-Natal

for awarding of a doctoral degree. Altogether there are nine publications and/or conference

papers distributed through Chapters 2-9.

Chapters 2 deals with the analysis of power issues in sub-Saharan Africa and is divided into

three sections. Part 1 delves into the main barriers to adequate, quality and affordable power
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in Africa and explores the relationship between power and level of manufacturing on the
continent. Part 2 discusses domestic participation in SHP design and manufacturing as a key
to overcoming the power challenges in the region. Part 3 advocates SHP as a suitable power

scheme for rural areas and standalone electrification.
Chapter 3 presents a simplified design process of a propeller hydro-turbine.

Chapter 4, deals with functionally graded materials (FGMs) bulk fabrication techniques, their

principles and applications.

Chapter 5, discusses baseline knowledge, applications, and processing parameters of the

centrifugal casting technique.

Chapter 6 discusses the mathematical correlation of functionally graded metal matrix

composite and the centrifugal casting technique.

Chapter 7 deals with the coding of SHP system design and the development of design
parameter charts and modelling and simulation of the Pelton bucket prototype.

Chapters 8 examines functionally graded aluminium A356 alloy and A356-10%SiCy
composite for the production of Pelton buckets.

Chapter 9 presents functionally graded aluminium A390 and A390-5%Myg alloys produced by

the centrifugal casting method and characterised for hydro turbine bucket production.

Chapter 10 draws conclusions and makes recommendations for future works.
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AFRICA

This chapter is divided into three parts

Part 1: Electricity Insufficiency in Africa: A Product of Inadequate Manufacturing Capacity

Part 2: Facilitating Greater Energy Access in Rural and Remote Areas of Sub-Saharan Africa:
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Part 3: Sub-Saharan Africa Power Sustainability: A Function of a Domestic Small

Hydropower (SHP) Design and Manufacturing
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Energy availability is fundamental and crucial for human survival and for national economic development. Energy
consumption per capita of a country or region is a measure of quality of life and industrialisation of a country or region.
This to certain extent explains why energy consumption is higher in technologically developed countries than the
developing ones. Africa is faced with chronic power problems and this stalls her economic growth, in spite of availability
of vast natural resources in the region. The number of Africans without access to modern energy is over 600 million
and the projected year of adequate power accessibility in Africa is 2080. This study shows that the main hindrances to
access to power in Africa are insufficient continental collective effort, inadequate application of academic based research
findings, inadequate manufacturing infrastructure and overdependence on foreign technology, insufficient human capacity
development and the high cost of power projects in the region. The study went further to identify small hydropower plant
(SHP) technology capacity building to facilitate domestication, establishment of regional energy research institutions,
transformation of research findings into real products, and adoption of Asian developing countries’ energy development

approach as formidable ways of tackling power problems and power sustainability in Africa.

Keywords: consumption, development, energy, manufacturing, power, research, R&D

JEL classification: L94, N67, N77, O55

Introduction

Energy is a basic requirement for every human activity and
for forming and reshaping human conditions and is vital
for human survival and national economic growth. But the
developing countries of Africa have been bedevilled with
inadequate access to reliable energy supply and this has
led to underdevelopment, poor standards of living, poor
health systems and inadequate safety and security. The
figure of Africans without access to modern energy is
over 600 million and the projected year of adequate power
accessibility in Africa is 2080 (Ebhota, Eloka-Eboka, and
Inambao 2014, APP 2015). Human existence may no
longer be possible without energy because virtually every
activity that makes it possible needs energy. Some of these
activities are shown in Table 1. The same way as energy is
to man (no energy, no existence), so also it is to national
growth (no energy, no industrialisation).

A scientific finding of different ways for goods and
services delivery in industries, homes, and businesses, and
investing in better paths to improving existing products,
services and production processes is termed research and
development (R&D) (Encarta 2009). R&D could also be
defined as a methodical process of data and information
collection for the purpose of closer study for advancement
of knowledge in a particular field. It attempts to logically
look for answers to intellectual and technical questions
through the use of systematic methods. R&D products are
basic discoveries and new principles or facts yet unknown
or unrecognised, which in most cases, are targeted to
improving and safeguarding human existence.

Energy availability and cost are significant parameters
for industries’ profits, and innovation is the engine that
drives growth. Access to all forms of clean and reliable
energy, especially electricity, is key to the economic and
social development of a country. Energy coupled with

human capital, land, natural resources and machinery are
critical to human welfare and a productive economy. It is
pertinent to realise that Africa’s economic relevance and
wellbeing tomorrow depend and are anchored on today’s
energy R&D. This is because the socioeconomic strength
of a nation thrives on R&D. The economic future of Africa
dims without massive and strategic energy R&D to lift it
from where it is today (Winkler et al. 2011, Mohammed et
al. 2015, Ocampo 2005).

Methodology

The methodology of this article is to draw on quantitative
Africa energy situation studies, highlight the fundamental
issues of access to affordability and quality energy and
discuss possible remedies to the key issues. The article
considers and discusses the following as instruments to
tackle inadequate access to electricity in Africa: building
capacity for small hydropower (SHP) infrastructure; the
establishment of regional energy research institutions;

Table 1: Energy needs for human activities (Ebhota,
Eloka-Eboka, and Inambao 2014)

Energy need category  Activities

Industrial/ Small to medium, industries, business,

commercial establishments (shops, offices, banks,
restaurants, bakeries etc.).

Domestic Cooking, lighting, domestic water

pumping and distribution, television

and radio powering, water heating,

refrigeration, etc.

Water pumping and distribution for

irrigation, drying, operation of various

agricultural equipment, etc.

R&D Power laboratories, research

institutions, etc.

Hospitals, clinics, schools, barracks,

prison houses, etc.

Agriculture

Community
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adopting Asian developing countries’ energy development
approach; and transformation of research findings into real
products.

Africa and energy potential

The presence of untapped energy resources, from fossil-based
to renewable, for the generation of affordable electricity
in Africa is vast. Table 2 presents untapped renewable
energy sources in Africa with about 1 526 785 GWh hydro
potential in Congo River and the Upper Nile. The hydro
energy potential on the continent, which is the least costly
of renewable energy solutions today, is enormous. Other
renewable energy sources that are in reasonable commercial
quantities in Africa are solar, onshore wind, biomass and
geothermal energy (IRENA 2012).

This paper will focus more on hydropower because of its
advantages over other renewable and non-renewable sources
of energy. The main advantages include the following:

e The technology is mature and reliable

e ltis a clean energy source

e Its construction, maintenance and operation costs are
comparatively low.

Only 6% of the feasible hydro energy available in
Africa that has been tapped as against 18% in Asia, South
and Central America 18%, Oceania 22%, North America
55% and Europe 65% (Hammons 2011, Lokolo 2004).
This means that hydro power development is the least in
Africa and this gives viable opportunities to hydro power
developers to invest in Africa.

Energy generation and power infrastructure
performance in Africa

Sub-Saharan Africa’s installed electricity generation
capacity is appromately 70 000 MW, of which 44 000 MW
is installed in South Africa (KPMG 2014). The effective
power generation has dropped drastically below the
installed capacity as a result of aging power infrastructure,
however. Table 3 shows power infrastructure in the
different regions of Africa and its performance. Most of
the present infrastructure was installed in the 90s and is
currently bedevilled with increasing costs of maintenance
and frequent outages. According to the World Bank report
on Africa’s infrastructure, short-term Africa power need is
put within the range of 70 000 MW (KPMG 2014).

In sub-Saharan Africa, the average rate of electrification
is about 35%. This situation is severe in the rural areas
and is below 20%. Over half of the population has no
access to electricity in 41 countries of sub-Saharan Africa.
Consequently, the region is faced with high transaction
costs, low productivity and efficiency, struggling small
and medium enterprises and dwindling sustainable growth
(IRENA 2012, Habtamu 2015).

Comparison of energy situations in Africa

The total amount of power generated in the 49 countries
of sub-Saharan Africa with a population of about 1 billion
is approximately the same amount of power generated
by Spain with a population of 45 million (KPMG 2014).
The power consumption in the region is barely 100 W per
person, 3 hours a day.

Southern Africa has the highest power generation per
capita and experiences least power outages, as presented in
Figure 1. In 2007-2008, power outages were very high in
Congo Democratic Republic and Angola.

Over half of the population has no access to electricity
in 41 countries of sub-Saharan Africa (IRENA 2012). The
scenario of power accessibility is almost the same in the
countries of Sub Sahara Africa. Figure 2 shows selected
countries in the region and it presents Togo, Gabon and
Zimbabwe leading the chart of countries with a very low
rate of access to power.

The amount of electricity generated in the different
regions is shown in Table 4. It is crystal clear from the

Niger W
South Africa Wl
Zambia
Nigeria
Zimbabwe
Ghana
Ethiopia
Gambia
Angola

Congo De Rep

0 20 40 60 80 100 120 140 160 180 200
NUMBER OF DAYS

Figure 1: Days of power outages per year 2007-2008 (Dayo
2008)

Table 2: Some of untapped renewable energy in Africa (IRENA 2012; IEA 2010; Hammons 2011)

Untapped renewable Quantity .

energies in Africa (GWh) Where they are predominantly found

Hydro 1526 785 Congo River and the Upper Nile

Wind (onshore) 1750 North-West Atlantic coast, the Red Sea, the Horn of Africa, South Africa and Namibia
Geothermal 7-15 East African Rift Valley (Kenya and Ethiopia)

Table 3: Power infrastructure performance in the different regions of Africa (AFDB 2013)

Region ECOWAS CEMAC COMESA EAC SADC
Installed generation capacity (MW) 3912 583 1085 774 9855
Net generation per capita (kWh/capita/year) 171 147 114 82 1214
Outages number annually (day/year) 165 152 119 132 91
Outages value lost annually (% of sales) 7 5 7 8 2
Firms with own generator (%) 54 51 43 56 19
Collection rate of electricity (% of billing) 71 93 93 94 89

ECOWAS: Economic Community of West African States; CEMAC: Economic and Monetary; Community of Central Africa; COMESA: Common
Market for Eastern and Southern Africa; EAC: East African Community; SADC: Southern African Development Community
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Figure 2: Population without electricity access in sub-Saharan
Africa (IRENA 2012)

figures that over the last three decades, not much has been
achieved in power generation in Africa.

In 2009, the per capita rate of energy consumption in
sub-Saharan Africa excluding South Africa was 153 kWh,
against India’s 640 kWh and the world’s 2 730 kWh. The
different values of per capita rates from 2007 to 2008 of
countries in the different regions is shown is Figure 3. Sub-
Saharan Africa has the world’s lowest electricity access
rate, at only 26%. The rural electricity access rate is only
8%, with 85% of the population relying on biomass for
energy (UNEP 2012).

Table 4: Regional shares of electricity generation (1973 &
2010) (IEA 2012)

Region 1973 (%) 2010 (%) Increase (%)
Non-OECD Europe and 16.7 7.9 -8.8
Eurasia

China 2.8 19.8 17.0
Asia 2.6 9.7 7.1
Non-OECD America 2.5 5 25
Africa 1.8 3.1 1.3
OECD 73.1 50.7 -22.4
Middle East 0.5 3.8 3.3

KwH/capita/year

265

EECOWAS ®mCEMAC ®COMESA ®EAC ©SADC
Figure 3: Net generation per capita in Africa

Table 5: Selected country profiles, 2014 (KPMG 2014)

The pie chart in Figure 3 represents the net energy
generation per capita in the different regions of Africa
and Figure 4 shows the electrical energy production and
consumption per capita of selected world countries.

In 2014, it was reported by KPMG (Table 5) that
South Africa annual energy per capita was 4 241.30 kWh
(KPMG 2014).

Comparison between population growth and
electricity production
As it stands today, power accessibility in Africa is in a
pitiable state. The situation does not correspond with the
interventions, both domestic and international, that have
been made to stabilise the power sector. Table 6, shows
a steady growth in population and unsteady growth in
electricity consumption per capita. In 2004, the electricity
consumption per capita was 531 as against 735 x 10° total
population and dropped to 525 as against 855 x 10° total
population in 2010.

The difference in the degree of growth between
population and electricity is shown in Figure 5. For

South Africa
Libya

Egypt
Algeria
Morocco
Ghana
Nigeria

Canada
USA
France
Japan
Germany

Australia
Taiwan
South Korea

Paraguay
Venezuela
Chile
Argentina

0 2 4 6 8 10 12 14 16 18 20
kWh/cap

H Production kWh/cap ~ ® Consumption kWh/cap

Figure 4: Electrical energy production and consumption per
capita of selected world countries (Dayo 2008)

Table 6: Population and electricity growth in sub-Saharan
(Economics 2015a, 2015b)

Electric power

Year Total_ Eleqtricity consumption
population production (kWh) (kWh/capita)
2004 735 x 108 395 x 10° 531
2005 750 x 108 400 x 10° 533
2006 775 x 108 415 x 10° 535
2007 795 x 108 418 x 10° 526
2008 810 x 108 429 x 10° 530
2009 830 x 108 427 x 10° 517
2010 855 x 10° 449 x 10° 525

Country Population (million) Installed capacity (MW)  Power produced (TWh) Annual kWh per capita
Kenya 455 2,326.70 9.302 178.2
Mozambique 25.8 4,110 23.715 527.7

Nigeria 178.5 11,542.20 31.723 162.3

South Africa 53.1 49,578.90 251.328 4,241.30

Zambia 15 2,130 12.742 708.8
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Figure 5: Population growth versus electricity production
(kWh) in sub-Saharan Africa (Economics 2015; 1a, 2015; 1b)

adequate power accessibility, the growth between the
two must be simultaneous in a direct proportion pattern.
Figure 5 compares the growth in population and electricity
generated from 2004 to 2010.

Population greatly influences the amount of energy
needed and is one the main factors responsible for the
unsteady electricity consumption per capita. Figure 6 shows
the unsteady nature of electricity consumption per capita.

Factors responsible for power problems in Africa

It is heartbreaking knowing that the power problems

in Africa are much as they were two decades ago. The

challenges are conspicuously present; in some areas the

problem has deepened despite the efforts and resources that

have been expended trying to fix the sector. The challenges

are numerous and peculiar to different countries, but

this article addresses the challenges peculiar to African

countries. Some of the causative elements are (Mohammed

etal. 2015, KPMG 2014):

e Population growth without corresponding power
growth

» Insufficient national and continental collective effort

» Research results are not being used appropriately

» Inadequate in manufacturing infrastructure and over
dependence on foreign technology

» Insufficient human capacity development

» High cost of power projects in region

e Under-utilisation of installed generation facilities due

to low and inadequate maintenance

High cost of primary energy to fuel present and new

build assets

L]
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Figure 6: Electric power consumption (kWh per capita) in
sub-Saharan Africa (Economics 2015b)

» High loss caused due to lack of operational competence
and low revenue generation

e Power losses (about 25%) caused by ineffective
infrastructure of transmission and distribution

» Politically motivated tariffs

e Power industry unfavourable policies and regulations
to private sector investment

e Additional funding required to meet international
environmental emission legislation and standards

e Inadequate funding to take care of development
expenses of viable projects

» Inadequate expertise to develop and execute projects

» Population growth influences, etc.

Population growth without corresponding power
infrastructure growth

Energy requirements are proportional to the size of the
population of a given country. It has been reported that the
population of Africa will increase by 1.3 billion between
2013 and 2050 - the highest compared to other regions of
the world (Carl and Toshiko 2013). Figure 7 shows the
different regions of the world’s population projection.
This will have a lot of implications for power demand. To
ensure that Africans have adequate access to power, power
infrastructure needs to be improved correspondingly.

Inadequate manufacturing infrastructure and over
dependence on foreign technology

Overdependence on foreign expatriates, power generation
and distribution equipment are responsible for the high
cost of power projects. The cost of power equipment is
higher in Africa; on average it is put at twice the cost in
China (IRENA 2012).

The region’s inability to manufacture has caused
real problem in the sector. The technical (engineering
and technology) jobs in the power sector can be broadly
classified into:

(1) Design

(2) Manufacturing
(3) Installation
(4) Operation

(5) Maintenance.

Inadequacies in design and manufacturing affect (3-5)
negatively. However, the ability to do (1) and (2) guarantees
(3-5) capability. It is obvious that the region has failed to
develop engineering design and manufacturing to the level

)
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(=
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Figure 7: Regions of the world population projection (Carl and
Toshiko 2013)
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where manufacturing of power equipment can be supported
adequately. This study tried to establish the number of
manufacturing firms in the region without success. It
therefore, concludes that power generating equipment
manufacturing firms in the region are grossly inadequate.

Insufficient and incoherent regional collective effort
There seems to be no purposeful and well driven energy
development strategy among countries in the region in
practical terms. Though the leaders in the region have had
several joint power development programmes, there was
no commitment to the implementation. This is evident
from the amount of electricity produced in Africa between
1973 and 2010 as presented in Table 7.

Disconnection between researchers and the government
The assemblage of energy intellectuals in energy
conferences, workshops and seminars in the region
over the years has not significantly addressed the
power problem. These exercises, including journal
publications of energy research results and postgraduate
and undergraduate research seem to be mere academic
exercises for individual and institutional academic growth.
This happens because most governments in the region
have not adequately partnered with academic researchers
in proffering lasting solutions to these problems. Quite
a number of these researchers fund their research and
this has caused disconnection and ultimately they affect
development of the research results into real solutions. The
results are lying and piling up in the archives. What are
the results doing in the archives? This is one of the many
factors responsible for persistent energy issues in Africa.

The region has not been able to fuse research and
development properly and it has been difficult for the
region to action power policies that are knowledge-based
to the letter, unlike European countries that jointly fund
energy R&D and implement policies that will advance the
region. They show adequate financial commitment and
political will to the course.

In Europe and America there are regional institutions
with different energy research mandates that are heavily
funded. For example in 2006, the Seventh European

Table 7: Regional shares of hydro production (1973 & 2010)
(IEA 2012)

Research Framework Programme was proposed with the
mandate of paying attention to specified research needs of
range of energy options that will be economically viable in
short, medium and long terms basis (Commission 2006).

The missing link

Over the years, solutions to the power challenges in Africa
have been propagated, evaluated and re-evaluated without
significant implementation. The identified problems
and suggested research-based solutions are not linked
sufficiently. Until they are linked adequately, the problems
will not only remain, but will increase in magnitude.

Reflecting the achievements in power production
made by Asian countries, the missing link can easily be
identified. In China, the success was attributed to self-
construction, self-management and value added tax on
electricity; 6% for SHP and 17% for large hydropower.
There were heavy investments in the manufacture of a
solar module in Malaysia. In other words, the research
results were developed into physical solutions and
developmental energy policies were implemented. For the
case of developing countries in Asia, Figure 8 shows the
relation between problem and solution.

The developing countries in Africa have a different
scenario. Figure 9 represents the African scenario. The
development and policy implementation in Africa involves
massive purchase of foreign technologies and hiring of
expatriates for every aspect of the process (installation,
operation and maintenance).

Energy R&D activities and power intervention
programmes in Africa

Conferences and journal papers

Energy R&D activities in Africa seem to have only the
R (research) and the D (development) is in oblivion, or
missing, or the level of its activity makes it insignificant.
The research is massive across Africa and energy
conferences (refer to Table 8), workshops and seminars
are held annually in different parts of Africa. This has been
occurring for over two decades and has availed Africans
the opportunity to discuss energy problems and solutions
and cross-pollinate ideas explicitly. Accordingly, many
energy studies have been published in high profile journals
and a high number of unpublished undergraduate and

Region 1973 (%) 2010 (%) Increase (%) postgraduate dissertations are centred on energy studies.

Non-OECD Europeand ~ 11.6 8.9 2.7 Despite these efforts and attempts to eradicate or ameliorate

Eurasia energy challenges in Africa to an acceptable level, the

China 2.9 20.5 17.6 . . . .

Asia 43 75 39 issues still persist, and in some areas have deepened.

Non-OECD America 6.8 19.1 12.3

Africa 2.2 3.1 0.9 Government efforts

OECD 719 40.5 -314 Power production is a priority for governments of

Middle East 0.3 0.5 0.2 Africa and a very huge part of the annual budget is
Develop,

Problem Research Results manufacture and/or Solution

implement

A

Figure 8: Relation of problem and solution in Asia
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inflated cost
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Figure 9: Relation of problem and solution in the African scenario

always appropriate for it. But it seems that the delivery
is not commensurate with the funding. Apart from giving
power a priority in the annual budget, some power sector
restructuring has equally been carried out. This is part
of repositioning the sector for better delivery in terms
quantity and quality.

The activities of government in the power sector
in most countries of Africa have been discretised for
the purpose of simplicity and quick response. In some
countries, a ministry of power coordinates the activities
while agencies and parastatal are created and saddled with
specific mandates.

International aid for power

The western world has been supporting Africa with
different types of power development aid for a very long
time. One such is the Oversea Development Assistance
(ODA) targeted at pro-poor programmes in sub-Saharan

Africa (Ogunlade and Stanford 2004). In the mid-1990s,
public and private sources of aid to Africa for power
development was put at US$600 million annually. China,
India and the Arab States have recently joined significant
donor countries to Africa for power development.

The World Bank has 48 power-related projects going
on presently in Africa and these include increased access
to power and rehabilitating war-torn grids. Despite this aid,
it has been reported that for Africa to increase access to
power significantly by 2030, the aid needs to be doubled
(World Bank 2015). Additional international assistance on
power projects in Africa are presented in Table 9.

Campaign promises

The power issue in Africa is one of the areas that the political
class pick on to make promises during campaigns. They will
always give high hopes of fixing the mess in the sector and
very often it has turned out to be a mere political promise.

Table 8: Some Africa-based energy related conferences for 2015 (Altenergymag 2015, Conal 2015).

S/N Conference

Place Date

1.  Powering East Africa

2. CSP Today South Africa 2015

3. Solar & Off-Grid Renewables West Africa Conference
4. 4th Power & Energy Africa 2015

5. Powering Africa: Mozambique 2015
6.  African Utility Week 2015

7. Clean Power Africa 2015

8.  Energex Africa 2015

9.  Africa Future Energy Forum

10. Africa Energy Forum 2015

11. 2nd Annual Wind Energy Summit

12. SASEC 2015: 3rd Southern African Solar Energy Conference
13. Solar PACES 2015 - Concentrating Solar Power and Chemical Energy Cape Town, South Africa

Systems
14. 26th ICDE World Conference

Nairobi, Kenya March 25-27, 2015
Cape Town, South Africa April 21-22, 2015
Accra, Ghana April 21-22, 2015
Nairobi, Kenya April 27-29, 2015
Maputo, Mozambique May 7-8, 2015
Cape Town, South Africa May 12-14, 2015
Cape Town, South Afric May 12-14, 2015
Johannesburg, South Africa May 20-22, 2015
Nairobi, Kenya May 27-28, 2015
Dubai, UAE June 8-11, 2015
Cape Town, South Africa March 16, 2015
Skukuza, South Africa May 11, 2015
October 13, 2015

Sun City, South Africa October 13, 2015

Table 9: Additional International Assistance on Power (Fortune and Collins 2014, KPMG 2011, OPEC 2010)

International Donors Project

Amount

World Bank/IDA

World Bank, DEG, AfDB and other partners
Chinese Bank and DBSA
World Bank and OPEC

Ugandan Energy for Rural Transformation Project Il US$75 million
IBRD, CTFM, AfDB and Agense Francaise de Development Sere 100 MW wind farm project in South Africa
Bujagali 250 MW hydro power plant in Uganda
Kariba North Expansion Project (KNBEP) in Zambia US$430 million
Energy Development and Access Project (EDAP

US$350 million
US$250 million

US$118 million

APL-2) in Mozambique

German Investment Corporation, European Development OLKARIA 111 geothermal project in Kenya US$119.7 million

Finance Institutions and smaller donors
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Factors that guarantee energy sustainability

Provision of adequate, affordable, reliable and quality
energy services that satisfy social, economic and
environmental requirements defines energy sustainability
(Fortune and Collins 2014). The success of energy
sustainability in Africa depends on several factors and
some of the steps favourable to energy sustainability are
discussed below (WEC 2005).

Building capacity for small hydropower (SHP) in Africa
“Infrastructure plays critical and positive role in economic
development and it interacts with the economy through
multiple and complex processes” (Ebhota, Eloka-Eboka,
and Inambao 2014). One of the ways to overcome the
electricity problem in sub-Saharan Africa is through
technology domestication approach. Massive indigenous
capacities in SHP technologies should be built to facilitate
rapid local manufacture of SHP facilities.

Building local design and manufacturing capabilities in
power generation and distribution technologies (especially
SHP), will provoke an increase in local content of power
generation, transmission and distribution projects. This
will lead to project cost reduction, availability of parts,
adequate operation and maintenance personnel, more
job creation and make power sustainability a reality.
Sub-Saharan Africa needs to build capacity in SHP
design, production, and development of local materials
for renewable energy devices applications for her own
economic growth (Sambo 2005).

Although, some African countries have started
promoting domestic manufacturing of power equipment,
the rate is not close to the enormous problems in the power
sector. There is a wind turbine producer in Egypt, Senegal
is strengthening the operations of her power organisation
to be able to satisfy the demands of neighbouring countries
(like Mali, Guinea and Niger), NASENI in Nigeria is
manufacturing solar PV, and Algeria is in partnership with
a German company to produce solar PV equipment as well.
A lot of effort and resources need to be put into this because
local content development is crucial component for fast
growth of power infrastructure and sustainability in Africa.

Establishment of regional energy research institutions
Like the western world, the countries of Africa should
employ the advantages of synergy and jointly establish
energy research institutions with specific mandates. The
framework of this programme should cover the present
and future of the region’s entire energy system. The
programme should be technologically driven with set
indicators that will better use human and infrastructure
resources in both public and private investments in the
member states.

The programme’s responsibility will include
the provision of adequate fund for researchers, data
harmonisation and transfer of research results to the
industries, market and decision-makers for implementation
considerations.

The complexity of modern technology requires
synergy and combination of the different innovations of
dissimilar disciplines (Ebhota, Eloka-Eboka, and Inambao

2014). Exchange energy technology programmes should
be encouraged and strengthened among member states.

Adopting the approach of Asian developing countries
Small hydropower (SHP)

In the case of China’s 20 years commitment to SHP for
rural electrification, in 2004 the total of SHP installed was
put at 34 GW and this amount was increased to 38 GW
in 2005. The percentage generation growth from 2000
(25 GW) to 2005 (38 GW) was reported to be 52%. This
achievement reflects the determination and strong political
will of the government, acceptance and level of adoption of
the technology. The success was equally attributed to self-
construction, self-management and the value added tax
on electricity, 6% for SHP and 17% for large hydropower
(Oparaku 2007, Altinbilek, Seelos, and Taylor 2005).

Solar photovoltaics (PV)

China’s policy and implementation on PV were similar
to that of SHP. In Malaysia, favourable conditions were
created for the development through a rural electrification
programme. This prompted the partnership between BP
solar and an indigenous company to set up a module
manufacturing plant of 5 MWh/year in the country. Again,
Malaysia in 2005 invested in the Building of Integrated
Photovoltaics (BPV) with the United Nation Development
Programme (UNDP) and Global Environmental Facility
providing 80% of the cost (Oparaku 2007).

Transformation of research findings into real products
The relevance of academic research work is a function
of the problem the research is directed to and it becomes
effective if the application of its findings leads to expected
end. The research finding needs to be developed to a level
before it can be applied to real life situation, otherwise it
becomes ineffective. The development could be in form of
manufacturing or policy implementation or both. But it is a
mere academics exercise when the research results are kept
in the archives without development. All the renewable
energy academic research work should coordinated and
re-evaluated to find feasible lasting solutions to the power
perennial problems in Africa. Funds should be provided
and monitored to move researches from mere academic
exercises to industries for transformation into real products
(solutions) and to the market for wealth creation.

The roles of assemblage of energy research intellectuals

in energy sustainability

The coming together of energy researchers and experts in

form conferences, seminars and workshops in the region

should include:

(1) Harmonising energy technologies, across ideas and
policies suggested by authors in their research

(2) Identifing feasible and marketable energy technologies

(3) Evaluating the growth using the set key performance
indicators by the regional leadership

(4) Reviewing regional position on energy development

(5) The energy experts should have a harmonised energy
position and push it to the regional governments for
implementation.
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Conclusion

Energy is fundamental in shaping human and economic
conditions and is crucial for human survival and national
economic growth. The magnitude of energy consumption
per capita of a country or region reflects directly on the
quality of life and industrialisation of that country or
region. Access to energy separates the underdeveloped
countries from the developed ones. This explains why
energy consumption is higher in technologically developed
countries than the developing ones.

In most countries of Africa, power (electricity) demand
by far outstrips the supply and this same undersupply is
equally erratic. The continent is faced with a chronic
power problem and this has deterred her economic
development programmes, notwithstanding the availability
of enormous natural resources in the region. Some of the
hindering factors are insufficient national and continental
collective efforts, research results not being used
appropriately, inadequate manufacturing infrastructure
and over-dependence on foreign technology, insufficient
human capacity development and the high cost of power
projects in the region. In tackling these power problems
and for sustainability, the continent needs to build capacity
for small hydropower (SHP), establish regional energy
research institutions, transform research findings into real
products, and adopt Asian developing countries’ energy
development approach.
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Abstract-Flowing water has hydraulic energy that can be transformed into electrical energy.
Sub-Saharan Africa (SSA) has an abundance of hydro resources that are untapped. In this
study, various barriers limiting the use of small hydropower to tap the abundant hydro
potentials for power generation are discussed. These barriers include insufficient fund; lack of
adequate manufacturing infrastructure; lack of adequate power generation and distribution
policies; inaccurate hydrological data; insufficient human and power infrastructure capacities;
and, inadequate domestic and regional participation in design and manufacture of SHP
component devices and systems. This study sees hydro as a cleaner energy source and SHP as
the best power system for rural and remote areas and for stand-alone electrification. For
power sustainability in the region, public-private partnership (PPP), domestication of SHP
technologies, and less reliance on foreign technologies and international support are key

factors.

Index Terms: Sub-Saharan Africa; Characterisation; Crossflow; Hydropower, Manufacturing

processes; Turbine blade; Small hydropower barriers; Small hydropower policies

2.2.1 Introduction

In a 2014 factsheet the International Energy Agency (IEA) reported that two-thirds of SSA’s
population of around 620 million people has no access to electricity and other modern energy
services [1]. And in the region, four out of five people depend on firewood (traditional
biomass) for cooking [2, 3]. The power sector is typified by gross inadequacies of generation,
transmission and distribution infrastructure, poor quality power supply, and emission of
greenhouse gases (GHG) from fossil fuel power plants. These challenges are coupled with

high the cost of power projects and generation.
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Africa is blessed with enormous hydropower potentials, put at about 4,000,000 GWh/year.
The distribution of hydro resources in the region can be described as technically good for
SHP for rural and standalone electrification [4]. Of this huge potential, which is enough for
the power requirements of Africa, only 76,000 GW/year is being generated from a total of
20.3 GW installed capacity. The countries of SSA did not recognise the importance of small
hydropower (SHP) in a growing economy early. Asia, Europe and America have provided
reasonable power for domestic use, agriculture, industry, etc. through SHP schemes. Although
SHP has been accepted in SSA as a reliable option for the provision of electricity for rural and
remote areas in the region, the installed capacity is very low. This occurrence is attributed to

several factors including financial, technical and environmental issues.

2.2.1.1 Problem statement: gross inadequate access to electricity in sub-Saharan Africa

despite the abundance of small hydropower resources

This study examines power accessibility limitation factors in SSA and discusses possible
ways of using SHP to enhance the energy available in the region. There is a correlation
between energy consumption, economic activities and level of poverty. Access to modern,
adequate, affordable, green and sustainable energies will provoke productivity and

consequently, reduction of poverty.

2.2.2 Regional electricity situation

The power sector performance in SSA (excluding South Africa) is wrecked by inadequate
generation and leakages caused by poor and sub-standard transmission and distribution
facilities. The average access rate of electricity is less than 31% in sub-Saharan Africa
countries excluding South Africa. The total annual power generation in sub-Saharan Africa is
about 145 TWh which is almost what Spain generates. Out of this total, South Africa alone
generates 35 GW, meaning that the rest put together generates 28 GW [5]. Globally, Africa
has the weakest power per capita of 620 kWh/year which drops to 153 kWh/year when SSA is
considered without South Africa. The consumption in India is equal to four times the
consumption in SSA (excluding South Africa). Presently, the capacity of the power installed
in Africa is 147 GW which is equivalent to the amount China installed in two years [4].
Research carried out by Bob and Magali in 2010 is represented in Figure 2.2.1 and shows the

electricity available in various scenarios [6].
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Variation of Electricity situation
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B At least one day of power cut in the last 7 days

Always had electricity
Figure 2.2.1: Variation of electricity in various scenarios [6]

The rural areas of SSA are worst affected by inadequate power supply despite the fact that the
inhabitants of the rural areas are engaged with agriculture which is a key economic sector of
the region. The study of Bob and Magali found that 62 % of the working class in the rural
area has no access to the grid. A median of 62 % of the rural adult population in surveyed
countries have some type of work, compared with a median of 52 % among urban adults. But
the lack of access to the power grid is especially acute for rural workers. This is noteworthy as
agriculture is a key economic sector in many countries across the sub-continent and many
farmers live at subsistence levels. A scenario of power received for 7 days between urban and
rural shows 34 % and 72 % respectively. No power for 7 days for various types of workers is

depicted in the pie chart in Figure 2.2.2.

Figure 2.2.2: No power for 7 days for various types of workers

The countries where Bob and Magali’s survey was conducted are Nigeria, Uganda, Liberia,
Senegal, Tanzania, South Africa, Botswana, Mali, Niger, Zimbabwe, Chad, Ghana, Central

African Republic, Burkina Faso, sierra Leone, Kenya and Cameroon.
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The perennial inadequacy of electricity supply has become a way of life in most countries of
SSA. In these countries, electricity is provided by costly diesel and petrol generators with a
cost rate from 3-6 times higher than the average grid system price across the world. The
consequences of this are slow employment growth, uncompetitive Africa-based
manufacturing sectors and reduction of annual GDP growth by from one to three percentage
points [7]. Sub-Saharan Africa has abundant SHP potential as shown in Figure 2.2.3 that is
not sufficiently tapped [8]. The amount of SHP potential present in the region is enough to
solve the chronic power problem in the region if harnessed optimally. Many of the SHP sites
are yet to be developed and this has been attributed to several reasons [9-11]. The reasons can
be classified into policy for rural electrification; insufficient fund for SHP; nature of
electricity market; inadequate synergy among the stakeholders; non-implementation of energy

research outputs in the region; inadequate human and manufacturing facility development.

SHP potential in Africa regions

West Africa h
South Africa h

Middle Africa |y

Eastetn Africa | ——

0 1000 2000 3000 4000 5000 6000 7000

® Installed capacity (MW) ® Available SHP potential (MW)
Figure 2.2.3: SHP potential in regions of Africa [8, 12]
2.2.3 Small hydropower energy conversion principle

Moving water possesses hydraulic energy which the turbine blade converts into circular
motion via the shaft to turn the generator that subsequently converts the mechanical energy
into electrical energy. The sources of this moving water could river, ocean, stream, waterfall,
storage tank, etc. [13, 14]. Hydro turbine plants are rotating machines that convert the
hydraulic energy in flowing water into torque to turn the alternator for electricity production.
Turbines are classified into two types, impulse and reaction turbines and their application
depends on the method of water energy transfer [15-19]. The energy conversion in the process

is represented in Figure 2.2.3:
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Figure 2.2.4. Energy conversion in turbine

Hydro turbine classification can be based on capacity as shown Table 2.2.1, although
internationally there is no standardised classification [12]. Europe and some countries accept
the classification according to Table 2.2.1 and which has 10 MW as the SHP upper limit [9,
20]. In this study, SHP is taken as being equal or less than or equal to 20 MW (SHP <
10MW).

Table 2.2.1: Categories of hydro turbine based on output size propagation

Category Capacity Storage source
Pico <10 kw Run-of-river
Micro <100 kw Run-of-river

Mini <500 kW Run-of-river
Small <10 MW Run-of-river
Medium <100 MW Dam and reservoir
Large > 100 MW Dam and reservoir

2.2.4 Small hydropower (SHP) system and access to energy in SSA

Small hydropower systems have been portrayed as a suitable power scheme for SSA due to
their merits compared to large hydropower systems and the other power sources. Application
of SHP systems in the region is favoured by the abundance of SHP potential in the region;
simplicity, especially pico- and micro-hydropower systems; the possibility of being designed,
manufactured and installed locally; and, environmentally friendly. Additionally, hydro is a
renewable energy source with minimal emission of greenhouse gases (GHG). The best power
system for rural and stand-alone electrification is SHP. In 2004, the Intergovernmental Panel
on Climate Change (IPCC), reported that energy production contributed highest to world
GHG emissions (26 %), with forestry (17 %), transport (13 %) and agriculture (13 %) the
main consumers [21]. The majority of emissions in the power sector was due to the use of
fossil fuel for power generation [22]. Though SSA region is not known for significant
production of GHG, it is imperative that the region participates in global GHG reduction
initiatives.

Other benefits of SHP are [12, 23]: A renewable energy generation system that produces the
lowest cost of electricity of between 0.02/kWh and 0.05/kWh USD; suitable for rural, remote
and standalone electrification that produces an average level cost of energy (LCOE) of
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0.05/kWh USD; hydropower is already supplying the largest proportion of renewable power
generation; SHP schemes have environmental benefits compared to large scale schemes; and,
SHP can be domesticated. From the aforementioned, SHP schemes can fast track adequate
reliable, affordable and sustainable power for the promotion of the socio-economic

development of SSA rural and remote hinterlands.

2.2.5 Small hydropower development barriers in sub-Saharan Africa

The development of SHP may be broadly divided into five processes as shown in Figure
2.2.4. They are hydrological study, design, manufacturing, installation and post-installation
operations. The process usually starts with the hydrological evaluation of the hydro resource
to establish if it is technically feasible.

survey System /| Process Installation 4 oneration

Hydl‘ological> Design > Manufacturing Post Installation

Figure 2.2.5. The development process of a SHP

Although, the development of SHP looks conventional, the design transformation is generally
limited in SSA by: insufficient funds; lack of adequate manufacturing infrastructure; lack of
appropriate power generation and distribution policies; inaccurate hydrological data of some
of the identified sites; inadequate domestic and regional participation in the design and
manufacture of SHP component devices, installation, operation and maintenance. However,

there are barriers that are peculiar to different regions are presented in Table 2.2.2.

Table 2.2.2: Barriers peculiar to the different regions of Africa hindering SHP development

Regions of Africa SHP Barriers in SSA

Eastern Lack of hydrological and up to date data
Insufficient awareness of SHP
Lack of road infrastructure to access sites in the in remote areas
Lack of public-private partnership with both domestic and foreign investors
Inadequate human capacity
Power distribution cost
Middle Lack of clear cut renewable energy policy
North Lack of motivation and suitable SHP site
Lack of SHP merits awareness by the public
Lack of support policies and technical capacity
South Lack of SHP components and system, insufficient human capacity on SHP
Unfavourable climatic condition

West Lack of reliable and up to date hydrological data

Inadequate SHP project financing and no incentive to attract domestic and foreign
SHP investors
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Various degrees of insufficient technical expertise for equipment design,
manufacturing, civil construction, operation and maintenance

Effect of climate change on water bodies like river

Other common barriers  Long distance between potential sites and consumption points
Low electricity demands due to low population density
Long distance between consumers (scattered settlement)
Low utilisation factor
Prohibitive high capital costs

2.2.5.1 Cost of power projects

Funds re always scarce when it comes to infrastructure provision, though the region has
heavily depended on central governments and development partners. The region needs a huge
capital injection to increase access to power adequately, considering the high cost of power
projects. Over dependence on foreign power equipment, technology and human resource is
responsible for the high cost of SSA power projects. It has been observed that the cost of a
power projects in the region is two times higher than in China [24]. The difference in the
project costs is due to the cost of consultation, equipment transportation and hiring of foreign
expertise for installation and in some cases for operation and maintenance. In addition to

these costs, is the cost of facility monitoring and protection in the region.

2.2.5.2 Power generation and distribution policies

In many countries in SSA it is not possible for individuals or organisations to generate and
sell electricity directly to customers (consumers). In many cases, the state government is not
allowed to independently generate electricity without connecting to the national grid.
However, in an attempt to increase access to electricity, the Nigerian government in 2003
approved a national energy policy that encourages the use of all effective energy sources. The
policy advances the use of viable sources of energy for national economic sustainability
through joint efforts between the government and active private participation. The policy
states that special attention will be given to SHP for development in line with emerging
technology [25, 26].

In some cases, insufficient or absence of SHP policy and regulatory structure to monitor the
development and implementation of the system discourages SHP project developers from
investing in SHP. The lack of cooperation between stakeholders in SHP development involve
agriculture, power utilities, water resources and environmental management, national and

local authorities, and fund providers.
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2.2.5.3 Inadequate SHP design and manufacturing infrastructure

This study identifies inadequate infrastructure for designing and manufacturing of SHP
components and devices as the strongest element mitigating against the development of SHP
in the region. This factor is as a result of insufficient human and manufacturing infrastructure
capacity building. A study by UNESCO of some regions revealed that from 2008-2010,
engineering, manufacturing and construction in undergraduate studies was lowest in SSA
[27].

Presently, manufacturing plays an insignificant role in the economies of most countries in
SSA compared to the role it plays in other developing regions. The power problems in the
region are a reflection of the weak manufacturing performance over the years, associated with
weak productive abilities and insufficient enabling logistics and policies. Further, there are
shortages of the necessary skills and new productive capabilities [28]. These factors often
yield low product quality and standards, insufficient volume, high cost of production and low
rate of production. The result is insufficient locally manufactured product to meet domestic
need or for export and consequently, the region is forced to heavily depend on foreign
products and technologies. Su-Saharan Africa’s sources of power, transport equipment and
other machinery mainly come from Japan, South Korea, Germany, the United Kingdom,
China, and the United States as shown in Figure 2.2.5 [29].
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Figure 2.2.6: SSA major sources of machinery imports
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2.2.6 Way forward

2.2.6.1 Domestication of SHP in SSA

The power problems in SSA will continue as long as the region heavily depends on foreign
power equipment and technologies. Over dependence has severe consequences on power
projects, installation, maintenance and repair costs and downtime duration. Power
sustainability in the region will only be feasible if human resource capacity is increased and
power equipment manufacturing infrastructure is enhanced to meet the present challenges.
For sustainability reasons, which means being less dependent on donors, there is a need for
the region to strategise on how to fund power projects. This could be achieved through active
public-private partnership and lending from financial institutions.

Many governments in SSA have realised the inadequacy in human capacity and the
importance of human development for the realisation of SHP benefits [30]. To address this
situation and to remove the limiting barriers, some international agencies have agreed to
support the region to develop SHP and these include: United Nations Development Program
(UNDP); United Nations Industrial Development Organisation (UNIDO); Japan International
Cooperation Agency (JICA); United Nations Environment Programme (UNEP); and,
Practical Action [9]. In 2006, UNIDO established regional SHP training and support centres
in Nigeria to provide technical support within Economic Community of West African States
(ECOWAS) [31]. The UNIDO also built demonstration SHPs in Tanzania, Mali, Rwanda and
Kenya [32]. However, these interventions are not sufficient and the impact is yet to be felt
adequately in the sector. For wider local participation, the hydrological study, design and
fabrication methodology should be as simple as possible and the use of computer-aided

design (CAD) should be encouraged.

2.2.6.2 Design and fabrication of hydro turbine components in SSA

There is an urgent need for power capacity building for personnel and manufacturing facilities
as existing ones are outdated and unable to support present needs. The capacity building
should include simple design and manufacturing processes of SHP components, using locally
sourced material and facilities. This should follow the conventional production layout as

shown in Figure 2.2.6.
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Figure 2.2.7. Production layout model of a pico hydro turbine system

Sub-Saharan Africa comprises low-income countries, therefore industrial development is
fundamental and a priority area for human development and to meet the Sustainable
Development Goals (SDGSs) in the region. The design of SHP systems includes civil work,
mechanical design and electrical design as shown in Figure 2.2.7. Design and fabrication of
the civil aspect is domestically done while major mechanical components especially the blade

and bearings are imported. The electrical components are also sourced outside the region.

Design Civil Mechanical Electrical
system = | Design + Design + Design

Figure 2.2.8. Components of the design system
2.2.6.3 Turbine blade material selection

The generation of electricity by hydro requires water to be in motion to possess kinetic energy
which strikes and turns the turbine blade. The blades are in different kinds and number, and
the river or stream flow characteristics define the choice of the turbine to apply [33, 34]. The
turbine names are derived from turbine arrangement and their relationship with the flow of
water. Hydro turbines are categorised into two types, namely, reaction and impulse turbines
[35, 36]. The blade is the most vulnerable turbine component because of the pressure put on it
by the strike water. The blade experiences erosion wear and corrosion caused by silt and the

flowing water.

Stainless steel materials are the most common materials for hydro turbine blades [37]. The
materials are complex to produce, need huge energy for casting and welding and are very
expensive. Stainless steels production is not adequately supported by the dwindling
manufacturing infrastructure in the developing countries of SSA. However, good hydro
turbine products can still come out of the region if material and manufacturing inadequacies

are considered early in the design process. Most times projects fail when the design process in
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not anchored in the available transforming elements. The choice of material should not be
controlled by only operational requirements but also by availability, cost and the
manufacturing processes obtainable in the region. In designing for manufacturing, a relation
exists between the material and the production processes. For successful turbine project

execution, this relationship should be factored into the design process from an early stage.

If the desirable is not available, the available becomes desirable. In the modern world, the
relevance and economic vibrancy of a country are tied to its manufacturing strength which is a
cornerstone of a healthy economy. The use of locally sourced materials and the beneficiation
of their properties through manufacturing and heat treatment processes should be promoted.
Aluminium alloys and their composites are naturally good for aerodynamic applications and

corrosion resistance and should be exploited further for turbine blade applications.

2.2.6.4 Policy and implementation

There are several policies that have been put in place by individual countries in SSA to
promote SHP. If these are strenuously implemented a lot of progress will be made in
increasing power accessibility in the rural areas in the region. In Kenya for instance, the
Electric Power Act of 1997 was amended and the new Act allows the following: the use of
SHP integrated mini-grid systems for rural electrification; a licence is not required only a
permit for generation capacity from 100 kW to 300 kW; licence or permit is not required for
generation capacity if less than 100 kW [12, 38]. In 2010, Nigeria inaugurated a standing
committee through the Federal Ministry of Power to develop hydropower capacity for the
country. The government of Mali formulated the following key energy policy papers in 2006:
National Energy Policy (2006), and the National Strategy for the Development of Renewable
Energies (2006). These strategies were targeted at 25 % renewable energy penetration by
2015 [39].

Other countries in the region have similar policies which are focused on general renewable
energy development. It is sad to note that most of the renewable energy policies formulated
by these countries have not yielded the expected results. This might not be unconnected to the
fact that the policies have no clear cut on specific renewable energy type. Kenya tends to have
well-focused SHP policies compared to Nigeria and Mali as cited. In the case of Nigeria and
Mali, the policies are in a general framework on renewable energies without being specific.
With the level of inadequate power accessibility in the region, one would have expected SHP

policies to incorporate key performance indicators.
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This study identifies insufficient policy support for SHP technology domestication and
inadequate implementation. China managed to increase electricity generation from 25 GW in
2000 to 38 GW in 2005, about a 52 % increase. This can be attributed to self-management,
self-construction, and a value added tax on electricity of 6 % for SHP and 17 % for large
hydropower [40, 41]. There is a cyclic correlation between supporting policies, technology
enhancement and cost reductions in SHP. For realisable, affordable and sustainable SHP
schemes in SSA, policies should be centred on technology domestication. The region’s SHP
policy, therefore, should support the following:
i.  Strict implementation of SHP rural electrification projects with key performance
indicators.
ii.  Periodic updating of hydrological data of the SHP potentials in the region.
iii.  Encouragement of public-private partnership in SHP schemes.
iv.  The sale of energy generated by individuals to the grid and directly to consumers.
v.  Promotion of research and development of domestic SHP materials and technologies
in higher education institutions through research grants.
vi.  Encouragement of SHP component manufacturers to establish manufacturing
companies in the region through tax incentives for SHP foreign investors and waivers

on SHP production machines.

vii.  Promotion of local participation in design, manufacture, operation, maintenance and
repair.

viii.  SHP Standards and codes formulation for best practices and to safeguard the right of
customers.

iX.  Provision of incentives to financial institutions that give loans to SHP scheme
developers.

X.  Active synergy of the stakeholders for better delivery of SHP projects.

2.2.7 Conclusion

The most suitable and sustainable electrification scheme for provoking developments and
economic activities in the rural and remote areas is SHP. It is regarded as a matured power
technology that has low operation and maintenance cost and provides the lowest power
generation prices of all off-grid technologies. Small hydropower schemes have been tested
globally and certified as a formidable scheme for power production in developing countries.
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Sub-Saharan Africa as a region is blessed with abundant SHP potential and should no longer
accept the situation of gross inadequate access to power with these resources being untapped.
The paradigm of the total importation of power generation and distribution devices should
change. Reliable data dissemination regarding the potential of SHP is key to policy
development, energy planning and as a guide to investors in participating in the hydropower
energy market. Human and infrastructural capacities should be built in the design and
manufacturing of SHP components and system centred on domestic participation and
sustainability. Power policies and infrastructure for manufacturing should be enhanced in the

region to accommodate SHP equipment and plant production.
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Abstract-The quest for alternative energy sources is on the increase in Sub-Saharan Africa
due to gross power inadequacy coupled with a global trend of greenhouse gas emission. This
study identifies solar, geothermal, wind and hydro which are renewable energy sources as
options. Small hydropower (SHP) has been singled out as the best alternative power system in
the region. But there is insufficient local content in terms of design and manufacturing of SHP
devices and systems in the region. To boost local participation, the study simplified the design
process for low (3 m) and high (60 m) heads for Kaplan/propeller and Pelton pico hydro
turbines respectively. The design of a propeller turbine started with a river hydrological data;
flow rate (Q) 0.2 m¥s and head (Hn) 3 m using rotational speed (N) of 1500 rpm. In the case
of the Pelton turbine, given flow rate (0.02 m®/s), net head (60 m) and rotational speed (1500
rpm) were used to design 8.2 kW output power Py with specific speed Ns of 26.16. CAD
modelling and simulation software was used to evaluate the mechanical properties of
aluminium alloy (6061-T6) for Pelton bucket application. The study concludes that adaptive
design, domestic manufacturing and regional joint SHP research are factors that promote

sustainable power development.

Key words: Power; Turbine Design; Pelton turbine; Propeller turbine; Sub-Saharan Africa;

Small hydropower
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2.3.1 Introduction

The power situation in sub-Saharan Africa (SSA) is in a pathetic state despite several
intervention measures [1]. The problems and challenges that trail the power sector in the
region seem as fresh as they were two decades ago and even deepened in some areas. Truly,
this is heart breaking considering the resources and efforts that have been put in to fix it. The
International Renewable Energy Agency (IRENA) reported in 2012 that the average rate of
electrification in SSA is about 35 %. It added that the situation is worse in the rural areas
which was below 20 %. Further, over 50 % of the population in 41 countries in the region had
no access to electricity [2]. One billion sub-Saharan Africans have been projected to have
access to electricity in 2040 with 530 million people without access especially in the remote
areas [3]. Internationally the regional access to electricity in 2015 is shown in Figure 2.3.1.
Some of the factors responsible for this ugly situation are under developed manufacturing
infrastructure, over reliance on foreign power technologies, exorbitant cost of power projects

and under developed human capacity in the power sector [4].

The search for ways of increasing access to power and alternatives to conventional energy
sources (fossil fuel) to supply power to remote and rural areas in the region is massive. This
has led to several power schemes. The identified options include solar, geothermal, wind and
hydro and they are generally called renewable energies. However, hydropower has been
singled out as the most abundant alternative renewable energy source with the potential of
increasing access to power in the region. The World Bank has stated that only 8 percent of the

hydropower potential in SSA has been developed [5].

Figure 2.3.1: Regional access to electricity in 2015 [6]

The Framework Convention on Climate Change (UNFCCC) of United Nations has
recognised the challenge of Greenhouse Gases (GHG). The goal of the Convention is to
stabilise GHG concentrations to a level that would prevent hazardous anthropogenic meddling
with the climatic condition of the atmosphere [7]. The use of energy was reported to be the

highest source of GHG due to CO> being a by-product of carbon oxidation during fossil fuel
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combustion. Global total primary energy supply (TPES) demand which depends mainly on
fossil fuels more than double from 1971-2012 as depicted in Figure 2.3.2 [8].

Figure 2.3.2: World TPES [7]

Coal accounts for 29 % of the global TPES but represents 44 % of the world CO emissions
while carbon-neutral fuels represent 18 % of TPES [9] (Figure 2.3.3).

Figure 2.3.3: Global primary energy supply and CO2 emissions [7]

Greenhouse gas emissions in 2012 decreased in North America (-3.7 %), Annex Il Europe (-
0.5 %) and Annex | EIT (-0.8 %), but increased was in China (3.1 %), Africa (5.6 %), Asia
excluding China (4.9 %) and the Middle East (4.5 %) as represented by Figure 2.3.4.

Figure 2.3.4: Change in COz emissions by region (2011-2012)
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In 2012, electricity and heat generation emitted about two-thirds of global CO. emission
which is about 42 %, while transport accounted for 23 % as illustrated by Figure 2.3.5.
Although use of renewable energies has gained ground in the region, SSA still relies heavily

on coal and fossil fuels for electricity and heat generation.

Figure 2.3.5: CO2 emissions by sector [7]

Amongst the major forms of fuel for power generation, coal emits the highest GHG while

hydro produces the least as represented in Figure 2.3.6.

Figure 2.3.6: Electricity generation by fuel
2.3.2 Hydro potential in Africa and benefits of small hydropower

Hydropower is the most used renewable energy in the region due to its large scale potential
development and the cost of electricity generated is lower than other technologies both
renewable and non-renewable. The effective hydropower potential available in Africa is put at
283 GW which is more than 300 % the current electricity consumption in SSA [1]. Over 50 %

of this potential is in Central and East Africa (Cameroon, Congo, DR Congo, Ethiopia and
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Mozambique). Reasonable amounts also exist in Southern Africa (Angola, Madagascar,
Mozambique and South Africa) and West Africa (Guinea, Nigeria and Senegal). DR Congo
has the largest hydropower potential as proposed by the 44 GW Grand Inga project which
when actualised will transform African power supply tremendously. Despite gross
inequalities in access to electricity and hydro abundance in the region, only 20 GW of
hydropower capacity is installed as depicted by Figure 2.3.7. This is less than 10 % of the

effective available hydro potential.

Figure 2.3.7: Hydropower potential and installed capacity in Africa
2.3.2.1 Large scale hydropower projects

Exploration of large hydropower projects are associated with the following challenges:

i.  Large sums of upfront capital.

ii.  Exportation of large amounts of generated electricity is limited due to low levels of
interconnection in the region — domestic markets are generally too small to absorb all
the power generated by large scale hydropower projects.

iii.  Supply is a function of seasonal and annual variations.

iv.  Hydro dams pose environmental concerns such as displacing communities and may
adversely affect water availability for other uses.

v. Inadequate technical expertise in hydropower development in some countries, etc.

2.3.2.2 Small hydropower (SHP)

Small hydropower refers to the generation of electrical power from a water source on a small
scale, usually with a capacity of not more than 10 MW. However, there is still no
internationally agreed upon definition of small hydropower as capacity classification varies
from country to country as shown in Table 2.3.1 [10, 11]. For rural and electrification of

remote areas in developing countries, SHP or micro-hydropower has been described as the

37



most effective energy scheme [12]. The technology is environmentally benign, extremely
robust and long lasting — lasting for 50 years or more with little maintenance [13]. Other
striking benefits include [14]: minimal vandalisation of power facility; reduction in
transmission losses; reduction in network problems (especially during raining season);
reduction in illegal electricity connections to the national grid; the resource is in abundance
and largely untapped; it emit low GHG (CO>) and is regarded as a clean renewable energy
source; it can create jobs; and it encourages energy diversification of systems thereby
enhancing energy supply reliability in the region, etc. The global quest for cleaner energy to
replace or minimise the use of fossil fuels which are the bulk of electricity generation in SSA
favours the use of SHP. This will consequently reduce GHG emission [15]. Aggressive use of

renewable energy in SSA will reduce CO2 emissions by 27 % in the region [1].

Table 2.3.1: Various size classifications of SHP

Country Micro (KW) Mini (KW) Small (MW)
United States <100 100-1000 1-30

China - <500 0.5-25
USSR <100 - 0.1-30
France 5-500 - -

India <100 101-1000 1-15

Brazil <100 100-1000 1-30
Norway <100 100-1000 1-10

Nepal <100 100-1000 1-10
Various <100 <1000 <10

2.3.3 Hydro turbine design and manufacturing procedures

There is a strong correlation between material selection and manufacturing processes. They
could be said to be elements of the universal set called the Design Process. Figure 2.3.8
represents the relation that exists between material selection and manufacturing processes. For
successful product design, the design process should provide an interphase between material
selection and manufacturing process. This interphase is subjected to material and
manufacturing facility availability. The manufacturing system in SSA is not as advanced and
adequate compare to what is obtainable in Europe and America or even in Asia. However,
good hydro turbine products can still come out of the region if material and manufacturing

inadequacies are factored into the design process early.
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DFM - Design for manufacturing

Figure 2.3.8: Correlation between material selection and manufacturing process
2.3.3.1 Sustaining power through domestic participation

Domestic participation in the design and manufacturing of SHP devices and systems in SSA
will promote access to electricity in the region and the creation of jobs. Power sustainability
in the region will always be threatened by overdependence on foreign technology due to high
cost of power project execution, inadequate skilled personnel for installation, operation,
maintenance and repair challenges. This participation can be activated through regional joint
capacity building for SHP technology in the following areas: foundry technology;
mechatronics; fluid mechanics; manufacturing processes; and material development

engineering.

A simplified hydro turbine production procedure can be categorised into twelve sequential

steps as shown in Figure 2.3.9.

Figure 2.3.9: Production layout model of a pico hydro turbine system
2.3.3.2 Hydropower plant operation principle

Hydro turbine plants are rotating machines that transform the mechanical energy in flowing
water into torque to turn the generator for the purpose of electricity production. Turbine can
be categorised into two types, namely, impulse and reaction turbines [16-18]. This

classification depends on the water energy transfer method.

For impulse turbines, water is projected from the nozzle as a jet and strikes on the buckets that
are arranged on the circular edge of the runner. The buckets are made up double

hemispherical cups. The nozzle is at the end of penstock while the buckets discharges used
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water into the tailrace. A schematic diagram of a Pelton turbine is shown in Figure 2.3.10. In

a reaction turbine, the runner or spinning wheel (blade) is completely immersed in the flow

and uses water pressure and kinetic energy of the flow. They are appropriate for low to

medium head applications. The two main types of reaction turbine are the propeller (with

Kaplan variant) and Francis turbines.

Figure 2.3.10: Schematic diagram of a hydro turbine system [19]

2.3.3.3 Hydro turbine main components

The hydro turbine is composed of the following main components as shown in Figure 2.3.10:

Dam/Weir — is a wall across the river or flow channel to store water.

Headrace — The reservoir created by the dam/weir.

Penstock — the pipe that connects the headrace to the turbine runner.

Runner — the aspect of the layout that converts the energy of the flowing water into
torque that drives the generator via a shaft. The runner of a turbine has a wheel and
buckets or cups for Pelton turbine, or blade and hub for Kaplan, Turgo and Francis
turbines.

Shaft — this connects the blade and the generator.

Generator — this is the device that receives the mechanical energy through the shaft
and converts this energy into electrical energy.

Tailrace — the used water flows out of the turbine through this channel.

2.3.3.4 Selection of turbine and design of turbine

There are two factors that determine the kind of turbine to be used. These factors are products

of hydrological study of the hydro potential like river or water falls. The parameters are head
(H) and the volumetric discharge (Q) of the river (Figure 2.3.11).
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Figure 2.3.11: Head-flow range of small hydro turbines [13]

The type of turbine to be used according to head classification; the head is classified into low
(> 10 m), medium (10 m to 50 m) and high head (above 50 m). Table 2.3.2 shows type of

turbines and the various head domains where they are applied.

Table 2.3.2: Types of hydro turbine and their applications [19, 20]

Turbine Head Classification
High (> 50 m) Medium (10-50 m) Low (<10 m)
Impulse Pelton, Turgo, crossflow, Crossflow

Multi-jet Pelton  Pelton, Turgo,
multi-jet Pelton

Reaction Francis (spiral case) Francis (open-flume),
Propeller, Kaplan, Darius

2.3.3.5 The Kaplan/Propeller turbine

The Kaplan or propeller turbines are appropriate for low head and large discharge operations.
Figure 2.3.12 shows a schematic diagram of a Kaplan/Propeller turbine blade. The Kaplan is
an adjustable runner blade with high, almost constant efficiency over a wide range of load.
The range of Kaplan turbine applications has been greatly improved, which has favoured the
improvement of numerous undeveloped hydro sources previously discarded for economic or
environmental reasons. The Kaplan Turbine generation efficiency is sometimes over 90% at
low heads and high flows [21].

Figure 2.3.12: Kaplan/Propeller runner blade parameters and parts
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2.3.3.6 The Pelton turbine: Main elements of a Pelton turbine system

This turbine is typically used in small-scale micro-hydro systems (with power of up to about
100 kW) and a head ranging from 10 m to 200 m. It consists of a wheel (or runner) with a
number of buckets attached around its edge, which are shaped like two cups joined together
with a sharp ridge between them as shown in Figure 2.3.13. In addition, a notch is cut out of
the bucket at the outside end of the ridge. Water is directed to the turbine through a pipe and
nozzle to this ridge. Its shape allows for the production of a lot of power from such a small

unit and it is easy to manufacture.

Figure 2.3.13: Pelton turbine arrangement

As the water strikes at the symmetrical line it then distributes into the two halves of the
bucket while some water is reflected back to the nozzle. The angle of jet deflection
theoretically for a perfect hemispherical bucket is 180° This is not possible to obtain
practically so the angular deflection of 165° is used in practice [16]. The main parts of Pelton
turbine are penstock, spear, nozzle, wheel and buckets, shaft, generator, valves and
powerhouse (Figure 2.3.14). Water flows from the headrace through the penstock to runner.

The penstock has a nozzle at its exit before the runner.

Figure 2.3.14: The general layout of a Pelton hydro turbine plant [19]
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The flow rate of the water jet from the nozzle can be controlled with the use of a spear
(evident in Figure 2.3.13). This spear helps to adjust the flow rate to balance the change

caused by site conditions.

2.3.4 Methodology

This study, explored a simple design approach in SHP design and development processes, to
facilitate rapid and increased uptake of SHP schemes in SSA. The design process was based
on locally available material and manufacturing facilities. Calculus forms of equations were

avoided and simple CAD drafting and simulation software was used.

2.3.4.1 Propeller turbine design for low head

Table 2.3.3: Nominal conditions for Kaplan/Propeller turbine design (refer to Figure 2.3.12) [22]

Step Relevant Equations Answer
Turbine capacity, Pxi. P=p*g*QxH_ 6 kW
Specific speed, Ns N *\/6 294
N = H 07
n
Velocity, u _ 13.04 m/s
y u=K,~29H,
The angular velocity of the 27N 157 rad/s
turbine runner, rad/s = W
The blade tip radius, rt 0.083m
. Kug,/Zan
0]
The blade tip diameter, Dy D = 2r 0.166 Mm
' i 0056
The hub diameter, Dy, D 0.058 m
—h -0.35
Dt
Cross sectional area, A A E(D,z “p?) 0.019 m?
Axial velocity [m/s] Y 4Q 10.53 m/s
axial — 2 2
7(D’-D;)
Flow coefficient, ®: Q 0.044
" ND?
Power coefficient, I': r P 1.4*10-8
B PN’ Dt5
Energy coefficient, \V: gH 4.7*10-4
Y= Ny
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Where A - area; Q - flow rate and; r; - blade radius; r, - hub radius; D; - blade diameter and; D - hub diameter;
Ky the tip-to-head velocity ratio (Dn/Dy); p - density of water (kg/m®); g - acceleration due to gravity
(9.81 m/s?); Hn - net head (m) and; nq — total efficiency.

2.3.5 Design calculation and simulation of a Pelton bucket high head

2.3.5.1 Pelton design parameters

Figure 2.3.15: Runner and bucket parameters

Water iet diameter

| T g
—_—

Y >

Splitter

Figure 2.3.16: Turbine velocity diagrams

Table 2.3.4: Nominal conditions for Pelton turbine design (refer to Figures 2.3.15 and 2.3.16) [19, 21, 23,
24]

Given quantities: Q = 0.015m3/s; Hn = 60m; Cn = 0.98; p = 103Kg/m3; x = 0.46; nj =1; Lpt =
100m; v = 0.98 and; 8 = 165°. The generator is rated at 120 watts, and the rotation (N) is 1500
rpm.

Parameters Relevant Equations Answer
The input power to the turbine, Py P,=pxg*C2*H *Q 8.48 kW
Specific speed (Ns) N . /P 26.16
H, ¢
Jet velocity, Vj (m/s) V, =C, * [2 4 g*H, 33.62 m/s
Jet/nozzle diameter, D; 4%Q 0.024 m
D= |—-—
xn; *V,
Tangential velocity of the runner, Vi V, =X *Vj 15.47 m/s
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Runner diameter Dy, (m) 60*V, 0.20m

D, =—1
7*N
Jet/nozzle cross sectional area, A; 7%D.2 4.5%10%
— i
: 4
Nozzle flow rate, Qn (m?/s) Q, =V, *A 0.015 m3/s
Distance between bucket and nozzle, Xqp x, =0.625D 0.125m
(m) n r
Radius of bucket center of mass to runner R =0.47D 0.094 m
center Ry(m) br '
Bucket axial width, By (m) B = 3.4D. 0.082m
w i
Bucket radial length, By (m) B = 3D,— 0.072m
Bucket depth, Ba(m) B, = 1'2Dj 0.029 m
Cavity Length, hy (m) h1 — (0 35) D 0.008 m
' i
Length to Impact Point, h, (m) h, = (1 5) D. 0.036 m
' i
Offset of Bucket, k(m) K = (0 17) D. 0.004 m
' j
Cavity Width, a (m) a = (1 2) D. 0.029 m
' i
Number of bucket n, D 19
n, =15+—
2D,
Length of bucket moment arm, La, (M) L, =0.195D, 0.039m
Volume of bucket, V, (m?) V, =0.0063% D 3 5.04x10°5 m?
* r
The output power to the turbine, Py (KW) (V_ _vV )* 8.20 kW
Ro=p*Q*V|p ' 7
(1+y *cos(g))

Turbine hydraulic efficiency, 1 P 97 %
o = 12+100

ti

The torque produced by the turbine, Tt (N- P, 0.054 N-m
m) T‘:sz*Dr*(Vi‘Vtr)

The deflector required force, Fq: |:d =p* Q *V,- 672.4 N
Force acting on the runner, Fa; |:A = 2% p* Qn % (VJ— \/tr) 555.2 N

Where C,, — nozzle discharge coefficient (0.98); N — runner speed (rpm); X — ratio of Vi to Vi; Q - flow rate; g -
acceleration due to gravity (9.81 m/s?); Hn - net head (m); p - density of water (kg/m?)

2.3.6 Material selection for Pelton bucket

Material selection is a very important part of design and manufacturing. One of the variables
for design process iteration is material and it influences on the manufacturing process. In this
study, the selection of material for the bucket was determined by availability, functional

requirements, cost and manufacturing facilities available. Aluminium alloy (6061-T6) was
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selected because aluminium is readily available in SSA and it can be easily worked. Table

2.3.5 shows the material’s properties.

Table 2.3.5: Material (6061-T6 aluminium) properties

Model Reference

Volumetric Properties

Name: 6061-T6 aluminium alloy
Model type: Linear elastic isotropic
Yield strength: 2.75e+008 N/m”2
Tensile strength:3.1e+008 N/m”2
Elastic modulus:6.9e+010 N/m”2

Mass: 0.249492 kg
Volume:9.24044e-005 m"3
Density:2700 kg/m"3

Weight: 2.44502 N

Shear modulus: 2.6e+010 N/m”2

Poisson's ratio: 0.33 Thermal expansion coefficient: 2.4e-

005 /Kelvin

2.3.6.1 Evaluation of 6061-T6 Aluminium Alloy

The necessary design parameters in Table 2.3.4 were used in the simulation to validate the
stress and fatigue of the part (bucket). The results of the simulation are shown is Tables 2.3.6
and 2.3.7 and Figures 2.3.12 and 2.3.13.

Table 2.3.6: Mesh information

Mesh type Solid Mesh Total Nodes 14895

Mesher Used: Standard mesh Total Elements 8568

Total Nodes 14895 Maximum Aspect Ratio  19.602

Total Elements 8568 % of elements with 97.5
Aspect Ratio < 3

Jacobian points 4 Points % of elements with 0.0817
Aspect Ratio > 10

Element Size 4.52077 mm % of distorted elements 0
(Jacobian)

Tolerance 0.226039 mm Time to complete 00:00:07
mesh(hh;mm;ss):

Mesh Quality High

Static analysis (von Mises) shows that the highest stress (1.95904e+008 N/m”2) as a result of
the load is located at node 723 as indicated in Table 2.3.7 and Figure 2.3.12. This value is less
than the material’s yield stress of 2.75e+008 N/m”2 as presented in Table 2.3.5.

Table 2.3.7: Study results for stress, displacement and strain

Name Type Min Max

Stress VON: von Mises stress 1959.97 N/m"2 1.95904e+008 N/m"2
Node: 812 Node: 723
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Displacement URES: Resultant 0 mm 0.209923 mm

Displacement Node: 177 Node: 435
Strain ESTRN: Equivalent Strain 5.56279¢e-008 0.00172423
Element: 3484 Element: 3816
Stress Displacement Strain

Study name: Static 3(-Default-)
Plot type: Static nodal stress Stress1
2.00-08

1.50+08

1.00-08

von Mises [NIm*2|

5.00+07

0.00-00

#6082 #5829 #723 #9658 #733
Node

—&—  wvon Mises (N/m"2)

164457, -1.061952+007

Figure 2.3.17: Nodal stress distribution

The fatigue distribution along the longitudinal section is shown in Figure 2.3.17. The highest
fatigue value was recorded at nodal 723 as shown by Figure 2.3.18.

Siwudy name: Fatigue 2(-Default-)
Plot type: Fatigue(Life) Results2

1.00-06
8.00-05

6.00+05

Total Life [cycle|

4.00+05

2.00+05

0.00+00

#0 #1 #2 #3 #4
Location

—«——  Total Life {cycle)
0.9505325, 796460

Figure 2.3.18: Nodal fatigue distribution

The minimum Factor of Safety (FOS) value is 1.404 and this value was recorded at nodal

point 723 as show in Figure 2.3.19. However, the FOS is > 1. Using Solidworks software, the
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FOS benchmark is 1.4. The value of FOS (1.404) recorded from the simulation validates the
design.
Study name: Static 5(-Default-)

Plot type: Factor of Safety Factor of Safety2
Criterion : Max von Mises Stress

Red < FOS =1 < Blue

300.00

200.00

100.00

Max von Mises Stress

0.00
#316 #9831 #723 #739 #733
MNode

—=——  Max von Mises Stress

Figure 2.3.19: Factor of Safety distribution
2.3.7 Conclusion

The manufacturing infrastructure in SSA is inadequate to support energy sustainability. As a
result, the region heavily depends on foreign technology and this leads to high cost of power
projects. This has left the region’s socio-economic situation in dire straights. In order to
increase access to electricity in the region, it is therefore pertinent to building capacity in
power technology. The design process should focus on local contents in terms material
selection and manufacturing facility. This study recommends capacity building in SHP
technology, establishment of joint regional energy research institutions, transformation of
research findings into real products, and adoption of China’s energy development approach of
massive use of micro hydro turbines. The use of local materials should be encouraged as the
performance of aluminium alloy (6061-T6) was shown by simulation results to be

satisfactory.
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This paper presents a simplified design considerations for a propeller hydro-turbine, including tabulated relevant
mathematical expressions of operating parameters. In the design calculation, a 2.5 m head and 0.183 m®s flow rate
were used as river data for power of 2.61 kW. A four-blade propeller with an outer diameter of 0.226 m and a hub
diameter of 0.079 m was considered suitable for the low head application. Dimensionless performance parameters for
various power (2-10 kW) and flow rate (0.2-0.6 m®/s) were evaluated (using constant head and rotational speed), the
results were tabulated and graphs plotted. The static axial force on the blade and hub analysis was carried out and results
shown satisfactory performance of aluminum 6061-T6 alloy as the blade material. Popularisation of small hydro power
(SHP) design and production technology in sub-Saharan Africa through domestic capacity building will accelerate local
fabrication of SHP plants and components. The study recommends that the design process be based on available materials
and manufacturing facilities. The provision of SHP for rural areas, industrial estates and standalone electrification will
provoke commercial and industrial activities in sub-Saharan Africa. This will consequently raise the productivity and the

standard of living of the people.

Keywords: energy, hub, hydroelectricity, hydrology, hydro-turbine, Pico, propeller, runner

JEL classification: P28, Q43, Q42, N57

Introduction
The third-world countries are faced with chronic electricity
problems, which are barriers hindering economic growth,
notwithstanding the availability of vast natural resources
in these areas. The International Energy Agency (IEA)
reported in 2014 that the population of sub-Saharan
Africa without access to electricity is about 620 million
people, equivalent to two-thirds of the population (IEA
2014). Design, manufacturing, and material development
capacities for Pico hydro system applications are necessary
in sub-Saharan Africa to increase access to energy
for human survival and advancement (Ebhota, Eloka-
Eboka, and Inambao 2014). On average, technologically
advanced countries produce and consume more energy
than developing and underdeveloped countries, while
about 620 million people of sub-Saharan Africa have no
access to electricity. It is imperative to provide adequate
and affordable energy for citizens to improve livelihoods in
sub-Saharan Africa and elsewhere (Cordeiro 2014, Etiosa
et al. 2009). Social, economic and environmental aspects of
the pico hydro turbine make it a viable alternative source of
power. It also has the lowest generating and maintenance
costs compared to other off-grid alternatives for remote
areas. The environmental impact advantages of Pico hydro-
turbine systems are the absence of the large civil works,
massive ecosystem alterations and population displacement
associated with large-scale hydro systems (Bryan 2011).
They thus provide a better economic option for Africa.
Adequate access to power will provoke commercial
and industrial activities in the developing countries of sub-
Saharan Africa and consequently raise the productivity
of the people and their standard of living. This can be
achieved through popularisation of small hydro power
(SHP) technology for the provision of power for rural
areas, industrial estates and standalone electrification
instead of relying on the national grid.

To boost power sustainability, the countries of
sub-Saharan Africa should increase the continent’s
manufacturing profile. This is one way to fix the huge
power problems in the continent. To do this there is a
need to build SHP capacities for both human settlement
and infrastructure that supports domestic manufacturing.
The drive to increase the continent’s local content in the
manufacture of SHP equipment will ensure reduction
in the cost of power projects from the present cost
situation. Further, the ability to design and manufacture
SHP equipment will address operation, maintenance and
availability problems and jobs will be created.

Literature review

There are a lot of investigative studies of hydro turbine
design, mainly centred on basic concepts, operating
parameters and output efficiency (Zainuddin et al. 2009,
Arriaga 2010, Weerapon and Sirivit 2009, Simpson
and Williams 2006). Zainuddin et al. (2009) described
the process of energy storage during domestic water
distribution to houses by kinetic energy conversion of
water flowing in the pipes into electricity. The energy can
be used for regular domestic activities like cooking, and
heating the water for bathing, and laundry. The study was
conducted to design and produce a Pico-hydro generation
system from water supplied to residential houses. In
conclusion, head and flow rate were described as vital
parameters in developing a Pico hydro system and wrong
turbine selection and sizing as the main causes of failure
(Zainuddin et al. 2009).

The concept of pumps as turbines was presented as a
technically and economically viable additional alternative
to Pico-hydro development in the Lao PDR was reported by
Avrriaga (2010). the report presents: feasibility study, design,
and analysis of a 2 kW project in the Xiagnabouli province;
estimation simulation of motor as generator to the needed
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value excitation capacitance and induction loads impact in
the system behaviour were regarded as positive approach;
hastening to completion rather than focusing providing
a sustainable electrical service for the village is an error
and; enhancement of mechanical operational and electrical
prediction model simulation.

A study was reported on feasibility analysis of a
complementary power supply system to houses, offices, and
industries using the combination of wind and pico-hydro
turbines (Ehsan et al 2012). The hydro turbine was mounted
along the path of inflow pipe to the storage tank and both
turbines located on a high rise building roof. Pump installed
at the ground floor fills tank with water at a very high velocity
and this pushes the turbine to spin located along its flowing
path. Turbine rotation is transferred via shaft to the generator
that converts the Kinetic energy to electrical energy that
is stored by means of battery. Wind turbine installed also
converts the kinetic energy in wind velocity into electrical
energy and store in the same battery. The study pointed out
that this system eliminates cost of fuel and generates clean
power and eco-friendly environment as advantages.

Standard design procedure development for pico
propeller turbines for local manufacture in developing
countries was undertaken by Simpson and Williams
(2006) in collaboration with Practical Action (ITDG). A
demonstration 5 kW testing turbine was built on a site
in Peru and the turbine design overall performance data
were obtained with computational fluid dynamics (CFD).
The preliminary CFD study results show a low efficiency
rotor design and a mismatch between geometry flow and
site conditions. A simplified manufacturing method was
used to produce a new rotor with acceptable performance.
Comparison of CFD simulations and field test results
showed improvement of CFD modelling and measurement
techniques used at the site.

Investigation of fluid flow pressure and velocity effects
on blades for enhancement of hydro turbine efficiency
were studied by Weerapon and Sirivit (2009). CFD
simulation of pressure and velocity distributions on five
blades of hydro bulb turbine rotating at 980 rpm with
Fluent Software was performed. The large eddy simulation
(LES) model of turbulence flow was used to check impacts
of blade angles on a hydro turbine mounted on the Huai

Figure 1: A production layout model of a pico hydro turbine system

Kum Dam drainage pipeline. The check was done under
the realistic state of irregular and incompressible fluid flow.
Simulation was performed at varying guide vane angles of
60°, 65° and 70° to establish the angle with maximum and
minimum pressure on blades. Fixed simulation conditions
were a 21 m head, a 25° blade twist angle and a 32° blade
camber angle. The simulation results showed 213 kPa,
217 kPa and 207 kPa as maximum pressures at the leading
pressure side for the angles 60°, 65° and 70° respectively,
while —473 kPa, —465 kPa and —581 kPa as minimum
pressures at the leading suction side for the angles 60°, 65°
and 70° respectively. The study concluded that the guide
vane angle affects pressure distribution and hydro turbine
efficiency (Weerapon and Sirivit 2009).

Methodology

In the literature accessed, only a handful of studies have
been done on alternative materials for hydro turbine
blades, especially in the area that this study is focused
on. This study explored a simple design approach in SHP
design and development processes in order to facilitate
rapid and larger involvement of local resources in SHP
schemes. The design process was based on local available
material and manufacturing facilities. Calculus forms of
equations were avoided and simple CAD drafting and
simulation softwares were used.

Hydro turbine design procedures
A simplified model of procedures can be categorised into
twelve sequential steps as presented in Figure 1.

Hydrology: Flow duration curve

There are a lot of considerations to make in the design
of a micro-turbine hydro-electrical plant. Fundamentally,
the flow rate of the water source (river or stream), the
speed, maximum head, turbine type and size must be
considered. However, the maximum head and flow rate
are the determining factors for the others. A hydrological
study provides data for a flow duration curve (FDC), from
which a mean flow rate is established that serves as the
maximum flow rate of the river or stream. Estimation of
a river’s hydro potential is derived from its mean annual
flow record (ESH Association 2010).
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Selection of turbine

The type of turbine to be used depends mostly on two
factors derived from hydrological studies of the river or
stream. They are the net head (H) and the flow rate (Q) of
the river as represented in Figure 2. In general, there are
turbines that are used for high pressure (50 m and above)
and low head (below 10 m) domains for micro-hydro. For
example, Pelton turbines are used for high heads while
crossflow turbine and Kaplan turbine with fixed or movable
are used for low heads. The Francis types of turbine are
used for both high and low heads and have the largest range
of usage in terms of head. It can be used for as low as 10 m
heads for micro-hydro (ESH Association 2010).

Evaluation of characteristics of turbines and

operational conditions

There are four most relevant parameters in turbine design

and these are net head (H,), flow rate (Q), rotational speed

of the turbine (N) and the efficiency of the turbine (7). Two
of these parameters (H, and Q) are hydrological study
data of the water source. Once the flow characteristics are
known, the type of turbine, calculation of basic parts and
the height or elevation above the tailrace water surface that
the turbine will be installed to prevent cavitation can then
be carried out.

In a pico hydropower plant (PHPP) system, the power
generated depends on these variables:

i. Flow rate (Q): This is the volume of water discharged
per second. It is measured in m3/s (S unit)

ii. Head (H): This is the vertical net distance between
fore bay level and turbine level or tail water level and
is measured in metres.

iii. Rotational speed of the turbine (N) measured in
revolutions per minute (rpm)

iv. Efficiency (5): The pico hydropower plant (PHPP) has
high efficiency, 60—-80% (BHA 2006).

Power (P)
This is the energy generated at a given time and is
measured in watts (W) is mathematically expressed as:

P=nxpxgxQxH, @

where: 5 = efficiency (micro = 60-80%, small > 80%);
p = density of water (1000 kg/m®) and; g = acceleration
due to gravity (9.81 m/s?)

For n = 70% equation (1) becomes:
P=6.87xQxH_ (kW) 2

Specific speed

The four basic most significant parameters of hydro
turbine operation as listed above are summed up in by
a sole parameter. This parameter is often referred to
as dimensionless parameter called specific speed (N,)
(Michele 2013, Gummer 2011, Cesar 1983):

_NQ

H 3
Although defined and called dimensionless by most authors,
the value really depends on the parameters and units of

N ©)

Figure 2: Flow rate and head for selection of small hydro
turbines (Paish 2002).

measurement used. It is also being defined in terms of power
and expressed as (Michele 2013, Cesar 1983):

_NVP

H.3
where N = turbine speed (rpm); H, = net head (metres);
Q = flow rate (m®%s); and P = turbine power (kW). The
expression with flow rate is preferred for the calculation
of specific speed.

Turbines with identical geometric proportions have a
specific speed (N,), irrespective of their sizes (Celso 1998,
Hofler and Gale 2011). The fundamental concept of N; is
to ascertain the optimal working conditions for a particular
turbine design. Other useful dimensionless parameters that
are often used to describe the flow rate, speed of rotation,
turbine size and hydraulic head are (Michele 2013):

D

N !

S

@)

V= Nﬁ ®)
__Q
q - Dz\/ﬁ (6)

The parameters are important to relate the performance
of geometrically similar turbines, and are related to the
specific speed:

VW=N§=NS @
k=w \/63 (8)
(aH)}

The specific speed is a criterion that determines the selection
of turbine type and dimension. After determination of
turbine speed (N), the gear box ratio and the generator type
can be selected. Table 1 presents a summary of reference
values of N, for dissimilar hydraulic turbines.

Then the turbine speed in rpm can be determined as:

60
N=¢ @

where w = speed of the turbine in radians.
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Recasting these expressions using units of radians:

-0 (10)
(gH)!
4/ Pm/p
Qsp =n w (11)

where Q; = specific speed; Q,, = power specific speed and;
= turbine speed with units radians/unit time.

The values of specific and power specific speeds are
not dependent on turbine size but on turbine technology
type as shown in Figure 3 (Bryan 2012).

Global hydraulic numbers and turbine parameters

The characteristics of the turbine and operational
conditions are usually defined by three key dimensionless
parameters; flow coefficient or discharge number (@),
energy coefficient or head number (¥) and power
coefficient (1) (Giosio 2015).

For a given head H,, flow rate Q, specific energy E and
angular velocity w the following performance parameters
can be defined Hofler and Gale 2011, Giosio 2015, Antonio
et al. 2008:

Flow coefficient or discharge number, @:

__Q
D= NDI3 (12)
Energy coefficient or head number,
w91 _E
Y= NZDtZ - Nthz (13)
Power coefficient, I (14)
) ) l//eO.ZS 7[045DtE0.25
Specific diameter d,,; ¢, = W = Qs (15)
Lo 2T
Torque number z; 7, = TS T, = QWA (16)
T
Efficiency 77; # = f 19
AT )
7 0.5
Velocity coefficient v; v = ﬁ (18)

where p =fluid density; r,=radius of the blade tip;
D, = diameter of the blade tip and; T = blade torque.

Table 1: A summary of reference values of N, for the types of hydraulic turbines (Michele 2013).

Type of turbine N, Type of turbine N,

Pelton 1 jet 5-10 Francis (“medium”) 33-55
Pelton 2 jets 7-14 Francis (“fast”) 55-80
Pelton (>2 jets) 14-20 Francis (“ultrafast”) 80-120
Francis (“slow”) 15-33 Propeller, Kaplan 75-300

Figure 3: Specific speeds for different turbine technology (Dixon and Hall 2010)
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The blade

The blade is the part that converts the water flow velocity
into momentum that gives the torque that turns the
generator. The blade is made up of the following features:
blade angles, hub and tip diameter, curvature, twist and
spacing.

The flow has both axial and tangential velocity
components and angle of flow relative to the blade called
blade angle (#) moving with tangential velocity (rw)
defined by (Simon 1991):

t _ Vaxial .
anff = ro—V (19);
Q 4Q Q
V.o=x== = (20)
axial A T[( th — th) TE( rtz _ rhz)

where A = area; Q = flow rate and; r, = blade radius; r;, -
hub radius; D, = blade diameter; and D, = hub diameter.
Equating power of turbine to change in momentum:

npgHQ = pOAV, (21)

assuming V,,, =0 at the tail edge i.e. zero outlet swirl/
tangential velocity, then, leading edge, V.., = AV,,, then
equation (8) becomes;

pgH
Via =70 22)
K = (23)
0 \2gH b
Round, Cayng: C,ypng = ?F‘, (24)

where r, = radius of the blade tip and; D, = diameter of the
blade tip.

The force on the blade

The two velocity components on the turbine blade
caused by the flow, tangential and axial velocities,
produce corresponding force components on the blade,
i.e. tangential and axial forces. The tangential force is
responsible for the torque on the turbine shaft while the
axial force makes the turbine shaft experience axial load
(Simon 1991). The estimated axial load on the hub and the
bodies is calculated using the expression of the total head
pressure difference acting on the turbine:

2

= pA = pgHn—- (25)

Faxial

assuming it acts over the entire hub and blade area.

There is always head lost and this affects effective
head, usually less than the total head. This means that
equation (27) was over-estimated. Therefore, the effective
head will be taken as #H. The effective axial force assumed
to be acting across becomes:

DZ
Faxial = nngnTt (26)

Figure 1 is an adapted graph designed by Bohl (1991)

centred on efficient Kaplan turbine can be used to

determine hub-to-tip diameter ratio, K, the tip-to-head

velocity ratio (D,/D,) and the number of blades (Bohl

1991). The ratio of tip velocity and head velocity is an

important parameter in sizing of a turbine. The ratio K,
_ro

K= T29m (27)
where r, = the blade tip radius; w = the angular velocity of
the turbine runner (rad/s) and; K, can be derived from the
graph in Figure 4 based on the specific speed (Simpson and
Williams 2011).

Figure 5 is an adapted graph designed by Bohl
(1991) centred on efficient Kaplan turbine can be used to
determine hub-to-tip diameter ratio, K, the tip-to-head
velocity ratio (D,/D,) and the number of blades (Bohl
1991).
where D, — hub diameter; D, — turbine blade tip diameter
and; r, — blade tip diameter

K = 28

ug \2gH (28)
K, \2gH

from equation (30): r=—g— (29)

where ¢, = central angle shown in Figure 4(b).

Calculation: Pico Kaplan/propeller turbine
The four most significant parameters
Hydrological data

Head (H,) =2.5m

Flow rate (Q) = 0.183 m%/s

Rotational speed (N) = 1000 rpm
Efficiency () = 60%

Figure 4: a) Configuration of the runner blade (Byeon and Kim 2013), b) View of the cylindrical blade sections
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Turbine selection

Figures 2 and 5 were used in the selection of turbine type
and number of turbines respectively. A propeller hydro
turbine with four blades was considered suitable; the green
lines in the Figure 5 refer. Table 2 shows the parameters
required to define the nominal conditions of a hydro

Figure 5: Number of blades functions chart (Michal 2013)

Table 2: Nominal conditions for the turbine design (Figure 5 refers)

t

D
Number of blade, z = 4; 5= 0.35 and; K, = 1.7

turbine propeller. From Table 2, N, = 208 and using this in
Figure 5 (refer to the green lines):

SIN Step Relevant equations Input numerical value input Answer
. . P=589xQxH P=589x%x589x%x25
1  Turbine capacity, P 2.69 kW
N x O 182
2 Specific speed, N, N, = HUP N, = 10002)(5702183 215
3 Velocity, u u= KUQ\IZgH u=17%x+V2%x9.81x25 11.91 m/s
4 The angular velocity of the turbine runner, o ® :% o= % 105 rad/s
K, 2gH VIX9BIXTE
5  The blade tip radius, r, r=—g— r= Lix 250%81 X 2.5 0.113m
6  The blade tip diameter, D, D, = 2r, D,=2x0.113 0.227m
D
7 The hub diameter, D, 5" =0.35 D, = 0.35 x 0.226 0.080 m
t
8  Cross sectional area, A A=7{D?-D}) A=7x(0.226?~0.079?) 0.035 m?
. . _ 4Q _ 4x0.183
9  Axial velocity, Vi Vi = (D7~ D) Vi = 7% (0.226% — 0.0797) 5.20 m/s
Flow coefficient, @ _Q ___ 0183
10 &= ND? P =7500 x 02267 0.0159
11 Power coefficient, I” r= P I= 2.69 4.6x10°
' pN3D? 10° x 1000° x 0.226° )

- ; __gH __981x25 4

12 Energy coefficient, ¥: = N‘D? Y= 10002 x 0 2262 4.8x10
2 2

13 Axial force on the blade, F,, F o = PEH 7 Fo.= 1000 X 9.81 x 2.5 x 7 0-2427 996 N
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Dimensionless performance parameters
Three dimensionless performance parameters, flow
coefficient (@), power coefficient (2) and energy
coefficient (%) were computed in Table 3 to establish their
relation with operating parameters. The computation was done
at constant head, H (3 m) and rotational speed, N (500 rpm).
Figures 6 and 7 represent dimensionless flow
coefficient and power coefficient, both at constant
rotational speed, respectively.

Blade model and simulation: Static analysis — Effects
of axial force

The computer-aided design software, AutoCAD, was used
for the drafting and dimensioning while Solidworks was
used for the simulation to determine a suitable thickness.
A 3 mm blade thickness gave satisfactory results and the
propeller blade model is shown in Table 4 and Figure 8.

Material selection

As noted in the introduction, the level of manufacturing
systems in sub-Saharan Africa is still too low to support
the fabrication of some complex parts in terms of shape,
composition, availability and the difficulty in working on
certain materials. Presently, the best blade manufacturing
process is fabrication or casting from stainless steel materials
such as SS(16Cr5Ni), SS(13Cr4Ni) and SS(13Cr1Ni) (IEC
1991, Priyabrata et al. 2013). The foundries in the region
cannot provide these materials adequately, or are unable to
work on such materials and the costs are also an issue. The
quest for alternative materials is vital to increase electricity
access in the region. The blades need to be designed for
strength, toughness, hardness and corrosion, cavitation-
resistant and density. In this study, aluminum alloy, 6010-T6,

Table 3: Dimensionless performance parameters

was considered, based on aluminum availability, cost and
manufacturing facilities in sub-Saharan Africa. The properties
of aluminum alloy, 6010-T6 are given in Table 4.

A summary of the simulation mesh results is
contained in Table 5. The material selected for the blade
is Aluminum 6010-T6 alloy and this choice was based on
aluminum availability, cost and the level of manufacture
infrastructure in the region.

Study results
The highest stress 5.037 e + 005 N/m?) was obtained at
nodal point number 11063, as shown in Figure 9 and Table
6, which is a point in the fillet between the blade and hub.
Aluminum 6010-T6 has a yield strength of 2.75 e + 008
N/m?, which exceeds the highest stress recorded. This
validates the design as failure free.

The lowest factor of safety was noticed at nodal
number 11603, as shown Figure 10, which is the point
where the highest stress was measured.

Conclusion

The study presents the use of a SHP scheme as a viable

method to increase access to electricity in sub-Saharan

Africa and the sequential design steps of hydro turbine

were discussed. Simplified mathematical expressions

required for low head pico hydro turbine design were
tabulated and used to calculate nominal operating
parameters of a propeller turbine.

The study is of the view that:

i. Small hydro power (SHP) technology should be
popularised for rural areas, industrial estates and
standalone electrification provision rather than the
national grid.

P (kW) Q (m%/s) N, K z D, (m) D, (m) P ¥ I

2 0.2 98 0.012 7 0.090 0.18 0.0630 0.0686  3.60x10°  0.0423
4 0.3 120 0.011 6 0.083 0.166 0.0581 0.1336  4.30x10°3  0.1269
6 0.4 139 0.010 6 0.075 0.150 0.0525 0.237  5.20x10°  0.3160
8 0.5 156 0.009 5 0.068 0.136 0.0476 0.4064 6.40x10°  0.6878
10 0.6 170 0.008 4 0.060 0.120 0.0420 0.4877 8.20x10°  1.6075

Figure 6: Plot of tip diameter against flow rate

Figure 7: Plot of tip diameter against power
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ii. To boost power sustainability, countries of sub-
Saharan Africa need to build human and infrastructure
capacities that will support the local manufacturing of

SHP plants and components in the region.

iii. Increase in local contents in the manufacture of SHP
equipment will reduce the cost of power projects as

against the present cost situation.

iv. The ability to design and manufacture will fix
operation, maintenance and availability problems and

jobs will be created.

Table 4: Material properties

The study found that a four-blade propeller with an
outer diameter of 0.226 m and a hub diameter of 0.079 m
was appropriate for a low head hydro turbine of 2.61 kW.

Simulation revealed that aluminum alloy 6010-6T
shows good performance in terms of strength and density.
However, the studied observed that hardness needs to be
enhanced and suggests that reinforcement material should
be introduced to the alloy matrix to form a composite.

Model reference Properties

Volumetric properties

Name: 6061-T6 (SS)
Model type: Linear elastic isotropic Volume: 0.000417024 m3

Default failure criterion: Unknown

Yield strength: 2.75 x108 N/m?
Tensile strength: 3.1 x108 N/m?

Elastic modulus: 6.9 x10'° N/m?

Poisson’s ratio: 0.33

Mass density: 2700 kg/m?®
Shear modulus: 2.6 x10%° N/m?
Thermal expansion coefficient: 2.4 x107° /Kelvin

Mass: 1.12596 kg

Density: 2700 kg/m?®
Weight: 11.0345 N

Figure 8: The blade model

Table 5: Mesh information

Mesh type Solid mesh Total nodes 17 339
Mesher used Standard mesh Total elements 10 141
Automatic transition Off Maximum aspect ratio 35.476
Include mesh auto loops Off % of elements with aspect ratio < 3 78.5
Jacobian points 4 Points % of elements with aspect ratio > 10 2.04
Element size 7.47305 mm % of distorted elements (Jacobian) 0
Tolerance 0.373652 mm Time to complete mesh (hh:mm:ss) 00:00:03
Mesh quality High

Table 6: Von Mises stress

Name Type Min Max
. : 13 804.1 N/m? 4.941x10” N/m?
Stress VON: von Mises stress Nodes: 12 293 Node: 1141
. . - 0mm 0.00763475 mm
Displacement URES: Resultant displacement Nodes: 107 Node: 687

Strain ESTRN: Equivalent strain

2.28658x107°
Elements: 4 201

3.37997x10°¢
Elements: 6 732
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1.976 = 10* N/m?
5.037 = 10°

1.010 < 10° N/m?

1.282 = 10° N/m?

4.260 = 105 N/m?

1.382 = 10?

1.973 = 10° N/m?

Figure 9: Von Mises nodal stress

5.872 = 108

1450 < 104

1.638 = 108
7.780 ~ 10°

6.453 = 10%

1.786 = 103

B.691 = 10°

Figure 10: Depiction of factors of safety
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Abstract. This paper discusses the main Functionally Graded Materials (FGMs) and their bulk
fabrication techniques, their development, principles and applications. The fabrication processes
considered include powder metallurgy (PM), sintering, sgueeze casting, infiltration process,
compocasting, centrifugal casting, stir casting, material prototyping. The paper provides an
overview of the FGM processing parameters including reinforcement particles size and volume %,
temperature, pressure (for PM), and stirrer and mould rotational speeds (for stir and centrifugal
casting processes respectively). The paper notes that the FGMs are widely used in the following
sectors: automotive, medical, aerospace, aviation, nuclear energy, renewable energy, chemical,
engineering, optics electronics etc.

I ntroduction

This paper focuses on the concept of bulk functionally graded materials (FGMs) production
technologies of aluminium alloys and composites, their processing parameters and applications.
This study reviews the past and present status of major bulk FGMs production techniques. The am
isto identify smple and cheap methods of production that can enhance the mechanical properties of
aluminium alloys for hydro turbine blade production. Aluminium deposits are vast in sub-Sahara
Africa and their alloys can be sourced locally. Hydropower technologies can help in tackling the
perennial power problems in the region.

Functionally Graded Material (FGM) is a group of composite materials that have exceptional
properties due to exploitation of the individual properties of the constituent materials. The materias
are characterised by gradual transitions in material composition and microstructure in a specific
direction [1, 2]. The possibility of manipulating the constituent materials of a FGM to meet
functional requirements, makes this group of materials unique [3]. However, this class of advanced
materials also occur in nature. Materials such as bone, teeth etc. are examples of FGMs that occur in
nature [1]. Fig. 1 shows the path of modern materials, starting from base natural materials to FGM.
The concept of FGM was modelled from nature in the quest to solving engineering problems [4].

Pure metals have little significance in engineering applications due to their deficiencies related to
functional requirements. Quite often the requirements are conflicting and this occurrence makes
most material in their natural form less valuable from an engineering point of view. For instance, a
part may require hardness and ductility to function properly in a given working environment. It is
more or less impossible to have such a material existing naturally. In this kind of situation, two
different materials may be combined with each having one of the required properties. The combined
materials could be metal and metal, metal and non-metal or non-metal and non-metal, and during
merging they may be in the same state or not. The properties of the parent material are the
summation of the properties of the different materials that are combined. Table 1 shows various
forms of material combination that can be made, and their limitations [5].

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (#70367132, University of Illinois, Urbana, USA-10/10/16,01:28:59)
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Figure 1: Order of modern material pattern as regards to FGM
Table 1: Production of engineering materials by materials combination [5].

Method Combination Limitation
of Materials
Alloying Molten state  Thermodynamic equilibrium limit (limit to which a
material can dissolve in another material)
Powder Powder Intricate shapes and features, porosity and strength,
metallurgy
Composite Solid Delamination (separation of fibres from the matrix at

extreme working condition). This can happen for
example, in high temperature application where two
metals with different coefficient of expansion are used

FGMs have properties that are functions of location in the material as represented by Fig. 2.
These properties include chemical composition, microstructure, and atomic arrangement.

Figure 2: Functionally Graded Materials.

This group (FGM) of engineering materials evolved from composite materials. Composite
materials belong to advanced engineering materials which are usualy formed by two or more
different materials in solid forms. These different materials that form composite material have
individual chemical and physica properties. Composite materials offer better properties in
combined form than the materials in their individual state. However, composite materials fail in
certain harsh working conditions such as high temperature. These harsh conditions cause the fibres
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to disintegrate from the matrix and this failure process is called delamination [4, 6]. Functionally
graded materials can be divided into two broad groups namely [2, 5]:

i.  Thin FGM - Thin FGMs are relatively thin sections or thin surface coating, produced by
physical or chemical vapour deposition (PVD/CVD), plasma spraying, self-propagating high
temperature synthesis (SHS) etc.

ii. Bulk FGM - Bulk FGMs are produced using powder metallurgy technique, centrifugal
casting method, solid freeform technology etc.

Historical Background

Evolution of FGMs. The FGMs were initially introduced as a class of advanced composite
materials with a single continuous or discontinuous inclination in terms of microstructure and
composition as shown in Fig. 3 [7, 8]. The FGM chemical and physical properties change trend is
3-dimensional [9]. Although, severa theoretical works were carried out and reported on FGMs in
the 1970s, the influence of these studies was not great due to inadequate and suitable manufacturing
techniques. The development of present day FGMs started in 1972 in relation to the study of
composites and polymeric materials when Bever and Duwez investigated the properties of global
material and re-examined the potential use of graded composites [10, 11].

(a) (b)
Figure 3: Type of FGM structure: (a) continuous and (b) discontinuous [12].

Shen and Bever submitted that variation of the chemical pattern of monomers, supramolecular
structure or morphology and the molecular constitution of the polymers may influence the
graduation of polymeric material. In this study, the material properties of chemical, mechanical,
biomedical and transport and their applications were discussed. However, the study did not consider
design, production and appraisal of the gradient of the structure [10]. The evolution of modern day
FGMs started in the mid-1980s when Japanese engineers encountered difficulty is finding a
material for a particular barrier in a hypersonic space plane project. The thermal working condition
requirements for the barrier were 1000 K inside temperature and 2000 K outside temperature with a
thickness less than 10 mm. This material necessity pushed the engineers to come up with FGM
[13]. Thefirst national symposium on FGMswas held in Sendai, Japan in 1990 [14].

FGM technology was a popular programme from 1987 to 1991 in Japan and numerous
production techniques were advanced for FGMs processing. These initial manufacturing processes
include chemical vapour deposition, self-propagating high temperature synthesis (SHS) self-
propagating, plasma spraying, powder metallurgy and self-propagating high temperature synthesis
(SHS) and galvanoforming. From 1991 to the present many new techniques have been developed
and used. FGMs fabrication methods have been categorised differently by authors. In 1999,
Miyamoto et al. classified the manufacturing processes into four main categories; melt, layer,
preform and bulk processes as shown in Fig. 4 [15]. The delamination problem that is associated
with composite materials was eliminated in FGMs. The sharp interfaces that are mainly responsible
for the failure in composites were substituted with gradient interfaces resulting in smooth transition
between the materials in contact [4, 16]. In 1985, the application of continuous texture control was
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introduced. This was to enhance binding strength and reduce the thermal stress present in ceramic
coatings and joints being prepared for recycling in rocket engines [13].

The FGMs concept spread to Europe and it has become a popular manufacturing process in
Germany. A transregional Collaborative Research Centre (SFB Transregio) was established in
2006, funded and mandated to exploit the potentials of thermomechanically coupled manufactured
graded monomaterials such as aluminum, steel and polypropylene [17].
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Figure 4: Classification of FGMs fabrication methods

Functional graded aluminium alloy matrix composites (FGAAMCs), Concepts and their
Fabrication Techniques

The combination of aluminium alloy and ceramic material processed by certain techniques such as
squeeze and centrifugal casting processes form functional graded aluminium aloy matrix
composites (FGAAMCSs). The industrial application of FGMs is increasing rapidly in automotive,
aircraft and aerospace [18-20]. This interest is orchestrated by the possibility of determining the
chemical and physical properties through manoeuvring of microstructure. It is possible in the FGM
manufacturing process to have a material with high wear resistance at a high temperature. For
example, this can be achieved by reinforcing the matrix with adequate distribution of ceramic
material along the mass of the part with the required bulk toughness kept intact [21]. Many
investigative works have been performed on FGMs using aluminium matrix alloys and ceramic as
reinforced materials. Examples of metal matrix materials are aluminum, brace, bronze, titanium and
magnesium. Regarding reinforcements, the most common used are nitrides (BN, ZrN, TiN),
carbides (SIC, TiC, ZrC), borides (ZrB,, TiB,, SiB,), oxides (Al,O3, MgO, TiO,, Zr0,), silicides
(MoSi,) and fine particles of various intermetallics (FesAl., FeAl, NiAl, NizAl, TisAl., TiAl) [22].
FGMCs of Al/SIC, have shown a lot of potential as engineering materials and have attracted
material scientists and engineers. Since the Japanese engineers breakthrough in the hypersonic
space plane project in the 1980s till now, researchers have been investigating different aspects of
FGMs, from characterisation of FGMsto their production techniques and applications.

There are various methods of manufacturing FGMs and an overview is presented in Table 2.
These methods are physical and chemical in form. The method to be applied depends on the type of
the materials, available manufacturing equipment for FGMs and potential application [23]. The
methods of FGMs production have witnessed tremendous development in the past two decades.
This dynamism has led to the emergence of severa attractive engineering materials with striking
properties that have been applied in different sectors such as automotive and aviation sectors. The
production methods are broadly categorised into as follows [9]:

Constructive process — this process involves total automation of the management of the
compositional gradient through piling of more than one set up material selectively until a stratum of
layer formation is created. This method alows for alarge layer.
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Transport based process — This process is suitable for cases were movement of materials is
based on natural occurrence to form microstructural and compositional gradients during
manufacturing of FGMs. The dynamism in FGMs manufacturing technologies is rapid and the
classification is presented in Table 2.

Table 2: FGM fabrication methods and their applications [24-27].

Method Type Group of
FGM

Vapour Chemical vapour deposition (CVD) and Thin surface

deposition physical vapour deposition (PVD) coating

technique

Powder Sepwise Compositional Control: powder Bulk

metallurgy (PM)  stacking, sheet lamination and wet powder

Spraying

Continuous Composition Control: Centrifugal
Powder forming (CPF), impeller dry blending,
centrifugal sedimentation, electrophoretic
deposition and pressure filtration / vacuum slip

casting
Melting Centrifugal casting, sedimentation casting Bulk
processes infiltration processing thermal spray processing
Material Laser based processes: laser cladding, melting,  Bulk

prototyping/solid  laser sintering, selective 3D-printing and

freeform (SFF) selective laser

Fabrication

Other methods plasma spraying, electrodeposition, Thin coating
electrophoretic, ion beam assisted deposition
(IBAD), self-propagating high-temperature
synthesis (SHS)

Powder Metallurgy (PM). Powder metalurgy (PM) is a metal manufacturing process that
makes semi-finished or finished components from mixed or alloyed powders. This process involves
the following steps. production of powder metal, metalloids, metal alloys or compounds; blending
and mixing of powders, compaction; sintering; and, in some cases, repeating the operation [9, 28,
29]. PM, therefore, is the production and exploitation of metal powders. Particles whose size is less
than 100 nm (1 mm) are referred to as powder [30]. Metal powders attributes depend on the
following parameters. particle shape and size, particle size distribution, compressibility, apparent
density, and flow rate. PM is known to be cost effective in the production of complex-shaped
components as it minimises the application of secondary operations such as machining.

Notwithstanding the exceptiona qualities of PM processes, porosity, production of parts with
complex shape and features, and high strength are challenges [31]. There are poresin aimost all of
the PM parts and this has both advantages and disadvantages. One of the advantagesis being able to
produce self-lubricating bearings. The pores that are linked to the surface are impregnated with oil.
However, the presence of voids in a part has serious effects on the thermal, mechanical, magnetic,
physical, wear, and corrosion behaviour of that part [30]. The design engineer is always interested
in material’s elastic constants such as Young's modulus (E), shear modulus (G), and Poisson’ s ratio
(v). PM elastic constants are related by equation (1):

E=2G(1+v) (D
Beiss shows arelation between density (p) and Y oung’s modulus (E) in equation (2):

E= Eo[pﬁJ )
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Where E, is the pore-free material Y oung’s modulus, and p, is the pore-free material density and
m is the exponent which is pore dependent, and ranges from 2.5 and 4.5.
Also, the PM materials mechanical properties are afunction of the density [32, 33].

P (oY)
Fi,_(pj )

Where, P isthe interest property, P, is the pore-free material value, p isthe material density, pois
the pore-free material density, and m is an exponent the value of which depends on a given
property.

PM is atechnology that has a wide diversity in the manufacturing of automobile parts. In 2015
the Meta Powder Industries Federation (MPIF) PM received an award for excellence in design
[34]. Some of the outstanding works listed in the award are: carrier and one-way rocker clutch
assembly by GKN Sinter Metals, sector gear and fixed ring by Cloyes Gear & Products Inc.;
variable valve timing (VVT) rotor adaptor assembly by GKN Sinter Metals; helical gear and spur
pinion by Capstan Atlantic; powder metallurgy aluminum camshaft-bearing cap by Metal Powder
Products Co., etc. Powder metallurgy is one of the key methods in the fabrication of functionally
graded auminium alloy and its composites, and several academic and industrial researches have
been performed on this methodol ogy.

Cylindrical specimens of iron powder-based graded products made from Distaloy SE powder
having regions with varied carbon content, sintered by two methods, were investigated [35]. The
sintering methods used are pressureless sintering and pressure-aided sintering, called Spark Plasma
Sintering (SPS). Arising from this study, it was observed that:

i.  Sintering by means of the SPS technique produced dlightly lower shrinkage compared to

conventional sintering.

ii.  Microstructural studies of the manufactured products showed similar morphology of pores,
with minor consequence of sintering techniques and parameters on pore size distribution.

Iii.  The SPS sintered products showed an increased number of large pores, compared to the
conventional method.

iv. ~ The SPS method cooling rate influenced the formation of numerous areas with bainitic
structure causing an increase in outer layer hardness.

Investigative work was performed on the production of AlS aloy with carbon nanotubes
(CNTs) reinforcement for the purpose of obtaining FGM for engine piston ring applications.*®
Wear and fatigue have been cited as the magjor cause of piston ring failure. FGMs fabricated by the
PM process was seen as a solution to this problem, but existing manufacturing methods could only
build cylinder specimens with limited gradients [37, 38] as cited by [36]. To address these
limitations, new equipment was developed and then used to obtain an optimised AlISi-CNTs FGM
for this purpose. This equipment permits the formation of varied continuous powder distribution
along a given side of the sample. Various mechanical tests were carried out and discussed and
including ultimate tensile and yield strengths, fatigue limit performance, tensile strain, and wear
resistance tests. The results show that [36]: hot-pressing technique is good for the fabrication of
AlISI-CNT FGM,; the piston rings show varied gradient, about 2 wt.% of CNTs on the inner surface,
0 wt.% of CNTs in middle and 2 wt.% of CNTs on the outer surface of piston ring; AlSI-CNT
FGMs provide better mechanical performance compared to AlISi unreinforced aloy; and,
considering cost effectiveness, CNTs 2 wt.% gradient outer surfaces was considered best for piston
ring material.

Sintering Process. Sintering is a PM consolidation process which is carried out alongside with
the compaction process of FGM using hot pressing. Examples of sintering methods are spark
plasma sintering (SPS), high frequency induction heating and electric furnace heating. The SPS
sintering method was used in the production of HAP/Ti FGM and it was useful in stress relaxation
of FGM [39]. Porosity is a measure of sintering effectiveness and sintering models have been
created and analysed. Other factors that influence the behaviour of FGM fabricated by sintering
methods are time, sintering atmosphere, temperature, and the isostatic condensation [40]. A study
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on porosity using a sintered nickel/alumina (Ni/Al203) FGM revealed that porosity is directly
related to the rate of shrinkage. Further, the study shows that a porosity reduction model is used to:
check quality of particle-reinforced metal-ceramic FGM and predict changes in porosity reduction
in particle dispersion development of FGMs [41, 42].

PM methods are continuously undergoing appraisal and modification for cost effectiveness,
quality and suitability. According to Kieback et al. PM includes sedimentation, plasma spraying,
electrophoretic deposition, dlip casting, powder stacking, etc. as current FGMs manufacturing
methods [37]. However, some of these methods produce sharp interfaces which lead to thermal
expansion mismatch and residual thermal stresses. An example of such a PM method is sequential
dip casting [43], but Po-Hua used sedimentation and vibration to scale up the production of
aluminum and high-density polyethylene (AI-HDPE) FGMs to avoid thermal expansion mismatch
and residual thermal stresses [44].

Squeeze Casting. Ghomashchi and Vikhrov in a review study categorised four basic steps in
sgueeze casting fabrication of FGMs:. pouring of a calculated molten metal into the mould; closing
the mould, pressure application; and, cast gection [45]. However, there are other fundamental
processes that are essential for quality squeeze casting. Other steps in the squeeze casting process of
aluminium matrix FGM production include melting a specified metal, degassing, preheating of
mould, pouring, and pressing. Regarding ceramic-metal functionally graded composite fabrication,
further steps are particles preheating, addition of particles to the molten metal and stirring of the
mixture.

The sgueeze casting method produces finished or nearly finished castings with minor post
production processes so as a result is considered to be a near net-shape manufacturing route. The
pressure on the metal is released after solidification is completed. The applied pressure in squeeze
casting enhances the bonding force between the matrix and the reinforcement, the wettability and
solidification rate [46, 47]. Applying Clausius-Capeyron's expression in equation (4) to a
metall ostatic pressure as high as 200 M Paincreases the melting point of the metal [48]. Epanchistov
stated that the eutectic point in the A-Si structure changes to a higher silicon content.!*”

AT, _T, Vi -V,) 4
AP AH,

Where T = equilibrium freezing temperature; V, and Vs = specific volumes of the liquid and
solid, respectively; and AH¢ = latent heat of fusion. A rough estimate of the effect of pressure can be
determined by considering the liquid metal as an ideal gas and replacing the thermodynamic volume
equation to have equation (5):

~AH,
P:F{)exp( T j ()

f

Where P,, AH; and R = constants.

Numerous research studies have been conducted in different parts of the world on aluminium
and magnesium related metal matrix composites (MM Cs) fabricated by the squeeze casting method.
Over 700 journa articles published on MMCs research was reported in 2000 [45, 50]. The annual
growth of the application of squeeze casting in aerospace, automotive, sport and leisure was put at
12 +15%[51].

Infiltration Method. Infiltration is the process of metal matrix composites (MMCs) fabrication
by means of gecting a molten metal at a high pressure into a porous preform. Infiltration involves
two stages: initiation of flow depicted by the dynamic wetting angle, and advancing the flow in the
capillaries of the preform. The infiltration pressure threshold, Py, according to capillary law is[52]:

Vp
F% = 6&7/” COSH(WJ (6)

Where 6 is the contact angle; 4 is the geometry depended factor; y, is the tension of liquid-
vapour surface; D isthe mean diameter; and V, is the volume fraction of the particulates.
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The combination of squeeze casting and infiltration involves preform. The fabrication of a
preform has these basic steps: liquid powder processing, pressing and shaping and sintering of the
preform. The principle behind preform is the blending of a ceramic powder slurry with a sacrificial
organic pore forming agent (PFA) that is pyrolysable. The mixture is then pressed and heat treated
to pyrolyse the PFA to form preform pores. Preform processing parameters include a pore forming
agent (PFA), green sintering temperature and green pressing pressure. Cellulose particles (PC) and
carbon fibres (PF) are examples of PFAs. Table 3 shows some PFAs and their sintering
temperature.

Table 3: Sintering temperatures for different preform formation [53, 54]

Ceramics Poreforming Sintering
additives temperature (°C)

AO PF 1500

AO PC 1600

Al,O3 Glassy frit binder (AG) 1000

The study of the behaviour of FGMs characterised by pure aluminium reinforced with Al,O3 (50
% volume) and B4C particles with an average diameter of 30 um was conducted. The composites
were fabricated by pressure gas infiltration. The study observed that during monotonic loading, the
composite materials measured 25 % elongation to failure; the ultimate tensile strengths recorded
were 120 MPa and 200 MPafor Al-Al,O3; and Al-B4C composites respectively; the tensile failure of
Al-Al,O3; was due to particle fracture while matrix porosity was responsible for the failure in Al-
B4C. Degradation of Young modulus, and density decrease were used to measure the interna
damage propagation. In another experiment, ceramic preforms with the same porosity level were
produced by sintering of RA-207LS Al,O3; powder [55]. The preforms porosity were based on
polymer matrix cellular structure. Two types of pressure sources were used: pressure-vacuum
infiltration (T = 720 °C, p = 15 MPa, t = 15 min), and gas-pressure infiltration (GPI) in an autoclave
(T = 700 °C, p=4 MPa, t = 5 min). The study concluded that: ceramic-metal composites with
interpenetrating of phases resulted from the two infiltration methods; GPI provided a higher degree
of infiltration; and, better composites were obtained from preforms with the smallest pores. The
flow of metal within the preforms depends on capillary size; the pressure variation along the
capillary length; the metal liquid state preserving time within the capillary; and, the alloy viscosity
dynamic. The study added that the composites produced by the GPI method are characterised by
compressive strength, higher hardness, and an increase in Young's modulus. Fig. 5 shows the GPI
set up.

Gas Pressure Infiltration

Muolten mezl Pressurered gasi Nz

ii’!*:*'i?:',?.’*'i;'iﬂ’*'i?Lﬁ“?”ﬁi'-é i

Prefiorm Mlital Matnx Composiie

Figure 5: Schematic of GPI set up

Centrifugal casting. The fabrication of FGMs by the centrifugal casting technique involves the
filling of a spinning mould and the cast is allow to solidify before rotation is stopped [20, 56]. The
rotation creates centrifugal force that pushes the molten metal against the wall of the mould to
produce the desired shape. This technique was first used by Dimitri Sensaud Del avaud, a Brazilian
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in 1918 [56]. The method is used in the casting of metal such as functionaly graded materials
(FGMs), dlloy steels, corrosion- and heat-resistant steels, aluminum alloys, copper aloys, etc. It
also used in the production of non-metal such as ceramics, plastics, glasses, and practicaly every
material that can be melted into liquid or dlurries. In centrifugal casting of hypereutectic alloys such
as A390-5%Mg, the outer periphery will be afibrous form of silicon. The large primary silicon and
large a-aluminum dendrites will migrate to the inner region since they have almost the same
density. In the case of particles and dlurry, the particles will migrate to the outer region. For a
dlurry-durry system, the heavier slurry with the higher density will move towards the mould wall.
The magnitude of the segregation depends on the speed of rotation. The force generated equation
and other common basic expression in centrifugal casting processis as follows:
The angular velocity, o;

ooV 2ZN -
r 60
Centrifugal force, Fc, acting on the particle of mass m at distancer;
2n12
F. =mo’r = m& N
3600 (8)

Theratio of centrifugal force to gravitational force, G, can be ssmplified as;

G:i: rw’ :L(Zﬂ'NJ

Thornton recommends 50 G to 100 G range of speed for metal mould and 25 G to 50 G range of
speed for sand cast mould. Speeds that are too high can cause hot tears to outside surfaces and
excessive stresses [57]. The magnitude of centrifugal force possessed by particles in a molten metal
depend on the density and size of the particles. The denser and larger particles migrate to the mould
wall. The Stokes equation is used to explain this process for spherical shaped particles as in
equation (10).

2
V= d (pp p|)g (10)
18u

Where v is the particle velocity; d is the diameter of the particle; p, is the particle density; p) is
the molten metal density; g isthe gravitation force; and, u is the viscosity of the molten metal.

The centrifugal method can be categorised in different ways. it can be based on mould
arrangement and mould angle inclination to either vertical or horizontal planes [56]; and, it can be
according to liquidus temperature of the matrix alloy. There are two types of centrifugal methods of
fabrication by liquidus [58]. The ex situ or solid-particle centrifugal method involves temperature
below the liquidus temperature of the matrix material and addition of pre-fabrication reinforcement
to the liquid matrix metal by infiltration, vortex or casting method; and the centrifugal in situ
method which involves temperature above liquidus temperature of the matrix and the reinforcement
is precipitated in the matrix melt during cooling and solidification. The in situ method advantages
compared to the ex situ technique, namely, good wettability, homogeneous distribution of
reinforcement and reinforcement materials, and thermodynamic stability in the matrix alloy [59,
60].

Although many metal-ceramics FGMs have been developed by the centrifugal method, it is still
in the development stage because of the inadequate knowledge of particle distribution and control
[61]. The significant processing parameters for gradient microstructure control are: mould
temperature; crucible temperature; pouring rate; thermal gradient through the mould; velocity of
mould rotation; solidification rate etc. Temperature circulation is difficult to estimate during
centrifugal casting due to the mould’ s fast rotation during pour and solidification. A schematic of a
vertical centrifugal casting machineisshownin Fig. 6.
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Figure 6: Schematic of avertical centrifugal casting machine

Presently, the centrifugal casting method is one of the cheapest and simplest FGM fabrication
methods. Gravity or centrifugal casting is the most economical to run [61]. The properties of a
material depend greatly on its microstructure. Centrifugal process parameters are used to
manipulate microstructure formation. Centrifugal technique processing parameters include pouring
and mould temperatures, speed of mould rotation, and particle size. The application of this method
is vital in the fabrication of disc, ring, and pipe components and as result it has attracted severd
academic and industrial research grants.

Gomes et al. carried out a comparative analysis between the wear behaviour of Al - SC, FGM

and homogeneous Al - Si - Mg-20%SiCp composite [62]. They were subjected to the dlide the
nodular cast iron (NCI) and the Pin-on disc tests without lubrication using 5N as normal load. The
study revealed that Al - SIC, FGM has lower wear coefficient than that of the homogeneous
composite. This was attributed to the effects of SIC particles which serve as |oad-bearing elements.
This shows that the presence of reinforcement particles in the matrix alloy enhances the wear
resistance. However, it was demonstrated in other studies that the ratio of the matrix to
reinforcement has a threshold that should not be exceeded. Exceeding the threshold can cause
severe failure in the FGM matrix/reinforcement interface [63, 64].

Ramadan and Omer in their study produced functionally graded aluminum matrix composite
(FGAMC) through the centrifugal casting method. In the FGAMC formation, Boron 1.2 % to
1.85 % by weight was dissolved in molten aluminum at 1400 °C through the addition of AlIB, flake
of 2.71 % to 4.20 % by weight. Centrifugal casting was carried out at 800 °C. It was reported in the
results that two dissimilar regions were observed without smooth gradient as shown in Fig. 7, a
zone (outer) with AIB; surplus and a zone (inner) with AlB, deficit. Further, the achievement of
64 % hardness and strength increase through the increase of reinforcement particles at the outer
zone was reported [65].

Figure 7. FGMMC Microstructure of AIB2/Al (a) internal area and (b) external area[65]

Three samples of functionally graded rings were produced from aluminum A390 as a meta
matrix alloy using centrifugal casting method by Rahvard et al. The three rings of A390 aloy had
different amounts of Magnesium (Mg) of 0 %, 6 % and 12 % of weight Mg respectively. The
effects of Mg volume variation on their mechanical and microstructural properties were investigated
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in the samples of the metal matrix. This was used to know the particles distribution in the matrix
aloy. Also examined was wear resistance by the three ring samples and a comparison analysis was
made. It was observed in the work that [66]:

i.  The characteristics of A390 ring reinforced without Mg has the Si particles distributed in
both inner and outer areas. This particle arrangement was attributed to the density of the
primary Si being lower than that of the metal matrix alloy. This density difference will cause
the particles to drift towards the inner region. However, the highest hardness was recorded
in the outer region.

ii.  The second sample which is A390 alloy with 6%Mg displayed different particle distribution
performance. The density of M@,Si is far lower than the auminum alloy liquid density. The
difference in densities causes the Mg,Si particles to move to the inner region with a higher
velocity. Subsequently, a distinctive ateration between the zones is obtained. It was
reported that the inner region performed better in terms of hardness and wear resistance.

iii. ~ The third sample was 12%Mg ring with Mg@,S as primary Mg,S reinforcement. The
distribution was observed almost throughout the entire cross-section except for anarrow free
reinforcement zone of 2mm thickness. The external layer was reported to possess the best
performance for hardness and wear resistance.

The study of processing parameters like G number, caster and casting atmosphere influences on
the cooling rate and microstructure formation were examined by Hisashi, Y oshimi and Y uko [67].
Samples of Al-Al,Cu FGMs were produced through the centrifugal casting method at different
casting conditions. The process parameters used were reinforcement volume fraction, pouring and
mould temperatures, G number, mould diameter, degassing method, and cooling method. For
experimental control and comparative analysis of the vacuum centrifugal casting, gravity casting
was explored with the process parameters. Rod-shaped and pipe-shaped Al-Al2Cu FGMs were
produced by two kinds of vacuum centrifugal casters from Al-33mass%Cu eutectic alloy. Also, the
distribution of lamellar spacing in the FGMs was evaluated. The study revealed that:

i.  The composition and microstructure in both rod-shaped and pipe-shaped FGMs samples
were position dependent in the samples which are defined by production parameters such as
cooling rate.

ii.  The samples of FGMs produced under vacuum show a comparatively abrupt profile of
distribution of the Al,Cu volume fraction compared to samples produced under atmospheric
gas. Thiswas attributed to cooling rate distribution.

iii.  There was a homogeneous distribution of cooling rate in smaller samples of FGMs
compared to the larger samples. It was reported that G number and atmosphere influenced
the cooling rate distribution and size of sample.

iv. It wasobserved that lamellar spacing is afunction of position.

Babu et a. developed anaytical theory used for two-dimensional dynamics simulations to
engineer metal-ceramic FGM for a preferred composition gradient employing the centrifugal
casting technique.® This work modelled the movement of ceramic particles in molten metal under
centrifugal force and the combination of effects of solidification. The centrifugal method was used
to produce FGM rings from the mixture of aluminum and silicon carbide (SIC) particles.
Experimenta results were to validate the simulation technique and then recommended for FGM
composition gradient.

Material Prototyping or Solid Freeform (SFF) Fabrication Method. The dynamics of
Materia Prototyping or Solid Freeform (SFF) Fabrication Method method of material fabrication is
very fast and has taken the centre stage of FGM production. Its benefits include production of
complex shapes, fast production speed, material optimisation, not energy intensive, and fabrication
of parts directly from CAD STL file. Five stages are involved in this method: CAD model data
generation; CAD model data conversion to Standard Triangulation Language (STL) file; STL
dlicing into two dimensional cross section profiles; layer by layer deposition of component; and,
removal and finishing operations [68, 69]. SFF technologies come in various types used in the
fabrication of functionally graded materials. Prototyping technologies are still evolving with poor
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surface finish and dimension accuracy challenges and current research efforts are being directed to
these challenges.

Stir Casting. Stir casting simply means the blending of the melted matrix and particles before
pouring the mixture into the mould as depicted by Fig. 8a. Thisis an aspect of the casting process
that is vital for quality casting of FGAAMCs by melt casting. Stirring is employed to add and
disperse the particles into the molten metal and to suspend the particles in the slurry. The
introduction of particles into the matrix melt is an important step in FGMM Cs fabrication and there
are different methods to do this. These methods include: the insertion of particles restrained by inert
gas carrier into the melt through injection gun; addition of the particles to the melt stream during
pouring; use of a reciprocating piston to push particles into the molten metal; spray of particles
along with atomised molten metal into a substrate; vortex method; distribution of particles in the
molten metal by centrifugal process, etc. A complete set up of a stir casting facility is shown in
Fig. 8b. The vortex method is known to be one of the best approaches to insert particles into the
matrix melt, to distribute and suspend the particles in the slurry before it is cast. The stirring is
introduced after the matrix has melted and the stirring is made vigorous in order to form avortex at
the surface of the matrix melt. The particles are then added to the matrix through the vortex and
stirred for few minutes before the slurry mixture is cast. Stir casting is influence by certain
parameters such as pouring temperature, stirring time, stirrer blade angle, pouring rate, and gating
systems|[70, 71].

Figure 8: (a) A schematic stir casting set up; (b) acomplete stir casting facility [71]

Compocasting. A lot of methods have been proposed and used to improve wettability and some
of the methods are use of wettability fluxes and agents, preheating, ceramic coating, and oxidation
[72, 73]. However, some of these methods are expensive and add to the production cost. The
addition of reinforcement particles to a semi-solid matrix at lower casting temperature is termed
slurry casting or compocasting. This modified stir casting method is regarded as an economical
technique to enhance wettability [74].

There is dways a quest to improve thermal, mechanical and chemical properties of materials to
form new materials to meet the present material demands. As a result, many of the production
technologies that have been or are in use are undergoing appraisal and new ideas are being added.
Compocasting is one the casting technologies that is undergoing review and its investigation and
application is expanding. Gladston et al. fabricated AAG6061-RHA, (rice husk ash particle)
composite by compocasting technique. The study observed the formation of intergranular dispersion
of particles and the improvement of macro hardness and ultimate tensile strength of RHA particles
of FGMC [73]. The challenges of homogeneous distribution of SiCp particles and the non-uniform
dispersion of coarse Si fibresin Al-Si alloys cause poor mechanical properties. These setbacks were
eliminated by the use of an accumulative roll bonding (ARB) process which operates on the
principle of compocasting technique [75]. The ARB schematic is shown in Fig. 9. It was reveaed
that this process produced a composite with evenly distributed Si and SiCp particles; finer and
spheroidal Si particles; no Si and SIC particles free zone; minimised porosity; and, better matrix-
particle bonding. The mechanical attributes of the composite were enhanced.
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Figure 9: Schematic of ARB set-up [75]

Combination of Methods. Some of these methods are combined for effective production of
FGAAMCs. Sintering is amgjor step in PM and in some cases it is combined with centrifugal the
casting process. The stir casting process can aso combine with other casting processes such as
centrifugal casting, gravity casting and ultrasonic casting. Kunimine et a. combined sintering and
centrifugal casting processes to fabricate copper/diamond FGMs for grinding wheels application
[76]. The study investigated the influence of fabrication parameters such as casting and sintering
temperatures, and the holding time on microstructure of a copper/diamond FGM. The novel FGM
production stages are as shown in Fig. 10.

Figure 10: Schematic depiction of centrifugal sintered-casting method [76].

Kunimine et al. study revedled that: preform thickness can be controlled by choosing
combinations of sintering holding time and temperature; copper/diamond FGMs were produced
under casting temperatures of 1393 K and 1373 K by centrifugal sintered-casting technique and
diamond abrasive grain fractions were controlled by processing parameters, the amount of poresin
copper/diamond FGMs structure serve as chip spaces and were appropriate for grinding wheels for
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machining carbon fibre-reinforced plastic (CFRP) application and gyro-driving grinding wheel
systems provided with copper/diamond FGMs grinding wheel drilled on CFRP plate precisely
without burring and delamination.

Erdemir et al. combined two techniques, hot press and consolidation method, to fabricate a
number of layers of Al2024/SiC FGMs. The study investigated the impact of SIC volume fraction
on corrosion and wear resistance behaviour. The formation of FGMs of varied percentage of SIC
(30 % to 60%) were used [77]. The study observed that: two layered FGMs with 50 wt.% SiC on
outer layer composites showed excellent corrosion resistance in 3.5% NaCl solution; the
macrohardness of Al2024/SIC FGM with 40 wt.% SiC was 225 Hv while 30 wt.% SiC measured
170 Hyv; increase in SIC content in Al2024/SIC decreases wear rate while increase in the applied
load increases wear loss. The study concludes that wear mechanism changes from adhesive wear to
abrasive wear due to an increase in SIC particles content.

Effects of wettability and porosity in FGMs

Wettability. The spreading of a liquid around a solid surface is defined as wettability and it
relates to the close contact between a solid and a liquid. The manner in which reinforcement
particles are wet by melt is a measure of success of particle insertion into the casting in composite
production. The addition of reactive elements, such as Zr, Ti, Mg, Ca etc. to meta matrix
stimulates wettability of matrix on particles. Young Dupre's equation describes the bonding force
relationship between the matrix and the particles in terms of contact angle (0) asshownisFig. 11 as

follows[78]: §—0° (Perfect wettability); €—180° (no wetting); 0< 8 <180° (partial wetting).
Vapor

Solid
Figure 11: Schematic showing the contact angle between the solid phase and the liquid phase [ 70]

Where vy, is the solid—vapour; yy is the solid-iquid interfacial energy; and vy is the liquid—
vapour interfacial energy.

A series of investigation on the influence of stirring casting on microstructure and wettability
effectsin FGAAMCs carried out by Hashim, Looney and Hashmi in which they carried out a series
of wettability tests in aluminium FGAAMCs fabricated by stirring of semi-liquid slurry. A359
aloy, SIC, and magnesium were used as matrix, reinforcement, and wetting agent respectively [70].
The study had stirring rotational speed, impeller size, holding temperature and stirrer location in the
melt as the relevant fabrication processing parameters. A variety of mechanical properties can be
achieved through this process by varying these processing parameters. This is because mechanical
properties of the FGAAMCs largely depend on the reinforcement type, size, and its distribution
pattern, the particles wet level by the matrix, and the quantity of porosity. The technique was
described as cost effective, however, this greatly depends on how the production technical
challenges are resolved.

The influence of processing parameters (temperature and holding time) on the dispersion of
particles in a matrix and the subsequent mechanical behaviours was studied [79]. The matrix and
reinforcement used were Al-11Si-Mg and SIC, (40 pm) respectively fabricated by stir casting at a
constant rotation speed of 450 rpm. The formation of dendrites was conspicuously observed and the
particles were evenly distributed in the specimens prepared at 700 °C, 750 °C, and 800 °C. Coupled
with no significant pore formation, particle clustering was not seen in the SEM image. However,
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significant pores and particles clustering were found in the specimens prepared at 850 °C and 900
°C. This condition was credited to the high viscosity which induces low shearing melt rate.

Abrasive wear property of Al6082-SiC-Gr hybrid composites produced by stir casting was
examined and compared with Al6082 aloy and Al6082-SIC composites [80]. The study reported
that: Al-SIC-Gr hybrid composites had a better wear resistance performance than Al16082 alloy and
Al6082-SIC composites; 16.4 % and 27 % wear enhancement was observed of 200 mm grit size of
Al-SiC-Gr composite, as-cast and T6 heat treated respectively when 15N |oad was applied; 100 mm
grit size of Al-SiC-Gr composite, as-cast and T6 heat treated respectively, were found to be 19.6 %
and 26.9 % wear resistance improved respectively.

Porosity. In most engineering materials, porosities are regarded as defects and as such material
are made dense to minimise porosity and to enhance mechanical properties in FGAAMCs. Porosity
formation is caused by air bubbles in a matrix melt, vapour from surfaces of reinforcing particles,
gas entrapment and hydrogen evolution, and shrinkage during solidification [81]. Research works
have shown that the porosity in a FGMMC is also a function of casting processing parameters. A
decrease in the amount of porosity in FGMMC means an increase in the Poisson ratio, damping
capacity, Young's modulus of elasticity and tensile and compressive strength. However, there are
engineering and biomedica materials where porosity serves a useful purpose. Some of the
engineering materials where porosity is useful are filters, catalyst supports and furnace lining bricks
[82]. Applications of porous material includes solid oxide fuel cells porous electrodes, and isolating
bacteria membranes used in bioreactors [83]. a series of production techniques have been invented
and appraised to reduce porosity in cast FGMs and these include: vacuum casting, inert gas
bubbling past the liquid metal, casting under pressure, compressing, rolling of material after casting
to close the voids, and addition of hexachloroethane to melt.

Applications areas of FGMs

The FGM concept is described as a systematic process of bringing incompatible functions such
as thermal, wear and corrosion resistance, toughness and machinability into a single part. This has
expanded the application of FGMs in many sectors. Table 4 and Fig. 12 present FGMs application
areas.

Table 4: FGMs application areas

Sectors Applications

Engineering  Cutting tools, machine parts, engine components, etc.

Medical Biomaterials: implants, artificial skin, drug delivery system

Energy Thermionic and thermoel ectric converters, fuel cells and solar
batteries

Aerospace Space plane nose, combustion chamber protective layer, body
components etc.

Automotive  Crown of piston, cylinder liners, exhaust valves and valve
seating

Nuclear First wall of fusion reaction, fuel pellets

Optics Optical fibre, lens

Chemical Heat exchanger, heat pipe, slurry pump, reaction vessel

plants

Electronics Graded band semiconductor, substrate, sensor

Two FGMs in commercia status are high performer cutting tools, namely, tungsten
carbide/cobalt and arazor blade of iron aluminum/stainless steel (FeAl/SS) FGM [15].



62 International Journal of Engineering Research in Africa Vol. 26

Figure 12: FGMs application areas

Conclusion

This paper presents an overview of the main FGMs bulk production techniques, their evolution,
principles and applications. The fabrication processes include PM, sintering, squeeze casting,
infiltration process, compocasting, centrifugal casting, stir casting, material prototyping. Despite the
rapid development observed in the al the techniques considered, challenges still abound in getting
the desirable material without certain material attributes being a trade-off. The use of some of these
techniques for mass production is challenging from cost of fabrication perspective. However, the
combination of methods is seen as the most promising method of evolving new quality FGMs.
Severd FGAAMCs laboratory investigations have shown that the main processing parameters
depends on the type of fabrication method used. However, reinforcement particle size, and casting
temperature seem to be genera while pressure, mould, and stirrer speed of rotational are for PM,
centrifugal and stir castings respectively.
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knowledge, applications, and processing

parameters: overview

The increasing need for materials with light weight, high re-
sistance to corrosion and wear, toughness and strength, ma-
chinability, high thermal capacity etc. for various applica-
tions is unending. This demand has continued to stretch
the exploitation and manipulation of various functionally
graded materials (FGMs) and their production methods.
This study explores one of the FGM production processes
called the centrifugal casting technique (CCT). The centri-
fugal casting process has several potential advantages over
traditional casting methods. This study provides informa-
tion regarding the basic functionally graded production
methods and their applications and also discusses cate-
gories of CCT, evolution and process parameters.

Keywords: Functionally graded materials; Centrifugal
casting technique; Process parameters; Aluminium metal
matrix; Reinforcement particles

1. Introduction

Functionally graded materials (FGMs) production methods
are engineering materials and production processes which
combine various functional attributes in one part. For in-
stance, these attributes could be thermal, corrosion and

960

wear resistance, machinability and toughness. Several pro-
duction techniques have been employed in the production
of functionally graded aluminium matrix composites
(FGAMCs) with exceptional properties and this has spurred
their applications. Table 1 presents FGMs fabrication meth-
ods and their applications. Presently, FGAMCs are widely
used in automotive, aerospace, sports, medicine, nuclear
energy, renewable energy, chemical, optics, electronics,
and general engineering industries [1-5]. The increase in
the application of FGM aluminium composites is due to
the following properties that they possess: high specific
strength, low density, good wear and corrosion resistance,
Young’s modulus and high thermal capacity materials
[6, 7]. Aluminium matrix composites have been reinforced
with a variety of particles including: nitrides (BN, ZrN,
TiN); carbides (SiC, TiC, ZrC); borides (ZrB,, TiB,,
SiB,); oxides (Al,O3, MgO, TiO,, Zr0,); silicides (MoSi,);
and fine particles of various intermetallics (Fe;Al, FeAl,
NiAl Niz;Al TizAl, TiAl) [8—11].

This study focuses on the centrifugal casting technique
(CCT) which has several potential advantages over tradi-
tional casting methods. Empirically, alloy castibility can
be improved by mould rotation, as the magnitude of centri-
fugal force far exceeds that of gravity. This technique
drives the molten metal into thin trailing edges and forces
trapped air to escape [12—14]. However, low superheat is
required as casting materials are sometimes very reactive,

Int. J. Mater. Res. (formerly Z. Metallkd.) 107 (2016) 10
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coupled with high turbulent flow and gas trapping asso-
ciated with high molten metal velocity [15-17].

1.1. Principle of CCT

The principle behind CCT is the use of forces generated
from the centripetal acceleration of a rotating mould to dis-
tribute the metal matrix and particles into the mould. At the
early stage of the history of this casting process, most
moulds were cylindrical and mainly made from iron, gra-
phite and steel. Sand or refractory lining materials were
used to make cores. Objects with polynomial cross-sec-
tions, such as square and other shapes, can be produced by
CCT, but such objects will have round inner surfaces. This
technique was predominantly used for the manufacture of

Table 1. FGMs fabrication techniques and their applications.

tubes and pipes such as water supply lines, gas pipes, sew-
age pipes, rings, bushings, engine cylinder liners, pistons,
streetlamp posts, brake drums etc.

Centrifugal forces play a significant role during the pour-
ing and solidification phase in determining the properties of
the cast. The force increases towards the outer region of the
cast, away from the axis of rotation. This leads to a higher
density at the outer surface than the nearest region to the
axis, as represented in Fig. 1. The centrifugal force is a
function of density and radius and is tangential to the circu-
lar path of rotation. This pushes the melt or particle to the
periphery where it is retained by the wall of the mould. For
a matrix and reinforcement particle, the component with
higher density possesses greater centrifugal force and
moves farther away from the centre of rotation.

Method Type Group of FGM
Vapour deposition techniques Chemical vapour deposition (CVD) and physical vapour deposition (PVD) Thin surface
coating
Powder metallurgy (PM) Stepwise Compositional Control: powder stacking, sheet lamination and Bulk
wet powder spraying
Continuous Composition Control: Centrifugal powder forming (CPF),
impeller dry blending, centrifugal sedimentation, electrophoretic deposition
and pressure filtration/vacuum slip casting
Melting processes Centrifugal casting, sedimentation casting infiltration processing thermal Bulk
spray processing
Material prototyping/solid freeform | Laser-based processes: laser cladding, melting, laser sintering, selective Bulk
(SFF) fabrication D-printing and selective laser
Compocasting The liquid state process in which the addition of reinforcement to an Bulk
agitated solidifying melt is carried out
Other methods plasma spraying, electrodeposition, electrophoretic, ion beam assisted Thin coating
deposition IBAD), self-propagating high-temperature synthesis (SHS)

Int. J. Mater. Res. (formerly Z. Metallkd.) 107 (2016) 10

Fig. 1. A schematic of a true centrifugal cast-
ing system.
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1.2. Advantages of CCT

1.

2.
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Time-saving because it does not need gating system ele-
ments to direct the metal flow.

Quality castings in terms of accurate dimensions, good
surface finish and porosity as gas porosity is limited in
the region of the cast surface.

Solidification is faster with a high of quality metallurgi-
cal properties.

The force generated is about 150 times the force of grav-
1ty.

Simple and light machining operations are required.

1.3. FGMs by CCT

The CCT is a manufacturing process that involves pouring
of molten metal into a rotating mould and the cast is al-
lowed to solidify before rotation is stopped [18, 19]. Main
components of a centrifugal cast machine are shown in
Fig. 2. In the FGAMC context, CCT involves uniformly
mixing particles with molten metal and pouring the mixture
into a spinning mould forming a compositional gradient and
it then being allowed to solidify [20]. CCT has been de-
scribed as an exciting method due to the possibility of gra-
dient control using process parameters. The rotation creates
a centrifugal force that pushes the molten metal and the par-
ticles against the wall of the mould. This process ensures

Fig. 2. Schematic of (a) vertical centrifugal
casting machine, and (b) horizontal centrifu-
gal casting machine.

Int. J. Mater. Res. (formerly Z. Metallkd.) 107 (2016) 10
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the production of the desired shape, microstructural and
compositional gradient. The method is used in the casting
of metals such as steel alloys, magnesium alloys, alumi-
nium alloys, copper alloys, etc.; non-metals such as cera-
mics, plastics, glass, and FGMs such as aluminium alloy ce-
ramic composites, copper alloy—ceramic composites etc.
Practically, the method can be used for every material that
can be melted into liquid or slurries. Several functionally
attractive metal-ceramic based FGMs have been developed
through this technique for a range of engineering applica-
tions such as an automobile, aircraft and aerospace, general
engineering industries, etc.

The current methods of bulk and mass production of
FGMs in large quantities or for large parts are not yet reli-
able and are expensive. Amongst the known fabrication
techniques, CCT is the most attractive and economical to
execute [21-23]. Several FGMs of pure metal-ceramics,
metal alloy—ceramics and metal-intermetallic compounds
have been developed by CCT and experimental and numer-
ical studies performed.

1.4. Classification of CCT

Centrifugal casting methods are classified into two groups.
The first group is based on centrifugal machine arrangement
and the second group is based on temperature. The first
group includes two main types, namely, horizontal centrifu-
gal casting and vertical centrifugal casting, as shown in
Fig. 2. However, this group can be further categorised into
horizontal true centrifugal casting process, inclined true cen-
trifugal casting process, vertical true centrifugal casting pro-
cess, and semi-vertical centrifugal casting process. Sche-
matic diagrams in Fig. 3 show a wider centrifugal casting
machine classification [19]. The second group is based on
the temperature of the matrix alloy and includes the ex-situ

solid-particle centrifugal method and the in-situ centrifugal
method [24 —26]. The ex-situ solid-particle centrifugal meth-
od involves a temperature below the liquidus temperature of
the matrix material and addition of prefabricated reinforce-
ment to the metal matrix by infiltration, vortex or casting
methods. The in-situ centrifugal method involves a tempera-
ture exceeding matrix liquidus temperature and reinforce-
ment precipitation in the matrix melt during cooling and soli-
dification. This method is advantageous compared to the ex-
situ technique in terms of good wettability, uniform distribu-
tion of reinforcement and reinforcement material thermody-
namic stability in the matrix alloy [27, 28].

2. Evolution

The use of CCT is as old as the 16" century involving Ben-
venuto Cellini and others who founded the art. Eckhardt ob-
tained the first recorded patent on CCT in 1809 in England
while in the USA Baltimore made the first industrial appli-
cation of the process in 1848 [29]. A Brazilian, Dimitri Sen-
saud DelLavaud, invented a new CCT machine in 1918
which was characterised by the absence of cores [19].
Non-professional craftsmen got access to centrifugal cast-
ing methods after its adoption in 1940 for jewellery manu-
facturing. Experimentation regarding the combination of
centrifugal and vacuum castings was conducted in 1935,
and patents were issued in 1940—42. The first successful
vacuum centrifugal casting was achieved by A.L. Engle-
hardt in 1948. The technique was initially (before the mid-
1980s) used solely for the fabrication of symmetrical com-
ponents such as shafts, bushings, cylinders, pipes, rolls for
steel mills and other shapes. The method has evolved tre-
mendously through research and development and has been
described by several authors as the simplest and cheapest
technique in FGM fabrication [30].

Fig. 3. Classification of centrifugal casting methods based on mould rotation [19].

Int. J. Mater. Res. (formerly Z. Metallkd.) 107 (2016) 10
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Presently, all the known FGM manufacturing techniques
are expensive to execute for mass production of large parts
and some are complex to perform. These methods include
powder metallurgy, chemical vapour deposition, solidifica-
tion processing, spray atomisation and co-deposition and
centrifugal. The centrifugal casting process is regarded as
an economical casting technique [22] and has these advan-
tages: fast solidification with quality metallurgical proper-
ties; limited gas porosity in the cast inner surface; force
generated is about 150 times the force of gravity; risers
and core are not needed; and simple and light machining
operation is required.

2.1. FGMs manufacturing by means of CCT

The CCT in FGM manufacturing involves the uniform mix-
ing of particles with molten metal and pouring the resultant
mixture into a spinning mould forming a compositional gra-
dient and allowing it to solidify. The centrifugal casting
method is exciting due to the possibility of gradient control
using process parameters. The centrifugal casting process is
developing rapidly and has the potential to dominate the
field of FGM production. However, it is still in the develop-
ment stage due to inadequate knowledge of particle distri-
bution and control [22].

The manufacture of FGMs by centrifugation is charac-
terised by the discontinuous distribution of reinforcing par-
ticles in a radially graded pattern. The metal matrix and re-
inforcing particle density difference causes segregation in
which the higher density particles migrate to the outer per-
iphery and lower density particles migrate to the inner sur-
face. The grading determines the functionality and can be
regulated and enhanced by certain processing parameters
such as particle size and volume, centrifugal rotation speed,
mould temperature, molten metal alloying temperature, and
cast geometry [31]. The size and concentration of the ce-
ramic particle in a matrix has a correlation with hardness
and wear.

Experimental works have proved that centrifugal casting
can separate phases of dissimilar densities. Many function-
ally graded aluminium composites (FGACs) have been fabri-
cated successfully through one or other of the types of centri-
fugal casting techniques. Investigations have revealed that
Al/SiC, Al/Shirasu and Al/Al;Ti can be manufactured via
centrifugal solid-particle methods while AI/Al;Ni and Al/
Al,Cu can be fabricated using the in-situ method [25]. The
fabrication of Al/(Al;Ti+Al;Ni) hybrid FGMs needs the com-
bination of solid-particle and in-situ production methods.

Ferreira et al. [32] have used the centrifugal method to
manufacture Al/Al;Ti and Al/Al;Zr FGMs from the follow-
ing compositions: Al-5 mass% Ti and Al-5 mass% Zr, re-
spectively. The magnitudes of centrifugal force used are
30 G, 60 G and 120 G where G is the ratio of the centrifugal
force to gravity force. The results of the characterisation
show that an increase in the volume of particles and centri-
fugal force will affect both gradient and particle concentra-
tion at the outer surface, and that better tribocorrosion per-
formance was found in the sample with the highest volume
of particles.

Vieira et al. [18] have studied the factors in CCT that af-
fect the wear of FGM (Al alloy/SiC,). The matrix material
was aluminium alloy with chemical composition of Al-
10Si-4.5Cu-2Mg and the reinforcement particles of SiC,
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with particle average size of 37.8 pm. The speeds of

1500 rpm and 2000 rpm were used as rotational speeds for

two different moulds, to produce cast rings. The authors ob-

served that the centrifugal casting process:

1. Aided microstructure gradient and hardness in the cen-
trifuged alloy without reinforcement and the material
was characterised by serious wear of adhesive wear
type.

2. The gradient of FGM at 2000 rpm was sharper than the
one cast with 1500 rpm.

3. An increase in the volume of the SiC particles to 5 % in
the mixture reduces the rate of FGM wear, but severe
wear was reported in the volume of SiC particles below
2%.

4. The mechanisms of wear found in the FGMAC consid-
ered are two-body abrasion wear, delamination, adhe-
sion and oxidative wear.

The gradient of FGMs fabricated by the centrifugal techni-

que is a function of the following: speed of rotation, process

duration, and dispersive fluid and particle contents. The
centrifugal casting of Fe-TiC FGM requires a self-generat-
ing high-temperature production reaction as an additional
step. It was observed in the Fe-TiC FGM specimen that
the hardness increased inwardly and the inner part per-

formed better than the outer surface in wear tests [33].

Watanabe et al. [34] have produced an Al-AI2Cu FGM
ring from Al-3 %Cu using the centrifugal in-situ method.
In this study, it was reported that: the a-Al particles drifted
towards the outer surface after the centrifugal process as
the density of a-Al crystal is higher than the molten alumi-
nium alloy, the concentration of Cu in the ring was massive
towards the inner part, the hardness of the Al-Al12Cu FGM
ring fabricated increases down the inner region, and the
hardness of the specimen appreciated tremendously due to
heat treatment.

A review of wear properties of two types of aluminium
matrix FGMs, Al-AlLTi FGM and Al-ALLNi FGM, was
conducted by Watanabe et al. [24]. Two fabrication meth-
ods were used to produce FGM rings: the centrifugal solid
particle method and the centrifugal in-situ method. The
authors reported that size, shape, volume fraction, and ori-
entation of the reinforcements are parameters defining
properties of the FGMs. In summary, the findings were
[24]:

1. The wear property was found to be anisotropic and de-
pended on the direction of the wear test relative to the
AlLTi particle alignment. Figure 4 depicts the align-
ments of the Al;Ti.

2. Larger alignment parameters resulted in greater aniso-
tropic wear resistance.

3. A wear resistance gradient of Al-Al;Ni FGMs was no-
ticed along the thickness of the ring proportional to the
volume fraction and particle size reduction.

4. Mechanical properties of the FGM fabricated by the
centrifugal in-situ technique depend on the particle size
gradient.

5. FGMs wear resistance can be enhanced by particle size,
volume fraction and the alignment dispersal of the rein-
forcements in the FGMs.

FGMs fabricated by centrifugation of different reinforce-

ment particles of B4,C, SiC, SiC primary silicon, graphite

hybrid, Mg,Si and Al3Ni on aluminium matrix were inves-
tigated by Rajan and Pai [35]. The study reported that rein-
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forcement sizes and densities are relevant factors that affect
the gradient formation of the microstructure. High-density
SiC and AL3Ni particles were found near the outer surface
while low-density particles of graphite, primary silicon
and Mg,Si were arranged near the inner surface. B,C parti-
cles with the closest density to aluminium spread more than
others.

2.2. Centrifugal mixed-powder method (CMPM)

To fix the centrifugal limitation, the centrifugal mixed pow-
der method (CMPM) was introduced in the production of
FGMs with nano size reinforcement. A CMPM schematic
is shown in Fig. 5 [36]. CMPM has advanced to the reactive
centrifugal mixed powder method (RCMPM) which exhi-

Fig. 4. Schematic alignments of the Al;Ti particles in an Al-Al;Ti
FGM ring.

Fig. 5. The schematic description of a CMPM process [36].

Int. J. Mater. Res. (formerly Z. Metallkd.) 107 (2016) 10

bits better surface properties of FGMs manufactured by this

method [37].

Radhika and Raghu [38] investigated the production of
Al-Al;Ti/TisAl FGM by means of the RCMPM. They re-
ported that the particles move more slowly in distribution
at a greater temperature and the FGMs produced with
RCMPM change significantly in both intermetallic and
morphology with processing temperature. The Ti;Al inter-
metallic compound, fine granular Al3Ti particles, and un-
reacted Ti phase were found at relatively low temperatures
(1150°C to 1250°C). At 1350°C casting temperature,
granular Al;Ti particles were not observed but coarse Al3Ti
platelet particles were found. Further increase in the casting
temperature (145 K) resulted in obtaining more coarse
Al;Ti platelet particles. It was observed in the fabricated
FGMs that hardness is a function of particle type and size,
and their processing temperature.

The centrifugal mixed powder method has been de-
scribed as a novel method for the fabrication of a nano-par-
ticle distributed FGM and the steps are depicted in Fig. 5.
Stages of CMPM are as follows [36]:

1. Mixing of powder functional nanoparticles and metal
matrix particles in a spinning mould (see Fig. 5a).

2. Melting of metal matrix ingot and pouring the molten
metal into the rotating mould that contains the powder
mixture (see Fig. 5b).

3. The molten metal matrix is forced into the spaces be-
tween the particles of the powder mixture by centrifugal
force (see Fig. 5c¢). The heat in the molten metal matrix
melts the matrix powder and forms a composite with
the nano-particles (see Fig. 5d). The functional nanopar-
ticles migrate to the outer region of the fabricated FGM
ring (see Fig. 5e).

965



International Journal of Materials Research downloaded from www.hanser-elibrary.com by Hanser - Library on October 19, 2016

For personal use only.

W. S. Ebhota et al.: Centrifugal casting technique baseline knowledge, applications, and processing parameters

Cu-SiC and Al-TiO, FGMs were produced with CMPM

and characterised [39]. Results showed that:

1. Nanoparticles were dispersed only on the surface of the
fabricated FGMs ring.

2. Nano-particle dispersion in the FGM is not density dif-
ference dependent between the matrix and the particle.

3. Fabricated FGM surface hardness was enhanced by
CMPM.

4. CMPM is effective for fabrication of FGMs which have
nano-particles.

3. CCT significant process parameters

While many metal-ceramic FGMs have been developed by
means of the centrifugal casting method, this method is still
in development because of inadequate knowledge of parti-
cle distribution and control [22]. The significant processing
parameters for gradient microstructure control are mould
temperature, pouring temperature, pouring rate, thermal
gradient through the mould, velocity of mould rotation, so-
lidification rate, etc. Temperature circulation is difficult to
estimate during centrifugal casting due to the high speed
of mould rotation during pour and solidification. The inves-
tigation of centrifugal casting process parameters shows

that [40—43]:

1. If Ap = p, — pp, is positive, the concentration of ceramic
particles will be higher at the outer region, where p,
and p,, are particle and metal matrix densities.

2. Increasing the particle volume fraction increases the
packed and gradient regions, but decreases the particle-
free zone, as shown in Fig. 6a.

3. Higher rotational speed migrates more particles to the
outer region, causing a thicker zone without ceramic
particles called the free region. Rotation of 1500 rpm
results in three distinct regions as shown in Fig. 6b:
packed region, gradient region, and particle-free zone.

4. Larger particles possess bigger centrifugal accelera-
tion and form a packed bed more easily, as shown in
Fig. 6c.

The microstructure, particle distribution and hardness of

FGMs cylindrical parts fabricated by horizontal centrifugal

casting at 1 100 rpm were studied by Rajan et al. [44]. Two

metal matrix composites (MMCs) were formed from alumi-
nium alloys and SiC reinforcement particles of size 23 pum,
namely, A356 (Al-7.55i-0.35Mg); A2124 (Al-4.5Cu-
1.6Mg-0.25Zn-0.2Si). Both formations had 15 % of reinfor-
cement particle concentration. A356 alloy was subjected to
solution heat treatment at 535°C for 10h with warm
quenching and artificial ageing at 165 °C for 8 h. A2124 al-
loy was subjected to solution heat treatment at 495 °C for

4 h with warm quenching and artificial ageing at 190°C

for 5h. Microstructures of SiC particle distribution in

A356-SiC are shown in Fig. 9.

The study reported that:

1. The hardness of the non-heated FGMC ring sample was
highest at the edge, 98 BHN and lowest in the inner
region, 58—60 BHN. A hardness of 155 BHN and
145 BHN were observed at the outer periphery of
Al356-SiC and Al212-SiC composites respectively after
heat treatment. Figures 7 and 8 show the trends of SiC
particle distribution and hardness in the FGM cast ring
starting from the outer edge.
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2. FGM ring sample SiC particle concentration was higher
at the outer periphery (about 45 % of the volume of SiC)
than the inner region, as shown in Fig. 9.

Micrographs of the microstructure of A1356—SiC composite

are presented in Fig. 9 and show the particle distribution

(a)

(b)

(©)

Fig. 6. (a) particle volume fraction, (b) rotational speed effects on par-
ticles distribution, and (c) effects on particle sizes [36, 42].
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and composite gradient. The gradient of the FGM in Fig. 9
has three distinct regions due to the centrifuge: outer region
(Fig. 9a and b), mid region (Fig. 9d and e) and inner region
(Fig. 9f). The SiC particles have higher density than the ma-
trix and as a result the SiC particles migrate to the outer re-
gion. The mid region is predominantly the matrix with large
a-Al dendrites, iron intermetallic and eutectic silicon while
the inner region has a lot of large voids. It was reported that
the A2124-SiC composite has the same pattern of the mi-
crostructure. The trend of the mechanical properties re-
flected this gradient and increase down the outer periphery
as indicated by the direction of the arrow. The hardness in-
creases towards the edge for both non-heat treated and heat
treated. Maximum hardness of 155 BHN and 145 BHN
were recorded at the outer periphery of AI356-SiC and
A2124-SiC FGMs respectively.

An investigative study on the influence of vertical CCT
on mechanical and metallurgical behaviour of a hypereu-

Fig. 7. Graph of SiC particle distribution in the functionally graded
Al(356)-SiC cast ring starting from the outer edge [44].

Fig. 8. The graph of hardness trend in non-heat treated and heat treated
Al(356)-SiC functionally graded composites starting from the outer
edge [44].

Int. J. Mater. Res. (formerly Z. Metallkd.) 107 (2016) 10

tectic Al-18Si alloy was carried out by Chirita et al. [45].
Three different casting techniques, namely, gravity, gravity
with vibration and centrifugal casting were used to produce
the specimens. All the castings were made from commer-
cially available Al-18Si alloy and a vacuum induction fur-
nace was used for the melting and pouring. The melt was
automatically poured into the mould. A frequency of 8 Hz
and an amplitude of 0.5 mm in one direction were recorded
in the centrifugal casting equipment. Tests to ascertain the
effects of their individual production process on the proper-
ties of the specimens were carried out. This study con-
cluded that:

1. The mechanical properties of the castings were en-
hanced tremendously by CCT.

2. No significant influence was observed on casting prop-
erties with centrifugal pressure.

3. The innate vibration and faster cooling rate of the verti-
cal CCT are the main factors responsible for the sub-
stantial effect on casting mechanical attributes.

In a study, the effect of the vertical CCT and gravity casting
technique on the different Al-Si alloys (hypoeutectic, eu-
tectic and hypereutectic alloy) on the mechanical properties
of the specimens was compared [46]. Three casting speci-
mens, A (7% Si), B (12% Si), and C (18 % Si), were made
from commercially available Al-Si alloys. A vacuum in-
duction furnace was used for the melting at 100 °C above
their liquidus temperature and pouring into a permanent
mould preheated at 130°C and rotating at 450 rpm. The
melt was automatically poured into the mould. The same
melting conditions for the CCT were used for gravity cast-
ing but manually poured into the mould. The study reported
that:

1. The centrifuge influence was observed to be most sensi-
tive in specimen C (18 % Si).

2. The force generated during centrifugation refines the
morphology of the alloy.

3. Better mechanical properties are obtainable in the outer
surface of the casting.

4. Conclusion

The centrifugal casting process has evolved for several
years and much investigative work has been carried out on
various aspects including processing facility and parame-
ters. However, from the works considered, the processing
parameters are similar. In conclusion, this overview showed
that:

1. The possibility of systematic incorporation of incompa-
tible functions such as thermal capacity, toughness, ma-
chinability, wear and corrosion resistance into a single
part can be achieved by application of CCT.

2. Main processing parameters are size of reinforcement
particles, pre-heating and pouring temperatures, and ro-
tational speed.

3. The centrifugal casting method is simple and cost effec-
tive to execute.

4. The literature generally sees CCT as a casting process
that has several advantages over the traditional gravity
casting method.

5. There are challenges in its application in relation to cer-
tain shapes (only effective for cylindrical parts) and
mass production.
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Fig. 9. Microstructures showing SiC particle distribution in Al(356)-SiC FGMs cast ring. Sequence starting from the outer to inner periphery in
mm: (a) 1.5 mm; (b) 3.5 mm; (¢) 5.5 mm; (d) 6.5 mm; (e) 12 mm; (f) 15 mm [44].

The authors acknowledge the Centre for Engineering Postgraduate
Studies (CEPS)/HVDC/Smart grid Centre of the University of KwaZu-
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Abstract-The functionally graded materials (FGMs) solidification process has complicated
movement phenomena of fluid, solute and heat. These phenomena control the segregation of
particles in a molten matrix, interactions of particles with a solidification front and the
integration of particles in the solidifying matrix. The desired particle distribution in a
solidified component can be achieved by manipulating the time of solidification and this
makes the study of particle motion during solidification important. This study involves the
analysis of particle/matrix configuration, solid/liquid interface shape within the vicinity of the
particle, thermal conductivity and the pushing/engulfment transition. An overview of the
mathematical models of centrifugal casting of FGMs is presented and these include forces
acting on the particle; melt particle and solid/liquid interface forces; composite thermal
conductivity; heat-transfer coefficient composites; volume fraction resolution; and, particle

matrix field temperature configuration.

Keywords: Functionally graded materials; Centrifugal casting process; Composite
solidification and segregation; Molten matrix and reinforcement particles; Modelling of

centrifugal casting.

6.1 Introduction

Mathematical models of centrifugal casting of functionally graded materials (FGMSs) that
describe the relationship between metal matrix and reinforcement particles, have been
provided by several authors [1, 2]. The solidification process of FGMs has complex transport
phenomena of fluid, heat and solute. This process governs the segregation of particles in a
molten matrix, interactions of particles with the solidification front and the integration of
particles in the solidifying matrix. Solidification time manipulation helps in achieving the
desired particle distribution in a solidified component. Thus, the study of particle motion in

solidification process is pertinent.
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The growing solidification of melts containing reinforcement particles rejects the suspended
particles at the solid/liquid interface which is known as the pushing phenomenon [3]. On a
microscopic scale the non-uniform distribution of particles in a fully solidified part is caused
by the pushing phenomenon. The distribution of particles in the solidified material is
improved by growing solid/liquid interfaces resulting from particle entrapping by the
solidification front. Segregation in the interdendritic zones is avoided by entrapping particles
uniting with the matrix to form a composite resulting in improved properties of the composite.
Study of the interaction between solid/liquid interfaces and particles is important to the

particle distribution in the matrix which defines composite properties.

In the 1980’s and 1990°s several theoretical, experimental and review studies were carried out
on solid/liquid interfaces and particle relationships using different systems [4, 5]. The studies
described particle pushing based on:

I.  Thermodynamic variations in total energy when a particle is entrapped by a
progressing solidification front. Thermodynamic free energy change is affected by the
properties of the solid/particle interface during entrapping of the particle by the
solidification front involving small velocities.

ii.  Plane thermal conductivity and thermal diffusivity ratio between the particle and the
liquid [6].

iii.  Kinetic importance and critical interface velocities above which the particles are
entrapped irrespective of the thermodynamic criterion. Several models linked the
particle pushing phenomenon to the threshold velocity of the interface above which

particle entrapment occurs.

Thermal parameter differences of solid, liquid, and particle influence the planar interface,
which changes shape as it approaches the particle. The heat of the fusion of melt, temperature
gradient, undercooling, comparative heat capacities of solid, liquid and particle affect the
shape of interface following the particle. The study of interface shape and curvature facilitates

the understanding of the interaction between the particle and the interface [3].

Shangguan, Ahuja and Stefanescu stated that melt thermal conductivity is less than particle
thermal conductivity and that the shape following the particle is concave [7]. Pang,
Stefanescu and Dhindaw study have a contrary view of the succinonitrile-polystyrene particle
system in relation to Shangguan, Ahuja and Stefanescu’s prediction on melt thermal

conductivity [8]. Their view is that the interaction area between particle and interface affects
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the forces acting on the particle and this depends on interface shape and curvature behind the

particle.

Various studies have revealed that temperature gradient variation affects the critical velocity
of the interface (V¢) proportionally [9, 10]. Cissé and Bolling showed that in an ice-water
system with copper particles, as melt temperature gradient decreases, V. increases [11]. The
authors further stated that the indistinctiveness of critical interface velocity on the temperature
gradient function may signal the presence of the following: the specific temperature
inclination that the temperate gradient relies on for critical interface velocity tends to reverse;
and, the function of melt and particle relative thermal properties depend on the thermal
gradient effect [11].

A study by Kim and Rohatgi expressed solid/liquid interface shape and curvature in terms of
the ratio between particle thermal conductivity and melt thermal conductivity; melt viscosity;
solid/liquid interface surface tension; melt heat of fusion; and, imposed solid/liquid interface
temperature gradient. The study calculated the critical interface velocity exploiting attractive

and repulsive forces acting force balance [3].

Hanumanth and Irons investigated both numerical and experimental solidification of FGMs,
aluminium alloy-SiC composites and developed a one-dimensional enthalpy model [12]. This
study used the Richardson-Zaki hindered settling correlation to estimate particle velocity.
This can cause significant phase velocity overestimation of particles by a factor of 1/1-¢p
because the methodology means liquid counter-current displacement flow resulting from
particle sedimentation which is unaccounted for, where €p is the particle phase velocity. The
study includes the investigation of thermal conductivity effects and the cooling rate of SiC
particles. The Scheil equation was used to explain mushy zone evolution. For an accurate
depiction of cooling rates and particle settling, SiC particle thermal conductivity on the order
of a single crystal was planned. However, the recommended cooling condition resulted in

very little settling.

A multiphase model for alloy solidification of metal matrix particle composites with
convection was developed by Feller and Beckermann [13]. The Happel hindered settling
function model was applied to several one- and two-dimensional Al-7wt%Si/SiC systems
applications. Simulation and experimental sedimentation results of A356 systems with
clustering and non-clustering SiC particles showed good conformity [14]. Initial studies had
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negligible information on time evolution of the coupled solidification and sedimentation

activities and their main focus was on final particle distribution.

This study resulted in undefinable solidifying matrix particle segregation mechanisms, which
are required for FGM design. In the past, detailed data on the time evolution of particle
concentration distribution of solidifying matrix was insufficient due to limited experimental
work. Experimental data availability is necessary to accurately authenticate complex FGM
solidification models (Gao and Wang 2001). To bridge this gap, Gao and Wang studied the
solidification relationship between particle transport and freezing front dynamics [15]. In their
study, the gravity casting solidification process of FGMs was numerically and experimentally
investigated. A fixed-grid, the finite-volume method, was used to solve numerically one-
dimensional multiphase solidification model equations developed by the study. Experimental
results were used to validate the model which was applied in Al-SiC FGM efficient
computational prototyping. The experimental setup is shown in Figure 6.1.

(1) test cell

(2) heating bath circulator

(3) cooling bath circulator

(4) valve

(5) thermocouple

(6) fiber optic probe
(7} sensor head
(8) data acquisition unit

(%) computer
(109 heat exchanger
Walves schedule:
| Valve Cooling Hesting
W aff an
WE an aff
Wi o e
W an all

Figure 6.1: Schematic of Gao and Wang experimental setup [15]

Distilled water and succinonitrile (SCN) were used as matrix liquids and glass beads as
particles in a rectangular ingot transparent model experiment. Important processing
parameters effects were studied and the solidified ingot showed a graded particle distribution
zone towards the bottom and a particle free zone in the top portion. The study observed that:
i.  Higher superheat causes slower solidification which results in a thicker particle-free
zone and higher particle concentration towards the bottom.
ii.  Athinner particle-free region resulting from higher initial particle volume fraction.

iii.  Particle settling was suppressed by lower cooling temperatures.
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iv.  The desired gradient attribute of the solidified component can be manipulated with
optimisation of processing parameters such as particle size, particle volume fraction,
cooling rate and superheat. This was obtained from simulations results of Al/SiC
FGMs.

Investigation of suspended ceramic particles in aluminium melts was performed during the
fabrication of FGM (AI-SiC) by means of the vertical centrifugal casting method [16]. Forces
acting on the particle, force balance and motion of the particle in the melt during vertical
centrifugal casting were modelled mathematically and simulated using Matlab. Process
parameters such as solidification rate, mould rotational speed, mould temperature, particle
size and particle fraction of segregation were examined. The results show that with the
particle at an initial position of 0.005, the process at 800 rpm gave the particle a radial
distance of 21 mm while 400 rpm reduces the penetration by 62 %. 1200 rpm increased the

penetration by 57 %.

Balout and Litwin conducted experiments on aluminium alloy A356 reinforced by 10 %
volume of 12 ym SiC fabricated with CCT for particle distribution modelling [17]. The study
revealed that particle distribution in the outer surface varies according to viscosity. Different
pouring temperatures (650 °C, 680 °C, and 700 °C) and mould temperatures (30 °C, 100 °C,
350 °C, and 400 °C) were used. The study defined and modelled the following parameters:
particle velocity; deceleration; displacement; and, segregation during the cooling process. The
study concluded that:
i.  Behaviour of particles varies with time, position and viscosity.
ii.  Melt viscosity and centrifugal radius variations during centrifugation change on
particle segregation process.
iii.  Particle segregation is heightened by increasing mould and pouring temperatures and
this favours higher particle volume fractions in the periphery of the casting.

A study by Emila, Dipak, and Mehrotra developed a prediction model for centrifugally cast
FGM particle segregation patterns and one-dimensional transient heat-transfer coupled with
casting and mould temperatures distribution and solidification time [18]. The force balance
equation containing centrifugal, drag and repulsive (force possessed by a particle in the
solid/liquid interface neighbourhood) forces was discussed. The pure implicit finite volume
method was applied to find model equation solutions using time-step technique transformed
variables. The study noted that the particle-rich region thickness in FGM decreases with

increase in rotational speed; particle size; initial pouring and mould temperatures; and,
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particles and molten matrix density difference. Other observations made by the study are: heat
transfer coefficient reduction at the casting/mould interface increases solidification time and
solid-particles segregation formation; solidification time and particle-rich region thickness
increases with reinforcing particles volume fraction increase; initial volume fraction of
particles in the outer layers of Al-Al;O3 and Al-SiC FGMs remains the same or less using
finer particles, lower rotational speeds, and an enhanced heat transfer coefficient at the
casting/mould interface; heat-transfer coefficients reduction and increase in rotational speed
and particles size results in intense segregation at the outer region of FGMs, although intense

segregation at the innermost layers was predicted for the Al-Gr system.

6.2 Mathematical expressions

In this section of the study, analysis of the particle/matrix configuration, solid/liquid interface
shape within the vicinity of the particle, thermal conductivity and pushing/engulfment

transition critical condition will be carried out.

Several authors based their model formation on the following assumptions [17-21]:
i.  One-dimensional heat flow perpendicular to the mould wall.
ii.  Homogeneously distributed solid particles and metal matrix instantaneously fill the
mould.
iii.  Solid particles and metal matrix thermal properties at invariant temperature.
iv.  Solidification is accelerated by casting/graphite mould interface caused by casting
contraction.
v.  Buoyancy causes natural convection and movement of particles is neglected.
vi.  Solid and liquid regions interface considered planar.
vii.  Thermal resistance between particles and molten metal is zero.
viii.  Shape of reinforcement particles is considered as spherical.
iX.  Liquidus front stops particle motion.

X.  The volume fraction of large solid particles in the molten metal retards particle

movement. The apparent viscosity, Ve: v, =V[1+2.5v, (t)+10.05v,*(t)].

xi.  Maximum volume fraction for segregation of particles occurrence is 52 %.

6.2.1 Particle and solid/liquid interface

The analysis of particle and solid/liquid interface encompasses a discussion on Stokes'

flotation velocity, V¢ = particle matrix field temperature configuration; evaluation of
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solid/liquid interface shape on the vicinity of the particle; evaluation of forces on the particle;

and, defining a critical condition for pushing/engulfment transition.

6.2.1.1 The discussion on Stokes’ flotation velocity

For acceleration = 0, the spherical particle velocity according to Stoke’s law is:

3 4R’ Apar’r

Vf
18u

(6.1)

Where R = radius of the particle; @ = angular velocity; r = particle position, p = melt
viscosity; Ap = pp — pm = density difference; and, pr and pm particle and molten metal

densities respectively.

The solid/liquid front moves against gravity in a solid/liquid system with a steady state

velocity, V. As a result, it experiences force of gravity and Stokes’ flotation velocity, Vr.
The following conditions may occur in a system:

Vs >V (particle float away); V > V¢ < 0 (particle approach interface; sedimentation); V > V¢
only when particle approaches and interaction is occurring. Vs is therefore referred to as the

threshold velocity.

6.2.1.2 Evaluation of solid/liquid interface shape in particle vicinity

Figure 6.2 describes the relationship between the spherical particle and the solid/liquid
interface as the particle approaches the interface. The particle presence affects the velocity of
the interface and this velocity is categorised in two ways: not affected by the particle, V1; and,

affected by the particle, V.

Figure 6.2: Representation of a particle near solid/liquid interface and the forces acting on the particle [7]
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Considering Figure 6.2, the distance between the particle and interface at Z = 0 is d. This

means:
T,[X=0,Z=—(R+d)]|=T,, (6.2)
For isothermal,
R+d (1+z)
—————~=cosd (6.3)
r{1+ a(Rj }
.
Where a=1-% (6.4) bo1+9 (6.5)
2+« R

Figures 6.3 and 6.4 depict solid/liquid interface shapes at a constant d and varied thermal

conductivity ratio, a, derived from equation (3).

At a <1, the bump is created (pushing is made easier); at a = 1, the planar surface is formed,

at a >1, the trough is created (conducive for engulfment).

Figure 6.3: Depiction of solid/liquid interface shapes evolution, a) e <0.1;b) a =1;and ¢) o > 1

Ay

Figure 6.4: Depiction of solid/liquid interface shapes for various conditions
Conditions: At constant d and varied thermal conductivity ratio a) o = 11.1; b)  =2.0; ¢) o = 1.0; and d) o0 =
0.06

Interface radius of curvature at X = 0, is given by:

2a-b
R, = = (R+d) (6.6)

When d <R,

X
Il

2a-b a
(b (o), -
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f=rl_—g (6.8)

6.2.2 Forces acting on particle in a melt

A particle suspended in molten metal during vertical centrifugal casting is subjected to four
different forces as represented in Figure 6.5: gravitational force, Fg; centrifugal force caused
by mould rotation, Fc; drag force due to viscosity effect, Fp; and, repulsive force or van der
Waal forces caused by solid-liquid interface movement, F.. Force of gravity is often neglected

because it is very small compared to centrifugal force [17, 18, 22, 23].

Figure 6.5: Representation of forces acting on a particle moving in molten metal

The three forces are defined as follows:

6.2.2.1 Gravitational force

Gravitational force, Fe and its direction are functions of the density difference between the

particle and the melt. Fc is mathematically expressed as:
4 s

Where R = particle radius; g = gravitational acceleration; p = melt viscosity; Ap = pp — pm =
density difference; and, pp and pm particle and molten metal densities respectively.

6.2.2.2 Drag force
Drag force, Fp, is given by Stokes’ law:

F, =673VR (6.10)
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When d < R for planar surface:

2

F, =6znV % (6.11)
When d <R for non-planer surface

R? R
F,=6znV —| —— 6.12
D zn d{Rl—R] _( )

2

=671V %az (6.13)

If Ri > 0 as for a > 1, concave interface will be formed with greater Fp while lesser Fp and
convex are formed by Ri <0 and o < 1.
6.2.2.3 Repulsive/VVan der Waals force

This force is due to the interface energy between the liquid and solid phases, osi; between

liquid phase and particle, oip; and between solid phase and particle, osp;
This energy is defined as

F, =27RAc (6.14)

AG:AO_O(aaidj (6.15)
0

When ag = rp + r = sum of radii of atoms at the surface layer of the particle and the solid, n is
2t07

Ao, =04, -0, -0y (6.16)

So that,

F, =27RAc, (a % - J (617
+
0

Potschke and Rogge assumed van der Waals force for two particles with radii R + R;:

2
F, =27RA0, % R (6.18)
a,+d ) R —R
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For the plane surface R, — «, equation (18) becomes equivalent to equation (17). Combining

equations (17) and (8) including all the interactions:

n

F =27RAc,| —2 | o (6.19)
a,+d

o > 1 results in a concave interface and increase in FL while otherwise leads to a convex

interface and a decrease in FL.
> Repulsive force relevance in the force balances equation

Factors responsible for the interaction of particles near the solidification front are interfacial
energy between the particle, liquid, and solid; alteration of the temperature field due to
varying thermal properties; and, particle concentration alteration of the field caused by
particle movement prevention by the front. Particles are pushed ahead of the interface by
forces linked to interfacial energy (macroscopic method) or interatomic interaction
(microscopic method, emanating from van der Waals forces). Viscous drag force is the

primary force that inhibits the particle from being pushed by the front [24, 25].

The particles move along with front push until viscous drag on the particle overcomes the
repulsive force. Many interfacial forces concepts derived by interfacial energy or van der
Waals forces deterring the particle away from the growth front have been proposed. Further,
the entry of liquid into the gap between the growing solid and the particle is facilitated [26,
27]. The degree of these forces lies in the space between particle and front and the front
morphology. Solidification of a liquid with dispersed particles exerts a repulsive force on the
particles within its influence zone and pushes them along with it. This occurrence is regarded
as a steady-state phenomenon where the solidification front and particles move with the same
velocity and gap width is kept constant. In the case where repulsive force is the predominant
force acting on particles, particle concentration increases in the liquid which solidifies last.
However, particle movement is influenced by the net resultant force where centrifugal,

viscous force and repulsive force act on the particles.
» The correlation between repulsive force expression and particles in solidifying
liquid
Investigation of the relation between Sannomiya and Matuda’s (2006) mathematical model on

repulsive force expression and particles dispersed in the solidifying liquid was carried out by

Emila, Dipak and Mehrotra [18]. The mathematical model describes the repulsive force
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exerted on a fish as it approaches the water tank wall. Several factors define fish behaviour in
a water tank and these include swimming ability; velocity relative to the ambient water;
interaction among the individuals; swimming speed uniformity; the direction of movements
within the school; and, repulsion and attraction near the wall. The psychological phenomenon
of a fish as a living entity comes into play by averting the possibility of it striking the wall as
it gets close. Dispersed particles in solidifying liquid do not possess such psychological
phenomena so cannot avert the possibility of striking the wall and are not rejected by the
solidification front. Their velocities reduce at the influence zone and are finally trapped and
absorbed by the solidification zone. The investigation was based on repulsive force not
independent of the tank shape and size in parameters estimation according to Sannomiya
and Matuda [7].

6.2.2.4 Force balance equation, Fnet
The force balance equation, Fnet is taken as:

Fret=Fc—Fp—-FL (6.20)

The repulsive force is associated particles within a solid wall or solid-liquid interface. The
dynamic force balance that is not induced by solid wall/interface is:

Fa=F-F (6.21)

The force balance equation with the assumption that the fluid flow is laminar (Re <1) is:
4/3% %R >!<,op(dzr/dt):4/3*7z*R2(,oP — P )@ 1 —6% 7% R* p(dr/dt) (6.22)

The solution of net force without repulsive force of a particle at a given position moving at

constant velocity at any given time, t, is:

r(t)="1 epr“’ G ;8_; o)F t} (6.23)

Where ro = position of the particle at time t = 0.

6.2.3 Significant conditions for pushing/engulfment transition

The three forces (Fes, Fp and Fp) acting on the particle play separate roles in

pushing/engulfment transition. Upward growth condition:

Fc = conducive to pushing when Ap >0
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FL = conducive to pushing when 6o > 0
Fp = conducive to engulfment when
For Fe and Fi the condition is vice versa while Fp is always engulfment.

Fp is a function of V and d while F_ is a function of d. At equilibrium velocity, Ve:

Fe+F -F, _ (6.24)
That is:
n 2
4 RApg +27RAG, |~ | a—6aN. N -a? =0 (6.25)
3 a,+d d
So that,
v, = d |Ao,[ @, N 2RApg (6.26)
3na| R \a,+d 3o

IfR>>R* = \/{MUO%S /AV)} , Fc i1s neglected because is very small compared to Fp and
9

FL, equation (30) becomes:

v =A% dll g (6.27)
3na R|\ a,+d

From equation (27), critical distance can be expressed, dc:

d =20 (6.28)
n-1

Critical velocity then becomes, V:

a, Ao, (n-1Y
V. = 6.29
‘ 37705(n—1)* R ( n j—( )

When n =2 and dc = ag;

= 8Ao, (6.30)
12naR
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6.2.4 VVolume fraction resolution

Discretisation of cast thickness into n numbers of equal sizes is used in determining liquid
metal matrix fraction variation and segment nodal points are considered at the extreme

positions. The segment volume fraction of particles is defined as:

- . _ 1 (6.31)
VS +V| 1+p57rn|
£m

Where V¢ = volume fraction of the particle; Vs = volume of reinforced particles and; V, =

volume of the metal matrix in each segment.
Solid particles and matrix melt volumes and masses are defined from the correlations:

V. =VV V, =V-V (6. 32)

m,=V,p, m, =V, p, (6.33)

Where V = total volume of each segment; ms = mass of solid in each segment, and m, = total

mass of liquid in each segment.

Initial time t = O particle positions are considered at the nodal points for easiness. New
positions t + At are defined by equation (23) or (25). Particle velocities at different nodal
points vary due to particle motion dependence on location in the liquid melt. The particle’s
new position could be in the node or segment and both the number of particles in a segment
and volume can be calculated. Segment volume is constant at all times while the new volume
fraction of particles at t = 1 per unit length can be estimated. Calculated new positions

become initial locations for particles in the next time.

6.2.5 Particle matrix field temperature configuration 153

In the temperature configuration analysis, the following assumptions were made [7]:
conduction heat transfer was considered while convection and viscous heat dissipation were
neglected; solid/liquid interface latent heat release was ignored; solid and liquid phases have
the same thermal conductivity; material parameters are not depending on temperature matrix
which is considered as an isotropic medium; and Azimuthal symmetry, the heat conduction

equation in spherical coordinates.

Considering Figure 1, the heat by Fourier’s law is defined as:
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6.2.6 Boundary conditions

In Z-direction far away from the particle at constant temperature gradient:

oT
[E)Hw =G (6.35)

Particle/matrix temperature continuity across the interface:
(Ta)n=(Ts) . (6.36)
Reference temperature To:
(T),.=To (637

Applying the boundary conditions to equation (12) defines temperature distribution in the

matrix, Tm as well as in the particle, Tp:

jGrcos&_ (16) T, =T, —{14{1_“ j(ﬂj }Grcos@_ (6.38)

24+a J\r

T =T -
Pl (a+2

Where To = reference temperature; G = imposed thermal gradient on solid/liquid interface

away from the particle; R = particle radius; r = R + d; d = distance between particle surface

K
and solid/liquid interface; anda:K—p, ratio of particle thermal conductivity (Kp) to melt

m

thermal conductivity (Km). The ratio « = 1 if conductivities are equal.

The value of a affects the heat flow flux as follows (see Figure 6.6) (Shangguan, Ahuja, and
Stefanescu 1992):
i.  When a = 1, global heat flows in Z-direction and isothermals are parallel and at a 90°
angle to the heat flux line.
ii.  When a # 1, isothermal is deflected, (Figure 6.2a).
iii. ~ When o < 1, heat flux diverges from the particle (Figure 6.2b).
iv. ~ When a > 1, heat flux converges toward the particle (Figure 6.2c).
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Figure 6.6: Effects of thermal conductivity ratio, @, on heat flux: a) a <1;b)a=1;c)a>1

6.2.7 Heat conduction expression

The schematic in Figure 6.7, represents the centrifugal casting system of MMCs which have
been used by several authors in mathematical model formulation [4, 18]. During casting,
solidification starts by heat conduction from the molten region to the surrounding area
through the solidified composite region, graphite mould and steel mould respectively. Further,
some of the heat is radiated from the cast inner surface. The direction of heat flow in a

centrifugal casting process is shown in Figure 6.7.

Figure 6.7: Direction of heat flows in a centrifugal casting system

6.2.8 Governing expression

The heat transfer of casting and the mould is controlled by the unsteady-state heat one-

dimensional conduction equation in cylindrical coordinate forms:

(aTij 10 ( 8Ti)
Pl —= |- = rki P
ot ror or (639)

Where i = I, sc, and g depict regions; molten composite, solid composite graphite, and steel

mould respectively.

6.2.9 Composites thermophysical properties

Rule of mixtures defines densities, thermal conductivities, and specific heats of composites in

solid or liquid regions as a function of the volume fraction of particles, Vi(t) at any time t:

P =(1-v, (t))P, +v, (t)P (6.40)

p

Where P¢ = property of the composite being considered; Pm and Py = properties of matrix and
particles, respectively.
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6.2.10 Centrifugal casting system initial conditions

Considering a centrifugal casting system as depicted in Figure 6.8, the mould is preheated to a
temperature (Tm) which is a step to avoid thermal shock. Temperature distribution before
pouring att = 0 is given as:

Tlc =Tp

Where T, = molten metal before pouring

Figure 6.8: Schematic depiction of centrifugal cast system of metal matrix composites

6.2.11 Boundary conditions
The regions’ boundary conditions in casting and mould are as follows.
i.  Casting inner surface, at r = Ric

—k, a;'c =h(T,-T,) ___ (6.41)

ii.  Graphite mould outer surface, at r = Rog

T,

_ksc
or

=h(T,-T,) __ (6.42)
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Vi.

Vil.

viii.

Casting outer surface, at r = Roc

oT,
g =h (T —Tg) (6.43)
Graphite mould inner surface, at r = Rig
oT
-k, a—rg =h, (Ty —Twi) (6.44)
Steel mould inner surface of the, at r = Rim
oT,
—k_ . h(Te-Tw)___ (6.45)
Steel mould outer surface of the, at r = Rom
oT
-k —"=h (T -T 6.46
m ar 3( mo a) —( )
Solid-liquid interface, at r = R(t)
Tsc :Tlc :Tf
The sum of the rate of heat provided to liquid-phase and heat released during

solidification at the interface is equal to the rate of solid phase heat removal. This defines

the energy balance at the interface at r = Rs(t)

T T ()

SC ar Ic ar sC 8’[

(6.47)

6.2.12 Formulation of heat-transfer coefficient

The rate of liquid composite solidification is affected substantially by the casting-graphite
mould interface created by contraction of the casting; thermal expansion of the mould during
solidification; and, the graphite-steel air gap formed by imperfect contact. The casting and

graphite mould heat transfer coefficient varies due to air gap and is assumed as [28]:

s(t)

h, \n
h =h (Fj (6.8

Where h; = initial heat-transfer coefficient; hs = final heat-transfer coefficient; s(t) = solidified

thickness, and; r; = total casting thickness.
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6.2.13 Composite thermal conductivity, K

Calculation of thermal conductivity, K, of the composite according to the effective middle
theory (EMT) [29]:

K =K (1_Vp)

"(1+05v,) (6.49)

Where K = matrix thermal conductivity (W/m K); and V, = particle volume fraction.

Calculation of particle concentration:
_ mAi

C;" |t o= —2-x100%

My (6.50)

chAi A _ ) . mA . .
Where P o = concentration of the particles in an area Ai; ~ ? = mass of the particles in an

Ai
area A;j; and M = total mass of the whole microstructure in an area Ai.

6.3 Conclusion

A FGM component is useful in a place where the part is needed to function in an environment
under various working conditions. For instance, a piston receives both high pressure and high
temperature on its top surface. It is, therefore, desirable to have particular particles at the
surface for better wear and thermal resistance. On the other hand, uniform particle distribution
may be required for part functionality. There are factors in macro and micro forms that
control the pattern of particle distribution in metal matrix composites (MMCs). For macro
forms, uniform distribution of particles is achieved by application of mechanical or magnetic
stirring. Uniform particle distribution is achieved microscopically by rapid cooling to
accelerate particle engulfment. Wettability between the particle and melt is another factor that
determines particle distribution pattern. Particle distribution prediction modelling helps in
designing MMCs as desired by functionality need.
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Abstract-Small hydropower (SHP) systems are known to be an environmentally friendly,
cost effective and simple form of renewable energy production, appropriate for rural
electrification in sub-Saharan Africa (SSA). Greater access to power in SSA can be facilitated
through domestic design and development of SHP components and systems. Domestic
participation in the design, manufacturing of SHP components and application of SHP
systems can be promoted through SHP capacity building and use of locally sourced materials.
This study, therefore, involves the design of both civil and mechanical aspects of SHP, and
the use of locally sourced materials and manufacturing processes, in the design and
production of Pelton turbine buckets. The study succeeded in the coding of a SHP system
design and development of design charts using Matlab. A390 and A390-5Mg cast aluminium
alloys were selected and investigated as Pelton bucket materials using Solidworks modelling
and simulation software. The materials performances measured by von Mises, displacement

and strain results were outstanding.

7.1 Introduction

Energy is an indispensable component of human survival, national economic growth, and
promotion of health, manufacturing, security, research and development and transportation
systems. Adequate access to reliable, quality and affordable energy is a prerequisite and
critical to national security, employment, and an acceptable standard of living. Small
hydropower (SHP) has been identified as a non-polluting, cost effective and environmentally
benign renewable energy source suitable for rural electrification [1-3]. To boost energy
accessibility and sustainability sufficiently in sub-Saharan Africa (SSA) requires the region's
active participation in the manufacture of SHP equipment, as this will ensure a reduction in
the cost of power projects execution compared to the present cost situation. Further, the
ability to design and manufacture will solve operational, maintenance and parts availability
problems and jobs will be created. Adequate access to power in the region will stimulate

commercial and industrial activities and, consequently, raise the productivity and standard of
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living of the people [4, 5]. This can be achieved through the popularisation of SHP off grid
technology for rural areas, industrial estates and standalone electrification independent of

national grids [6].

Literature shows that a lot of theoretical design, research and practical works have been
carried out in SHP system development. Some are tied to existing projects but are not
necessarily designed for capacity building [7, 8]. Very little is seen in terms of blade materials
research and development of locally sourced materials. The discussion on how to domesticate
SHP technologies in SSA, a region that has abundant untapped SHP potentials yet is
bedevilled with frequent blackouts, is virtually non-existent. This study is, therefore, designed
to bridge these limitations and further simplify SHP design for greater participation,
especially for SSA. This study is divided into the following components: theoretical
framework and design considerations (civil work and design of a Pelton turbine bucket);
selection of Pelton bucket materials and possible manufacturing processes; and results of
execution of the SHP design parameters chart developed with Matlab.

7.2 Review

In a study, micro Pelton turbine operating and other necessary parameters were calculated
based on a maximum efficiency of 97 % [9]. These parameters include turbine power, runner
diameter, turbine torque, bucket dimensions, number of buckets, runner length, runner speed,
specific speed and nozzle dimension. The paper obtained values of head and flow rate at an
efficiency of 97 %. Alnakhlani et al. studied the highest obtainable efficiency at Energy
Conversion Laboratory of Sebelas Maret University. In the study, different Pelton turbines
were modified using key parameters such as bucket volume nozzle needle seat ring, bucket
angle attack, and nozzle needle tip [1]. A theoretical and experimental study was carried out
on Pelton wheel bucket design and analysis using the standard thumb rules and bucket
modelling using CATIA V5 software [8]. Gudukeya and Madanhire investigated the effects
of material, surface texture and fabrication methods on the efficiency of a hydropower plant
project within an acceptable cost range. The study concluded that manufacturing of more
efficient financially viable Pelton turbines for micro hydropower system (MHS) are possible.
In their project, more electricity was produced at a reduced cost per unit KW improving its
viability [10]. A theoretical micro-hydroelectric plant design for off-grid applications was
carried out to produce green power for remote farms or cottages. A prototype of the system

was built to test the design [11].
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A study on the modelling and validation of results empirically, using locally available
materials in Kenya, was carried out [12]. In the study, stress reduction of 14.2 % was
achieved by modifying the profile of the Pelton bucket. Recycled A356 aluminium alloy was
found to withstand the stress of 150 Mpa, produced by the generated 5 KW power [12]. A pico
Pelton turbine was designed and manufactured using chopped glass fibres reinforced epoxy
matrix composite as the bucket material [13]. A 50,000 litres capacity storage tank in a 10
storied tower was used as a water source to operate the turbine. In the study, 1.5 kW was
generated out the 2.793 kW that it was theoretically designed for. In the design study of Nava
and Siva, CATIA V5 design and modelling software was used to design and optimise a Pelton
turbine considering three materials in the analysis [14]. Efficiency and stress in relation to the
number of buckets were studied in the work. In the three bucket materials selected (steel, cast
iron and fibreglass reinforced plastic matrix), the study concluded that fibreglass reinforced

plastic matrix shows exceptional performance compared to cast iron.
7.3 Theoretical framework and design considerations

7.3.1 SHP system and principle of operation

Small- or micro-hydropower systems are required to convert the hydraulic energy of flowing
water into mechanical or electrical power depending on the energy needed. In a typical SHP
system arrangement, water is diverted from the source by a weir via the intake into an open
channel called the headrace. The water then flows past a settling basin for silt and other
particles removal and into a storage tank called the forebay. The water then passes through the
penstock to the turbine in the powerhouse. The water via the guide vane or nozzle hits the
turbine blade that is fixed to a shaft. This mechanism converts the hydraulic energy of the
moving water into a rotational motion (mechanical energy). The shaft is linked to a
mechanical machine that needs a rotary motion to operate an alternator to generate electricity.
Figure 7.1 shows a schematic of a hydropower system and the direction of water flow.
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Figure 7.1: Schematic of a hydropower system and the direction of flow

7.3.2 Designing and development of key components of a SHP system

The design and development of a SHP system involves many considerations which can be
divided into three stages, as illustrated in Figure 7.2. The stages are hydrological
study/survey, design system and manufacturing process. The entire process starts with the
evaluation of hydro potentials of a water source such as stream, river, etc. [15]. The design
starting parameters are derived from the Flow Duration Curve (FDC) which is prepared from
the mean annual flow record of the hydro potentials such as a river or stream. The
fundamental hydro potentials needed to kick start the SHP design process are flow rate,
velocity, and gross head [16]. The design system can be grouped into civil work design,

mechanical design and electrical design.

Hydrological Design Manufacturing
survey System Process

Figure 7.2: SHP development stages

The design and development processes can further be broken down into components, as

shown in the schematic in Figure 7.3 [5].
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Figure 7.3: SHP design and development layout

7.3.3 Civil design

The SHP system can be divided into subsystems as follows: water source; water diversion and
storage system (weir, silt settling basin, forebay or tank and spillway); water conduction
system (headrace canal, tunnel or Penstock, and tailrace); powerhouse; generation; and,

control system.

7.3.3.1 Weir and intake

The river flow benchmark for micro turbine application is about 4 m%/s. In the case of a flow
less than this benchmark, it may be possible to build a weir i.e. a low wall or dam across it to
be gauged with a notch through which all the water may be channelled, as shown in Figure
7.4. There are different types of notch that could be used and commonest ones are rectangular,
Vee and trapezoidal [17, 18], as presented in Table 7.1. In designing a weir, the width, b, is
chosen and the depth, h, is taken as 2b. The notch material may be metal plate or hardwood

with sharp edges.

Figure 7.4: Schematic of a weir
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Table 7.1: Common types of weir and intake flow rate [18, 19]

Weir Schematic Mathematical expression Value of C

Rectangular notch p—— — _ 15 1.84
s Q=C(b—0.2h)h

V-notch H 8 hOLe 0.570 &1°0.611

Q=C|—|J2gtang| - | CHQ
15 2

Cipolleti notch L _ 15 1.86
n " Q=Cbh

Broad notch Q, = Cbhll's 1.25-3.1

Intake

Intake orifice flow,

Q (M¥s) Q=CA, J2g(h —h, )

Where A, = area of the orifice; C = discharge coefficient (0.6 and 0.8 for a sharp and smooth edges
Ir:\s;gienctively); g = gravity acceleration; h, = upstream orifice water level; and h, = downstream orifice water
The intake design discharge Quin = 1.15Qq Where Qq is the set design discharge and 1.15
accounts for the seepage losses between the intake and the forebay. A velocity value between
1.0 m/s to 1.5 m/s and more than 3.0 m/s should be set for stone masonry and concrete intakes
respectively [20, 21]. The mathematical equation for intake orifice is in Table 7.1. Figure 7.5

is a submerged intake schematic.

Figure 7.5: Schematic of a submerged intake

7.3.3.2 Headrace canal/open channel

The common types of headrace canal cross sections are shown in Figure 7.6.

\i T !y \I 1 J — b
nN__ Ll |
= ETT— —x i
(a) (b) (c)

Figure 7.6: Common channel cross sections a) trapezoidal channel b) parabolic c) rectangular
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It is recommended that the headrace should be slightly elevated to avoid erosion of the

channel surface caused by the flowing water. Headrace design expressions are presented in

Table 7.2. In an open channel foundation two requirements must be satisfied [22]:

i.  The channel most be a rigid structure and not permit deformations to guarantee

stability.

ii.  The channel should allow uniform flow and this is achieved when:

a. The water depth, area and velocity in every cross-section of the channel are

constant.

b. The energy gradient line, surface line and bottom channel line are parallel to

each other.

Table 7.2: Headrace canal/channel design equations

Parameter Equation Parameter Equation
From the continuity =A.V Critical velocity, for
equation, discharge, Q Q= Aoy effective water flow, V = Ang
(m?fs) Ven < 0.8V N T
Manning the 1 1 channel bottom line 2
mathem_atical ; Q=s,| — schZ slopg (hydraulic Qxn,,
expression, Q (m>/s) n., gradient), Scn S, -z
A&h X Rch3
Wetted perimeter, Py, P =h, +2h, Chezy’s C, Cc c - 1 R 01667
c ch
n

Hydraulic radius of the
section area, Recn

Normal open channel
velocity, Ven (M/s)

From Chezy equation,
the open channel
velocity, Vene (M/s)

Hazen-Williams velocity
equation, Venw (M/s)

Darcy-Weisbach
velocity equation, Veng
(mf/s)

From Manning’s
equation, Vehm

F\)ch = i
Pw

Vch = &
A

Vchc = C RchSch

Vchw = kC RchO.MSchO.54

/89
Vchd = TRchSch

Shape optimisation
coefficient, x

Depth of the water in
the canal, hey (M)

Canal bed width, bep
(m/s)

Canal top width,
T (m/s)

Head Loss, Hioss
Largest particle that

can move through the
canal, den

T =h, +(2hchN)

H = Lch S<:h

loss

dch = 11Rch Sch

Where ne¢n = roughness coefficient (ncn = 0.012-0.014 for concrete channels); Scn = % slope of sides; C. =
Chezy’s C; Ach = open channel cross-sectional area (it could be rectangular, trapezoid or circular); f = Darcy-
Weisbach friction factor; and k = 0.85 for Sl units or 1.32 for U.S. units.
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The Chézy equation is frequently used in sanitary sewer channel design and analysis. The Hazen-Williams
equation is commonly used in the design and analysis of pressure pipe systems. The Darcy-Weisbach equation
which is a theoretically based is usually used in the analysis of pressure pipe systems.

The recommended headrace canal/channel velocity (Veh) is between 1 m/s to 1.5 m/s, as
shown Table 7.3.

Table 7.3: Recommended headrace canal/channel velocity (Ven) and roughness coefficient (C)

Material Slope (h/v) Recommended canal velocity (Vcn)
>0.3mdepth  >1mdepth
Stone masonry with mud 0.5-1.0 1 1
mortar
Stone masonry with cement  0-1.5 15 1.5
Roughness coefficient, (C)
Masonry canals Brickwork 0.015
masonry with cement mortar 0.017
Coarse rubble masonry 0.02

7.3.3.3 Spillway and settling basin

Figure 7.7 shows a schematic of the cross section and longitudinal section of a spillway.

Figure 7.7: Normal spillway in a SHP system

The minimum size of particle to be considered to settle in the basin is 0.2 mm. The width of
the basin which is about 2—5 times the width of the approach canal is fixed and followed by
setting of the safety factor (1-2) which takes care of the turbulence in the flow. Figure 7.8
shows the different views (side and top views) of a settling basin. The mathematical relations

for designing a settling basin are presented in Table 7.4.
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Figure 7.8: (a) Side view and (b) Top view of a settling basin

[

Table 7.4: Calculation for design of a settling basin

Parameter Equation Parameter Equation
gy Ly (QuoQu) U5 2QuTC
s c (h 15 Volume of the silt in basin, S
W( overtop) Vit silt — -
h _ h _ h psilt Pfactor
overtop fld sp
The length of the L 2Q,, The average settling basin Vi,
settling basin (Lse) ot = depth (Dcor) col =
WVvert LsetW

Where Qna = flood flow through the intake (m%/s); Qe = designed flow rate in the channel (headrace canal)
(m3s); Cy = spillway profile coefficient (C, = 0.6 for sharp edge profile) and haq = flood level height in the
canal (m); hsy = of the spillway crest height from canal bed (m); W = suitable basin width (m); (Vver = fall
velocity (velocity fall of 0.03 m/s is used for settling particles of 0.3 mm diameter); Tsix = silt emptying
frequency in seconds (12 hours or 43,200 seconds is used in SHP project); Csiit = silt concentration of incoming
flow (kg/m®), and the value can be 0.5 kg/m?, psir = density of silt (2.600 kg/m® is commonly used); Practor =
sediments submerged in water packing factor (50 % is normally used).

7.3.3.4 Trash rack design

Horizontal slanting bars inclined at about 60° to 80° at certain spacing are placed at the
entrance of flow to prevent the trash getting in. These bars are called trash rack bars and the
number depends on the turbine type and manufacturer. However, conventional values are 20
mm to 30 mm for Pelton turbines, 40 mm to 50 mm for Francis turbines and 80 mm to 100
mm for Kaplan turbines [22, 23]. Also at the entrance is a grill or screen that prevents the
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debris from entering. The passage of the water through the rack leads to loss of head. The

trash rack has a coefficient (Ky) that depends on the shape of the bar and ranges from 0.8-2.4.

7.3.3.5 Forebay and penstock design

Choose the width, br, and set the length equal to 2 to 2.5 times the bt. The clearance of the
penstock from the forebay bed commonly ranges from 0.30 m to 0.50 m. In the forebay
design, an equivalent of 15 seconds volume buffer is supplied as an auxiliary for the turbine
to be able to cope with flow variations during standard operating conditions. The design of the
forebay and the settling basin are similar but the forebay is connected to the penstock. Figure
7.9 shows the normal forebay features in a SHP system. The calculation of the submergence
head should be done with care to avoid being undersized as this could lead to flow variation

in the penstock as well as an explosion in the penstock pipe.

Figure 7.9: Schematic showing normal forebay in SHP system

The pipes that connect the forebay to the turbine are called penstocks. The connection could
be surface or underground depending on the topography of the ground, the material the
penstock is made of, the ambient temperature and other environmental requirements as the
case may be [22]. In real fluid flows, friction head losses exist and these losses are classified
into major losses (energy loss per length of pipe) and minor losses (bends, fittings, valves,
etc.). The losses are due to the friction imposed by the pipe walls and fittings on the flowing
fluid. For optimisation, the velocity of flow in the penstock should be considered, as

represented in Table 7.5.

Table 7.5: Penstock flow velocity

Head (m) Low Head Medium Head High Head
Hg < 50 50 <Hg <250 Hg > 250
Velocity (m/s) 2-3 34 4-5
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The penstock diameter has an effect on head loss: a smaller diameter gives greater continuous
head loss. However, the head loss should be within 5 % to 10 % of the gross head. Mild steel
of ultimate tensile strength of 3.5 N/m? x 108 N/m? is commonly considered for penstock
material. The penstock thickness should be large enough to withstand both the static and
dynamic hydraulic pressure of the water and the safety factor, SF, should not be less than 3.5.
Corrosion allowance of 1 mm is set for the penstock [21]. Figure 7.10 shows the penstock

assembly in a SHP system.

Figure 7.10: Components of the penstock assembly [24]

Sizing of the penstock is mainly controlled by the estimated flow rate, length of pipe and
gross head as shown in the following expression below. The wall thickness of the penstock
depends on the materials of pipe, its strength (tensile), pipe diameter and the operating
pressure. The pipe should be rigid enough to be handled without danger of deformation in the
field. The penstock is provided with air vents to conduct out the air resulting from rapid
closure of the valve, thereby preventing the air going into the penstock. Table 7.6 presents
mathematical expressions for forebay penstock design. To accurately calculate the head loss
in the penstock, the following parameters are set:

e Penstock material roughness factor, k (for steel k = 1.5x10* m).

e Trash rack bars thickness ty, typically at 1 cm to 2 cm, but this largely depends on the
selected turbine — 2 cm or 3 cm can be considered for preliminary design. The smaller
the space between the bars, the more the turbine is protected, but this causes head loss
due to clogging therefore requires regular cleaning.

e The trash rack angle, o, is set at 72° to the horizontal plane and this is equivalent to a
slope of 1:3 (H:V).

e Cross-sectional area factor, S, is set according to the bar shape.
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e The entrance factor, ke; due to the shape of the transition between the forebay and the
penstock. 0.05 can be considered for ke for this kind of transition.

e Bend factor, ¢ according to the angle of bend, 6, and this is obtained from a reference
table.

Table 7.6: Expressions for forebay and penstock design

Parameter Mathematical relation Parameter Mathematical relation
Submergence head, H —1.5y 22 Head lost for n _
Hs ° p <8 penstocks, hin (M) h, =h Jn
Internal penstock 0.1875  Penstock wall ‘ pD
diameter, Dp (M) Dp _ 2.69(%2 % sz X_pJ thickness t,, (M) p = E
Hg
:\r/]l_inlimum ;Nall . Dp +508 1o ItDeEStﬁCk wall t?ickness o pr :
ickness, t, (m) o _4—00+ . p + allowance, texr (M) ot _¥+ exir
The total headnet, H —=H —Ah n Penstock t
Hn, (M) " g ! arrangement wall t, =—
thickness tyn, (M) " Jn
Single penstock 2L (Q 2 The diameter of n D
installation head | S penstock, Dpn, (M) Dp =—2F
loss due to friction, 297 Dp5 " }n?
hi (m)
2 ﬂ_p n penstocks flow \/p
= =0.26 fL velocity, Vpn, (M%/s) V, =—=
Q=7 o p P P =
Q 2 Air vent diameter, 3
h =026, | < G () _oos|(F)[ B
! PID? dvent - Qp = Il s £
Minor head loss vV 2
hImin = L( Kent + Kben + Kcont + Kvall)
29

Where V, = penstock velocity; Qp, = water flow rate (m?/s); L, = penstock length in (m) and; Hq = gross head in
(m) (surge tank is needed if Hy/L,>5); D, = penstock diameter in (mm) and; t, = minimum penstock thickness in
(mm); Ah; = total loss and it should not be more than 5-10 % of Hgy and the value can be checked by penstock
diameter variations; p = internal pressure (kg/m?); E = Young’s modulus for the penstock (N/m?); ter = effective
penstock wall thickness at upper end (mm); F = safety factor (for buried penstock pipe F is 5 and for exposed
pipe F is10); o = Tensile stress; and f = dimensionless friction factor for pipe material which can be obtained
from Moody Chart (f = 0.0014); n, = Manning's coefficient (see Table 9.7 for Manning's coefficient); p = the
desired pressure (1.5 Hg); texr = extra thickness for corrosion (1-3 mm) [25]; Ken = Loss of head through
entrance; Kpen = L0ss of head through bend; Kcon = Loss of head through contraction; Kva = Loss of head through
valves.

Table 7.7: Manning's roughness coefficients, np, for common channel materials [26]

Surface Mild steel pipe  Concrete Concrete - Concrete - Copper PVC
Material (Cement) -  wooden centrifugally

finished forms spun
Np 0.008-0.012 0.012 0.015 0.013 0.011 0.009-0.011
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Empirical calculation of the internal diameter (Dp) of a penstock

There are various relations that have been proposed by researchers for calculating the internal

diameter of a penstock as shown in Table 7.8. These relations, which are based on either flow

rate (Q), capacity (Pt), or gross head (Hg) — or their combination — are products of empirical

and field statistical data analysis [27]. Figure 11 shows the penstock and powerhouse

arrangement and the relation between gross head and loss head.

Table 7.8: Relations to calculate the internal diameter (Dp) of a penstock

Relation Proposed by Dy = F(Q, Py, Hg) Limitation
D =0 72Q0-5 Warnick et al. [28] Dy = F(Q) Optimum D, for SHP
, =0
p Bier [27] Dp = F(Py, Hg) Optimum D, for large
D, =0.176| —- |0.466 hydroelectric
p H,
0.71P%*® Sarkaria [29] Dy = F(Py, Hy) Optimum Dy, for large
D, = o hydroelectric
H .
g
0.72P°%® Warnick et al. [28] Dp = F(Pt, Hg) Optimum D, for large
D =——1L— hydroelectric
p H 063
g
0.52p%® Moffat et al. Dp = F(Py, Hg) Optimum D, for large
D, = — 05 hydroelectric
H .
g
1.517Q% USBR [30] Dp = F(Q, Hy) Q > 0.56 m3/s
Dp = H 0.25
g
1.127Q°%* Fahlbusch [31] Dp =F(Q, Hy) Q > 0.56 m3/s
D 1
p 0.12
H,
SMheQ® ASCE [32] Dy = F(Q, Pt, Hy) Q > 0.56 m3/s
D,=0.05
WCH
D =70 05Q3 Ludin-Bundschu [33] Dy =F(Q, Hg) Hg < 100m
p - .
5.20° Ludin-Bundschu Dp = F(Q, Hy) Hg > 100m
D,=7 o
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Figure 7.11: Penstock and powerhouse arrangement

7.3.4 Hydro Pelton turbine mechanical design

A Pelton turbine system is made of a weir, forebay, headrace, penstock, nozzle, runner and
generator. The runner is a subassembly of the system that consists of several buckets fixed
around the circumference of a circular disc, bearing, seal and a shaft. The shaft connects the
wheel either vertically or horizontally to the alternator or generator. This idealised Pelton
turbine system is schematised in Figure 7.12. The water pressure is converted into kinetic
energy (KE) by the nozzle before it strikes the bucket. The jet, with KE, is impinged on the
splitter of the bucket through a nozzle at a right angle. The KE of the streaming jet is totally
converted by the bucket into mechanical energy in the generator, which subsequently converts
the mechanical energy into electrical energy [10, 11, 34]. The splitter prevents a central area
of the bucket from acting as a dead spot and this makes it more efficient in deflecting the

water jet away [35]. Details of the design are presented in Table 7.3.

Figure 7.12: Streaming jet impinges on splitter of a bucket
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7.3.4.1 Main categories of turbine and their applications

The schematic diagram in Figure 7.13 shows the different types of the turbine while Table 7.9

presents their applications.

Figure 7.13: The different types of turbine

Table 7.9: Types of hydro turbine and their applications [36].

Turbine Head Classification
High (> 50 m) Medium (10 m to 50 m) Low (<10 m)
Impulse Pelton, Turgo, Crossflow, Crossflow

Multi-jet Pelton Pelton, Turgo,
Multi-jet Pelton

Reaction Francis (spiral case) Francis (open-flume),
Propeller, Kaplan, Darius

Turbine design governing equations were developed from Euler general turbine equations,

using the Pelton wheel velocities triangle schematic diagram in Figure 7.14 [37].

| W4 Direction of
! blade motion
]
I

—=

.
4

2

Nozzle

Wy
U

Figure 7.14: The Pelton wheel velocities triangle, showing the relative and absolute velocities of the flow

7.3.4.2 Euler equation

AW =U,C,, -U,C (7.1)

w2

But for Pelton, Cw2 is always negative, so that equation 4 becomes:
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AW =UC,, +U,C,, (7.2)

Where AW = work done; U1 = bucket speed; U, = bucket speed vector; Cw1 = input velocity

of the whirl; and, Cw2 = exit velocity of the whirl.

7.3.4.3 For Pelton turbine

U,=U,= U=V,

tr

(7.3) C,=C,=V,=U+w, ____ (74
C.,=U+w,cosp, __ (7.5) Where p<0
Using equations (2-5) in equation (1), it becomes:
AW =U[U +w, —(U +w,cos 8,)|=U (W, +w,cos3,)____ (7.6)

Where Cy = jet velocity; Ui = bucket speed; wi = relative velocity at the inlet; w> = relative
velocity at the exit; > = angle inclined to the horizontal plane by the jet; C> = the absolute

velocity at the exit and; Uz = speed vector at the exit.

For 100 % hydraulic efficiency, 5> will be 180°. But in practice, the jet is deflected by buckets
through an angle, f., of about 160° to 165° in the same plane of the jet. The Pelton wheel
casing is a non-hydraulic function part but serves as a guide for protecting water splashing

and for runner accidents [38].

Considering impact of loss due to friction, the loss factor, k is incorporated, see Figure 7.15:

k=—2 (7.7)

Efficiency of runner

| | ]
0.2 0.4 0.6 0.8 1.0

Blade speed/jet speed ratio, v

Figure 7.15: Theoretical variation of runner efficiency for a Pelton wheel with blade speed to jet speed
ratio for several values of friction factor k
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From equation (7):
W, = kw,

Where k < 1, so that (6) becomes:

AW =Uw, (1-kcos 3,)=U (C,-U )(1-kcos f3,) (7.8)
2AW U U
n, = c _25{1—6}(1—kcosﬁ2)_(7.9)

7.3.4.4 The real Pelton runner

There are always losses in the Pelton runner, therefore, nt < 1 [37]. The schematic of the
runner is shown in Figures 7.16 and 7.17. The design calculation details of a turbine id

presented in Table 7.10:

Figure 7.16: The arrangement of a runner a) the bucket and nozzle relation; b) 6-Nozzle Pelton runner
[39]

Figure 7.17: Assembly of buckets on a runner
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Table 7.10: The calculation details of a turbine design [11, 40-42]

Parameters

Relevant Equations

Parameters

Relevant Equations

The input power to the
turbine, Py (KW)

Specific speed (Ns)

Jet velocity, V; (m/s)

Jet/nozzle diameter, D;

Tangential velocity of the
runner, Vi

Runner diameter, Dy, (m)

nozzle cross-sectional
area, A

Nozzle flow rate,

Qn (M%)

Distance between bucket
and nozzle, X, (M)

Radius of bucket centre of
mass to runner centre, Ry

(m)

Bucket axial width,
Bw (m)

Bucket radial length, B,
(m)

_p*gxnp *H *Q
v 1000
N N
S 5
H 4

Vj:Cn* /2*g*Hn

D = |- 4*Q
RPN

V, = x>x<Vj
D - 60V,
7*N
T * Dj2
] - 4
Qu=Vj*A
X, = 0.625D,
R, =0.47D,
B, = 3.2Dj
B, = 3D,

]

Bucket depth, B4 (m)

Cavity Length, hy (m)

Length to Impact Point,
h, (m)

Offset of Bucket, k (m)

Cavity Width, a (m)

Number of buckets n;

Length of bucket
moment arm, Lap (M)

Absolute reaction
forces acting on the
Pelton runner

The torque on the
runner is Ty:

Turbine shaft diameter
Dshatt (Mmm)

Number poles of the
generator, Z,

B, = 1.2D,
n = (039)D,
h,= (15)D,
k = (0.17)D,
a = (12)D,
n, =15+ =
2D,
L, =0.195D,

F=2pQ(V,-V,)

Dr
Tr = 7F :pQDr(Vj -

= 0.35
0,105

~ 3000
z

p

N

Where ;= efficiency of the wheel; N = generator rotation (rpm); x = ratio of Vi to Vj (at maximum 73,, x = 0.5);

Q = flow rate (m®/s); g = acceleration due to gravity (9.81m/s?); Hn = net head (m); p = density of water (kg/m°)
and; n, = no of nozzle; V; = absolute velocity of water jet (ms™?); C, = nozzle coefficient (C, = 0.96...0.98); g =
gravitational constant, 9.81 (ms?) and, H, = net head (m); ky = Coefficient after Impact (k, = 0.45 to 0.49)
assume worst case 0.45; n, = number of nozzles (n,> 17); Q = flow rate (m%/s);
Rules of thumb: By = 3.1D; for 1 nozzle; By = 3.2D; for 2 nozzles; By, = 3.3D; for 4-5 nozzles and B, > 3.3D; for

B
6 nozzles. The general relation between By, and Dj: 3.1> FW >3.4

There are always losses in Pelton runner, therefore, n¢ < 1.

]
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7.3.4.5 Turbine shaft diameter

Shaft diameter is an important part of a hydro turbine in determining the preliminary runner
geometry. Enough space should be provided in accordance with the design in a runner for a

structurally safe shaft.
7.4 Pelton turbine bucket production

7.4.1 Selection of material

The environment in which the runner of a turbine works is aggressive and hostile. The bucket
is prone to corrosion and erosion wear caused by impinging free jets that may contain sand
and chemically aggressive elements. Fabrication, assembly and installation of buckets are also
associated with challenges, especially in an environment with poor manufacturing
infrastructure, as is the case in SSA presently. Buckets are sometimes used in seawater which
is the most corroding natural medium containing corrosive halide reagents such as NaCl and
MgCl,. The compositional content of seawater depends on geographical location and varies
over a wide range, however, the salt content of the world’s oceans is approximately constant,
about 3.1 % [5, 6]. To satisfy both rigidity and environment requirements, stainless steels
have been the common materials for buckets [43-45], coated with epoxy or polyurethane
based resins materials. However, considering present functionally graded aluminium alloys
and composites, this group of materials seems feasible for the production of Pelton turbine

buckets.

Corrosion and erosion wear are problems shortening the life span of a bucket, and therefore
are major factors to be considered and tackled during design and manufacture processes.
According to this study, there are basically two methods to ameliorate the challenges posed to
the life span of the bucket and other turbine parts: enhancing desilting in the basin to prevent
sand and other particles from getting to the bucket; and, improving the wear and corrosion

resistance of the selected material used in the manufacturing process.

7.4.2 Manufacturing of a Pelton turbine bucket

The production processes of steel materials are complex, very expensive and require huge
energy for casting and welding. The dwindling power and manufacturing sectors in SSA
cannot adequately support the production of Pelton buckets. Despite these limitations, a lot
can still be achieved in the production of hydro turbine components with a design process that
takes into consideration materials and manufacturing inadequacies. Quite often, projects fail
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or take longer time than necessary when the design process fails to sufficiently capture the
relation that exists between material and manufacturing process. For manufacturing purposes,
the choice of material is governed not only by operational requirements but also by cost,

availability, and the manufacturing methods available [5].

If the desirable is not available, the available becomes desirable. The use of locally sourced
materials can be enhanced through manufacturing and heat treatment processes as an
alternative to stainless steel, and this should be promoted. This study, therefore, exploits
locally sourced aluminium alloy and composites whose mechanical properties can be
improved by functionally graded manufacturing method (FGM) techniques for Pelton bucket
production. Aluminium based materials are locally sourced in SSA and possess good
aerodynamics and natural corrosion resistance attributes and can be enhanced by
manufacturing and heat treatment processes. The FGM method of centrifugal casting
combined with heat treatment have been chosen for the production of a Pelton bucket due to
the simplicity and cost-effectiveness of the processes involved [46]. The manufacturing
process of a Pelton turbine bucket has two steps: production of a permanent mould; and,
centrifugal casting process. The concept is to produce a bucket that has hardness and strength
properties in gradient form, such that the inner surface denoted by (a), as shown in Figure

7.18, is the hardest and toughest zone.

Figure 7.18: An offset of section X-X of a Pelton bucket

7.5 SHP system design results

The design of the SHP system was executed by Matlab software for civil and mechanical
sections and the bucket was simulated with Solidworks. The entire process started with the
hydrological data in Table 7.10. The civil components considered include the intake, weir,

open channel (canal), settling basin, forebay, and penstock. In the mechanical design, the
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main operating parameters of a Pelton hydro turbine were considered and design charts

developed. The Matlab codes are presented in appendixes 3 and 4

7.5.1 Civil works design charts for SHP

Figure 7.19 shows the relation between intake sectional area and intake discharge when h; - hy
= 0.3 m; where h; = normal river water level (m) and h, = headrace level (m). Figure 7.20

depicts the correlation that exists between headrace canal sectional area and discharge at canal

velocity of 1.4 m/s and width of 0.3 m.

Intake discharge vs log of sectional area

Intake discharge s

10° 10
Log of Intake sectional area m?

Figure 7.19: Intake discharge vs sectional area
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Figure 7.20: Canal discharge vs sectional area

Figure 7.21 shows the link between headrace canal sectional area and depth for rectangular
and radius for the circular canal. Notch discharge against weir depth at a width of 0.3 m for

both Vee notch and the rectangular notch is shown in Figure 7.22.
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Figure 7.21: Canal area vs depth and radius
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Figure 7.22: Notch discharge vs weir depth

Variations of the headrace canal sectional area and perimeter wet at the width of 0.3 m and
velocity of 1.4 m/s is shown in Figure 7.23. Figure 7.24 shows the relationship between
length and volume of settling basin silt emptying frequency of 43,200 seconds.

Hydraulic radius (m)
T T T T T T T T I T

----- Hydraulic radius :

=
oo

=

~
T
i
3

=
=

05

0.4

0.3

0.2

0.1

Cross sectional area of the canal (n?)

=)

wet perimeter (m)

Figure 7.23: Canal sectional area vs perimeter wet
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Settling basin length Vs volume of silt in the basin

L L R A B
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settling basin length (m)

Figure 7.24: Length vs volume of settling basin

Figures 7.25 and 7.26 show variations of penstock flow rate against internal diameter and

penstock thickness using theoretical and empirical relations according to Warnick et al. [28]

and United States Department of the Interior, Bureau of Reclamation [30].

Penstock flowrate vs Penstock internal diameter
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Figure 7.25: Discharge vs penstock internal diameter
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Figure 7.26: Discharge vs Penstock vent diameter
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7.5.2 Pelton turbine bucket design charts

Figure 7.27 shows the relation between flow rate and turbine power when turbine efficiency is

83 %. Figure 7.28 shows the variations of flow rate against water jet diameter for two nozzles.

Graph of flow rate Vs turbine power
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Figure 7.27: Discharge vs power of turbine
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Figure 7.28: Discharge vs Jet diameter

The variations of runner tangential velocity against runner diameter at different speeds of
rotation are shown in Figure 7.29, while the relation between bucket features and jet diameter

is presented in Figure 7.30.
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Figure 7.29: Velocity vs runner diameter of a turbine
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Figure 7.30: Bucket design parameters

Figure 7.31 shows the correlation between the operational flow rate and specific speed at

varying rotational speed. The efficiency against turbine power at varying net heads is shown

in Figure 7.32.
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Figure 7.31: Rotational speed vs specific speed
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Figure 7.32: Turbine power vs turbine efficiency

The relationship between the runner torque and reaction force shows proportionality; the
resulting curve is shown in Figure 7.33. The graph of turbine shaft against turbine power at

different rotation speeds is shown in Figure 34.
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Figure 7.33: Graph of torque against reaction force
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Figure 7.34: Graph of turbine shaft against power
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7.6 Prototype design parameters

A prototype bucket was designed and Table 7.11 contains the results of the design calculation.

Table 7.11: Main turbine design parameters and constants

Given quantities: Q = 0.033 m®/s; H, = 60 m; g = 9.81 m/s?; C, = 0.97; k, = 0.46; p = 10° Kg/m?; x = 0.46; n, =
2; N =1500 rpm; and 7: = 95%

Parameters Calculated Value Parameters Calculated
Value

The input power to the turbine, 18.45 kW Bucket radial length, B; (m) 0.75m

Psi (kW)

Specific speed (Ns) 8.98 Bucket depth, B4 (m) 0.03m

Jet velocity, V; (m/s) 33.28 m/s Cavity Length, hy (m) 0.009 m

Jet/nozzle diameter, D; 0.025m Length to Impact Point, h, (m) 0.038 m

Tangential velocity of the runner, Vi~ 15.31 m/s Offset of Bucket, k (m) 0.004 m

Runner diameter Dy, (m) 0.19m Cavity Width, a (m) 0.03m

nozzle cross-sectional area, A 0.0005 m Number of buckets n, 19

Nozzle flow rate, Qn (m®/s) 0.017 m¥/s Length of bucket moment 0.049 m
arm, Lap (M)

Distance between bucket and nozzle, 0.119m Absolute reaction force acting 1,186 N

Xnb (M) on the Pelton runner, F (N)

Radius of bucket centre of mass to 0.089 m The torque on the runner is T,:  112.67 N/m

runner centre Ry (m)

Bucket axial width, By, (m) 0.08 m

Figure 7.35: The designed bucket prototype

7.7 Pelton bucket simulation results

The Pelton designed as shown in Figure 7.35 was simulated with Solidworks software and the
simulation results were reported. Table 7.12 contains information regarding the name and

mechanical properties of the bucket material.

Table 7.12: Mechanical properties of the bucket material

Name: 356.0-T6 (Permanent Mould  Elastic modulus: 7.24e+010 N/m"2
cast)

Model type: Linear Elastic Isotropic Poisson's ratio: 0.33

Yield strength: 1.52e + 008 N/m~2 Mass density: 2680 kg/m"3
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Tensile strength: 2.28e + 008 N/m"2 Shear modulus: 2.72e + 010 N/m~2

Compressive 1.85e + 008 N/m”2 Thermal expansion 2.1e-005 / Kelvin
strength: coefficient:

Table 7.13 presents information about the simulation study properties.

Table 7.13: Study properties

Study name Static stress
Analysis type Static

Mesh type Solid Mesh
Type of load applied Normal force
Load value 1186 N

Figure 7.36(a-€) shows the simulation processes: (a) the computer aided drafting (CAD) of
the bucket; (b) the areas of force application and the fixtures; (c) the mesh pattern; (d) the von
Mises representation of static stress; and, (e) the von Mises static stress results in colour bar.
Table 7.14 and Figure 7.36e present the maximum stress of 6.723 x 107 N/m?, recorded in the
upper part of the splitter, denoted as S in Figure 7.36d. This value is less than the yield
strength (1.52 x 108 N/m?) of the bucket material (A356-T6). This means that the design is

safe.

Figure 7.36: Diagrammatic representation of simulation process and von Mises result
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Table 7.14 presents the von Mises stress, displacement, and strain performance of the
prototype Pelton bucket.

Table 7.14: von Mises stress, displacement, and strain results

Name Type Min Max

Stress VON: von Mises 49016.3 N/m"2 6.73216e+007 N/m"2
Stress Node: 10307 Node: 7460

Displacement URES: Resultant 0 mm 0.172845 mm
Displacement Node: 370 Node: 1289

Strain ESTRN: Equivalent  4.82532e-007 0.000622133
Strain Element: 2977 Element: 8721

7.8 Conclusion

Adequate access to reliable, quality and affordable power is a necessity to enhance the
standard of living in SSA. Inadequate power supply has hindered economic development in
the region, especially in the rural areas, for decades, yet the huge SHP potentials available in
the region are untapped. Small hydropower systems have been identified as environmentally
friendly, cost effective and simple renewable energy schemes suitable for rural electrification
in the region. There is a need to popularise SHP schemes for rural areas, industrial estates and
standalone electrification rather than for national grids in SSA. Domestic design and
development of SHP components and systems will facilitate greater access to power in the
region. Small hydropower capacity building and use of locally sourced materials will promote
domestic participation in the design, manufacturing of SHP components and application of
SHP systems. This study, therefore, developed SHP system design codes and charts using
Matlab and a simplified SHP design process and considered materials and manufacturing
techniques available locally. A390 and A390-5Mg cast aluminium alloys were investigated
for a Pelton bucket using Solidworks simulation software. The materials performances

measured by von Mises, displacement and strain results were outstanding.
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Abstract. The study investigates the application of centrifugal casting process in the production of
a complex shape component, Pelton turbine bucket. The bucket materials examined were
functionally graded aluminium A356 alloy and A356-10%SiC, composite. A permanent mould for
the casting of the bucket was designed with a Solidworks software and fabricated by the
combination of CNC machining and welding. Oil hardening non-shrinking die steel (OHNS) was
chosen for the mould material. The OHNS was heat treated and a hardness of 432 BHN was
obtained. The mould was put into use, the buckets of A356 Alloy and A356-10%SiCp composite
were cast, cut and machined into specimens. Some of the specimens were given T6 heat treatment
and the specimens were prepared according to the designed investigations. The micrographs of
A356-10%Si1C, composite shows more concentration of SiC; particles at the inner periphery of the
bucket. The maximum hardness of As-Cast A356 and A356-10%SiC, composite were 60 BRN and
95BRN respectively, recorded at the inner periphery of the bucket. And these values appreciated to
98BRN and 122BRN for A356 alloy and A356-10%SiC, composite respectively after heat
treatment. The prediction curves of the ultimate tensile stress and yield tensile stress show the same
trend as the hardness curves.

Introduction

The study focuses on the wear and strength properties enhancement of A356 aluminium alloy
and A356-10%SiCp composite, exploring manufacturing process (casting) and heat treatment
process for Pelton bucket production. The use of locally sourced materials for SHP hydro turbine
components and their manufacturing technologies, is very crucial to energy provision and
sustainability in sub-Sahara Africa (SSA). Domestication of SHP technology, is the key to the
perennial rural electrification problems in the region. To effectively tackle the perennial power in
Sub Sahara Africa (SSA), the electricity generation and distribution technologies should be
domesticated in the region. This will ensure that challenges as regards to high cost of power project,
duration of project execution, installation, operation, maintenance and repair and downtime will be
tackled and sustained. Several authors and energy research organisations see small and micro power
system of renewable energy are the best option for rural and off grid areas in SSA [1, 2]. It
therefore, imperative for countries of SSA to develop small and micro renewable energy system for
her economic gains.

Technical capacities building for hydro turbine components and system; design, material
selection and manufacturing should be promoted through regional joint effort, academic research,
exchange programme with the developed countries, etc. [3]. The capacity building, should be such
that will increase local participation in SHP technology domestication in the region. SSA with a lot
of untapped SHP potentials as presented in Table 1, needs to explore merits of SHP for greater
access to power [4].

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (#70366975, University of lllinois, Urbana, USA-10/10/16,01:24:21)
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Table 1: SHP potential in SSA [4]

Regions in SSA Available SHP Installed Installed
potential (MW) capacity (MW) capacity (%)
Eastern Africa 6,262 209 33
Middle Africa 328 76 23.1
South Africa 384.5 43 11.2
West Africa 742.5 82 11.1
Review

Loice and Ignatio investigated the effects of material, surface texture and fabrication methods on
efficiency of hydro power plant within an acceptable cost range. The study concluded that
manufacturing of more efficient financially viable Pelton turbines for SHP is possible. In their
project, more electricity was generated at a reduced cost per unit kW [5]. A theoretical micro-
hydroelectric plant design for off grid applications was carried out to produce a green power for
remote farms or cottage. A prototype of the system was built to test the design [6].

A study on the modelling and validation of results empirically, using locally available materials
was carried out in Kenyan [7]. In the study, 14.2 % stress reduction was achieved by modifying the
profile of the Pelton bucket. A recycled A356 aluminium alloy, was found to withstand stress of
150Mpa, produced by the generated 5 kW power [7]. A Pelton turbine was designed and
manufactured for Pico Pelton turbine, using chopped glass fibres reinforced epoxy matrix
composite as the bucket material [8]. A 50,000 litres capacity storage tank in a 10 storey tower was
used as a water source to operate the turbine. In the study, 1.5 kW was generated out the 2.793 kW
that was theoretically designed for. In the design study of Nava and Siva, CATIA V5 design and
modelling software was used to designed and optimised Pelton turbine considering three materials
in the analysis [9]. Efficient and stress in relation with the number of buckets were studied in the
work. In the three bucket materials selected (steel, cast iron and fibre glass reinforced plastic
matrix), the study concluded that fibre glass reinforced plastic matrix shows exceptional
performance compared to cast iron. However, there are striking limitation in that are associated with
the use fibre reinforced composite. It requires depth expertise, most of the material constituents are
imported, and forms solid waste it is damage as most cases recycling and decomposition are not
possible. A lot of theoretical design work of hydro turbine have been studied. However, only few is
known of the use of aluminium alloys and their composites for the fabrication of Pelton turbine
bucket. Present applications of aluminium alloys and their composites, hypothetically suggest that
aluminium alloys and composites are promising materials for Pelton turbine bucket and turbine
blade fabrication.

Application of A356 alloy and A356-SiCp composite suitability for Pelton turbine bucket

Previous studies of hydro turbine plants, revealed that silt erosion affects the underwater
components greatly which include turbine blade [10-12]. In some cases, water is stored in a
reservoir or in a settling basin to be used when the need arises. Over a period of time, sediments that
includes silts and hard abrasive sand settle at the bottom of the reservoir or basin. This problem
must be taken care of by sediment settling systems in power plants. However, a lot of unsettled
sediment still pass through the turbine every year and the turbine runner is therefore, exposed to
severe erosion wear. This sediments are often prevented from go through the turbine by
incorporating sediment settling systems in the power plant. However, there are still possibilities of
unsettled sediment passing through the turbine and this occurrence causes serious erosion to the
nozzle system and the turbine runner. The parts that are vulnerable to silt erosion are bucket/blade,
faceplates and seal rings. Studies have shown that, silt erosion menace is more severe during the
raining season [12, 13].
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The effects of erosion on turbine depends on certain water and turbine material factors. The
factors include water flow velocity and discharge, water salt concentration, silt quantity and size,
and wear and corrosion resistance, hardness and strength of the turbine material. To effectively
guide against turbine failure and to enhance its life span, the design consideration of these features
is vital. However, wear and corrosion resistance enhancement of the turbine blade can be achieved
through manufacturing method. This attribute improvement helps the blade to withstand the effect
of the water salt concentration, and the moving unsettled silt and hard abrasive sand.

Metal Reaction in Environment

Presently, hydro turbine blades are made from metals and they show three types of behaviour
when immersed in the environment: Immune behaviour, active behaviour and passive behaviour as
shown in Fig 1 [14]. The noble metals like gold, silver and platinum show immune behaviour as
they do not react with the environment and therefore, no corrosion. A metal is said to have an active
behaviour when it corrodes in a solution and forms soluble, non-protective corrosion product. This
active behaviour is associated with higher weight loss of the metal and example is mild steel
immersion in NaCl solution (seawater). In the third behaviour, the metal corrodes in a solution, but
forms an insoluble protective film that makes it to have a passive state. Passive films are different
from paints for coating as some people hold. Sodium, potassium, and magnesium are active in
almost all aqueous media. Titanium and tantalum are passive nearly in all aqueous environments.
Aluminium and zinc are passive in some media, but are very active metals and show active
character in many environments.

immune Active Passive
Fig 1: Three metal characters in an environment [14]

Seawater is the most corrodent natural medium where metals are commonly used and its
composition has corrosive reagents, halides (NaCl and MgCl,). The compositional content of
seawater depends on geographical location and varies over a wide range, however, the salt content
of World Ocean is approximately constant, about 3.1% [15, 16]. The world seas salt compositions
are shown in table 2.

Table 2: Contents of salt in world Oceans and river water [16]

Oceans salt content, %
Atlantic Ocean 3.5-3.8
Pacific Ocean 34-37
Mediterranean Sea  3.7-3.9
Red Sea 4.1

Sea of Azov 0.9-1.2
Baltic Sea 0.2-0.45
White Sea 1.9-3.3
Caspian Sea 1.0-1.5
Black Sea 1.7-1.85
Rivers 0.01-0.05

Aluminum alloys susceptibility to corrosion are reasonably differ, as a result, aluminum alloys
can be categorised into two groups, according to their seawater corrosion resistance:
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i.  High corrosion resistance alloys but vulnerable to pitting corrosion

ii.  Alloys vulnerable to intergranular corrosion (IGC) exfoliation corrosion (EC) and corrosion
cracking (CC) the structural corrosion types.

Empirically, conducting laboratory corrosion test with traditional seawater is not always accurate
due to the effects of other impurities apart from chlorides in seawater. Table 3 presents other
impurities in seawater. The impurities affect structural corrosion types (EC, IGC and CC)
susceptibility of metal.

Table 3: The standard seawater composition [17-19]

Salts g/l water %

NaCl 27.2 77.8
MgCl, 3.8 10.9
MgSO, 1.7 4.7
CaSOq4 1.2 3.6
K>SO4 0.9 2.5
CaCO; 0.1 0.3
MgBr; 0.1 0.2
Totally 35 100

The Al-Si cast alloys and their composites, are known for superior properties like corrosion and
wear resistance, high strength, low thermal coefficient, excellent castability, etc. This has make
them relevant materials for number of applications in airspace and other engineering industries.
Various methods are used to develop and improve the properties of Al-Si cast alloys and
composites. These properties are depended on microstructure of the matrix, and the size, shape, type
and volume of reinforcement in the matrix. Wear resistance and other mechanical properties are
function of the hardness of the second phase particles in the matrix [20, 21].

Functionally graded manufacturing technique: Centrifugal casting technique

Centrifugal casting technique was chosen due to its mechanical and microstructural enhancing
advantages. The process aids microstructure gradient and improve hardness of alloys even without
reinforcement and therefore, gives the material a better wear and corrosion resistance [22]. The
mechanical properties of aluminium—silicon alloys are often improved by casting technology [23].
Quite often, hypoeutectic and near eutectic Al-Si alloys are applied when corrosion resistance and
good castability are needed and with little quantity of Mg and Cu for heat treatment enhancement. It
has been revealed that centrifugal can increase: rupture strain by 160% and rupture strength by
35%; young modulus by18% and; fatigue life by 1.5% [24].

Methodology of the Study

The study is divided into two parts: manufacturing of Pelton turbine bucket by centrifugal
casting technique and; characterisation of Pelton turbine bucket materials.

Manufacturing of Pelton turbine bucket

The fabrication of Pelton turbine bucket has two stages: Production of permenat mould and;
centrifugal casting of the Pelton bucket. The 3D model of the bucket is shown in Fig 2. In this
study, the bucket was designed for a capacity of 18.45kW turbine power.
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Fig 6: The diagram shows the design parameters of a bucket

Production of Mould. The mould was designed with Solidworks software where the IGES files
of the mould components were generated. Computer numerical control (CNC) machining centre
was used to machine the components of the permanent mould. The computer aided design (CAD)
drawing of the mould as designed and as produced are shown in Fig 3(a) and (b) respectively.

b)

Fig 3: a) Exploded diagram of the Pelton bucket mould as designed; b) Exploded diagram of the
Pelton bucket mould as fabricated
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Mould Material. Oil Hardening Non Shrinking Die Steel (OHNS) was used as the mould
material and the components were heated treated before they were put to use. The chemical
composition is shown in Table 4. OHNS steel is a reliable material for gauging, blanking and
cutting tools as well as for hardness and elevated temperature performance [25]. The hardening
temperature used was 800 °C and had a hardness of about 432 of Brinell 3000K gf standard. The
fabricated Pelton bucket mould components are shown in Fig 4

Table 4: Chemical composition of the OHNS material used for the Pelton bucket mould.

Element C Mn Cr \\Y \Y
% 0.95 1.1 0.6 0.6 0.2

Fig 4: The fabricated Pelton bucket mould components

Centrifugal Casting of Pelton Bucket. The functionally graded materials (FGMs), A356 alloy
and A356-10%SiC, are under investigation. The chemical composition of A356 used is shown in
Table 5.

Table 5: A356 alloy chemical composition

Elements Cu Mg Mn Si Fe Ti Zn Al

% 0.25 0.30 0.35 7.5 0.35 0.05 0.10 91.10

Casting of A356 Alloy. Clay graphite crucible was used to process the alloy. Hexachloroethane
was applied at 720 °C for degassing of the molten metal to prevent hydrogen entrapment. The
molten metal was superheated to 750 °C, above its Liquidus temperature. The liquid metal was then
poured into a spinning Pelton bucket mould (centrifugal casting) and a stationary rectangular mould
(gravity casting). The moulds were preheated to 300 °C and the Pelton bucket mould was rotated at
1500 RPM during pouring and solidification. The rotation was stopped 5 minutes after pouring.

Casting of A356-10%SiC, Composite. The same melting conditions for A356 alloy as stated
above, were followed for the casting of A356-10%SiC, composite. The 25 pm SiC particle was
preheated to 600 °C before inserting it into the A356 molten and the mixture was stirred with
electric motor driven impeller at a speed of 300 RPM. The particle feed rate to the molten metal is
about 1gm/s and the mixture was stirred 15 minutes more after the particle addition.

In the mould configuration, it is designed to produce castings in one operation. The arrangement
is such that the faces are in the same direction as depicted in Fig 5.



36 International Journal of Engineering Research in Africa Vol. 26

Fig 5: Centrifugal casting machine with an opened mould in which the buckets are facing the
same direction

Preparation of test specimen

Microstructure Examination. The cast bucket of both materials under investigation were sliced
at the middle (plan X-X, see Fig 6a) into two parts and both halves were prepared for
microstructural examination and hardness test. The samples for the microstructural view were
polished using the following grades of grit emery papers of 80, 100, 320, 400, 600 and 1000
consecutively. The emery paper polishing was followed by cloth polishing with 6 pm, 3 pm and 1
um SiC, particle pastes. The prepared samples for microstructural examination are shown in Fig 6.
The polished sample was subjected to Leica optical microscopy for transverse viewing as shown by
the arrow in Fig 6d and capturing.

Fig 6: Method of preparing the samples for microstructural examination and hardness test

Hardness Test. The second half of the sample was prepared for Brinell hardness test and was
only subjected to polishing using grades of grit emery papers of 80, 100, 320, 400, 600 and 1000
respectively. The specimens for hardness test are shown in Fig 7. The polished sample was
subjected to 62.5Kgf load of Tinus Olsen hardness test machine transversely as shown by the dots
in Fig 7b.
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Fig 7: a) Specimens for microstructural examination and for hardness test; b) offset of the face of
the specimen

Heat Treatment. The solution heat treatment (T6), is the most widely used for the improvement
of the combination of strength and ductility. A356 alloy test sample was treated according to T6
heat treatment standard for A356 alloy for hardness, strength and ductility enhancement. The
specimen was heated to 540 °C and held for 4 hours and quenching in a water of 65 °C temperature
according to earlier studies [26, 27]. Artificial aging was carried out at 165 °C for 6 hours and the
process profile is shown is Fig 8. A356-10%SiC, composite specimen was heated to 520 °C, held
for 8 hours and quenching in a water of 80 °C temperature. The artificial aging was done at 160 °C
and held for 20 hours [28]. The heat treatment process for A356-10%SiC, is represented in Fig 9.
Quenching was done in accordance with the B-917 ASTM standard, with the cooling from 400 °C
to 260 °C and the quenching delay time was less than 10 seconds. These precaution measures were
necessary to prevent the formation of premature precipitate.

Fig 8: Schematic of T6 Heat Treatment of A356 Alloy profile

Fig 9: Schematic of T6 Heat Treatment of A356-10%SiC composite profile

Results and Discussion

Casting of Pelton bucket by centrifugal process

The first few castings shown the same defect as the one shown in Fig 10a. The defect was caused
by the centrifugal force effect on the cast bucket. This was a major challenge in this study. Several
attempts were made by changing the process variables before a good cast was made. In centrifugal
casting, there is the tendency of the surface of the cast, towards the centre of rotation, to form a
parabola of revolution as depicted in the schematic in Fig 10b.
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Fig 10: a) a defected cast caused by centrifuge; b) schematic of the effect of centrifuge cast

The curve formed is a function of these parameters: the rotational speed; the cast geometry and;

pouring and mould temperatures. In this work, the defect was corrected significantly by geometry
and Fig 11 shows the defect free Pelton bucket cast.

Fig 11: The defect free Pelton bucket cast

Microstructural examination

The micrograph of buckets 1 and 2 is shown in Fig 12. It was observed that the two buckets have
the same gradient trend. However, the trend in 2 was in opposite direction of 1. For the purpose of
the operational performance of the bucket, especially for wear resistance, bucket 1 arrange in Fig 5

is preferred. Figs 12 and 13 show the pattern of microstructure gradient of the alloy and composite
respectively used in bucket 1.

Fig 12: The micrgraph the gradient of cast bucket 1 of A356 alloy.
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Fig 13: The micrgraph the gradient of cast bucket 1 of A356-10%SiC,, composite

Effect of T6 heat treatment and centrifugal casting technique on hardness

A356 alloy, which has AI-7.5%Si-0.3Mg is widely used in engineering industries like
automotive, aerospace and military applications for high strength parts. It offers good combination
of mechanical properties such as castability, strength, corrosion resistance and pressure tightness in
both the permanent mould and sand cast condition. Despite these attributes, in most cases, A356
alloy is not used as-cast, as the presence of eutectic silicon causes it to perform below optimal
value. Generally, mechanical properties of aluminium alloys and composites are reduced by coarse
grain, cavities and needle shape eutectic silicon. Modification and refinement improve the
mechanical properties of alloy such as tensile strength, impact strength, wear resistance and
hardness significantly [29, 30]. Rapid solidification, vibration, heat treatment and chemical
treatment are the basic methods of manipulating the morphology of an alloy for properties
enhancement. In chemical treatment, small amount of sodium is added to the melt and this changes
the eutectic silicon phase morphology from coarse acicular to fine fibrous. The process results in
enhancement of mechanical property. [31-33].

Centrifugal Casting. The large dendritic cells, large flakes of silicon and large inter-dendrite
arm spacing of a-aluminum dendrites that are produced by low solidification rate. These
morphological features need to be refined and modified for the alloy to possess better mechanical
properties. High solidification rate gives small dendritic cells, small inter-dendrite arm spacing and
small flakes of silicon and morphologically changed from acicular to fibrous [34]. Centrifugal
casting influences the rate of solidification and consequently enhances the quality of casting.

The rate at which centrifuge affects the microstructure of an alloy is speed of rotation depended.
Studies have shown that the optimum centrifugal is between 1200-1500 RPM [34, 35]. At the speed
of 1500 RPM, the microstructure of the bucket experiences the following: transformation of large
primary silicon into needle shaped eutectic silicon in the inner; long needle-shaped eutectic silicon
are converted into fine primary silicon at the outer and; there is the formation of fine grain. The
transformations and the high rate of solidification, enhanced the hardness value of both A356 alloy
and A356-10%SiC, composite. This transformation is evidently pronounced in Fig 14: Long
needle-shaped eutectic silicon are seen broken into fine primary silicon at the outer of the bucket;
while at the inner, large primary silicon are being converted into needle-shaped eutectic silicon. The
maximum hardness of 60 BRN was recorded at 5 mm from the surface of the inner part of the
bucked and 55 BRN was recorded at the outer region as show in Fig 16.
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Fig 14: The features of the micrograph of the bucket made from A356 alloy by centrifugal cast

Heat Treatment. The heat treatment of A356 can be classified into three, based on soaking
temperatures: Soaking at high temperature of 560°C [26, 27]; soaking temperature slightly below
the eutectic temperature, 540°C [36-38] and; soaking temperature at 500°C. Quite often,
hypoeutectic and near eutectic Al-Si alloys are applied when corrosion resistance and good
castability are needed and with little quantity of Mg and Cu for heat treatment enhancement. In
certain heat treatment conditions, as in the case T6 treatment of A356, precipitation of Mg,Si and
that of silicon occur [31]. The micrograph of the microstructure examination of T6 treated A356 is
shown in Fig 15.

ey o

Fig 15: Optical micrograph of alloy A356 after solution treatment at 540°C for 4 hours

The hardness of both alloy and composite samples increased appreciably after the heat treatment.
Maximum hardness (98 BRN and 122 BRN for alloy and composite respectively) were recorded at
about 5 mm from the inner face in both samples. Lower hardness values were recorded, at 3 mm
from the inner surface in all the samples. This is due to the rapid solidification at the inner periphery
caused by fast cooling facilitated by the mould rotation.

The increase the hardness observed is due to supersaturated solid solution production that
occurred during the soaking of A356 alloy at 540°C for 4 hours. This process causes the dissolution
of hardening elements (Mg,Si) in the matrix into globular primary a-Al, spheroidisation of eutectic
silicon and casting homogenisation [10, 11, 39]. Fig 16 shows hardness trends in the samples.
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Fig 16: Brinell micro-hardness plot for a) A356 alloy as-cast and heat treated and; b) A356-
10%S1C,, as cast and heat treated.

Where AC = as-cast A356 alloy; A- HT = A356 alloy heat treated; AC-C = As-cast A356-
10%Si1C composite; C-HT = A356-10%Si1C composite heat treated

The dissolution of Mg,Si, Spheroidisation and homogenisation of eutectic silicon in A356,
happen within 5 minutes of soaking at 540°C. The diagram of the Pseudo-binary of AI-Mg,Si phase
is shown in Fig 17

Temperature (C)

100

05 10 15 20
Mg, Si (wt. %)

Fig 17: Pseudo-binary of AI-Mg,Si phase diagram

Yield strength (YS) and Ultimate tensile strength (UTS) predictions

The strength of A356-T6 and A356-SiC-T6 can be predicted using this relation in equation (1)
[11]:

YS = 3.03x VHN x (0.055)" (1)

Where YS - yield strength, VHN — Vickers hardness number and; n - strain hardening exponent
(0.091). The YS and UTS prediction curves for the samples are shown in Figs 18, 19 and 20.
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Fig 18: Yield strength prediction of a) A356 as cast (YS_AC-A) and heat treated (YS_AC-HT)
and b) A356-SiCp as cast (YS_A-C) and heat treated (YS_C-HT)
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Fig 19: Yield strength prediction of a) A356 as cast (YS_AC-A) and A356-SiC,, as cast (YS_A-
C) and b) A356 heat treated (YS_A-HT) and A356-SiC,, heat treated (YS_C-HT)

Again, YS-UTS ratio, can be predicted in terms of n, using the expressions (2) and (3):

0 (0.002)" (exp n)
YSO]A] UTS — [ P %n (2)

UTS = Yo’ ) 3)
[(0.002) (exp n)}
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Fig 20: UTS prediction of heat treated a) A356 (UTS_A-HT) and A356-SiC, (UTS_C-HT)

From Figs 18-20, it was observed that, the YS and UTS, appreciated greatly across the surface
for both A356 alloy and A356-SiC, composite after heat treatment.

Protective Coating of Pelton Bucket

Despite the wear and corrosion resistance of A356 alloy and A356-SiCp composite, they are still
very much susceptible to seawater corrosion and silt erosion over time. For better operation
performance and longer life span, coating the inner surface of the bucket with tougher and hardened
material is recommendable. Coating Pelton bucket with ceramic is will be effective due to the
provision of the following protective service to the surface of the bucket: Wear and corrosion
protection; impingement protection, silt erosion protection and surface hardness improvement. This
study recommends ceramic coating of Al,O; implanted Fe micrograins, and microarc oxidation

(MAO) or plasma electrolytic oxidation (PEO).

Conclusion

Domestication of SHP technologies was noted as a significant way of reliably tackling rural
electrification problems in SSA and the use of FGMs production technique was considered vital. In
engineering sectors, such as aerospace, automotive and energy, FGMs play a vital role in ensuring
that the desired attributes of components as regards their functionality are achieved. The needed
operational properties of parts have pushed the material engineers and scientists to develop different
FGMs production methods. This study, therefore, exploits the FGMs production method to enhance
locally sourced aluminium alloy for Pelton hydro turbine bucket production. However, the cost of
production, complexity of technique, and mass production of parts are some of the major barriers to
the application of these fabrication techniques. This notwithstanding, centrifugal casting technique
was identified as a simple and cost-effective process that enhances the mechanical properties of
aluminium alloys and composites. This study then concludes that:

i.  To genuinely turn around the perennial power issues in SSA, power should be generated from
the abundant small hydro potentials with the application of indigenous technology and made
from locally sourced materials.

ii.  Use of centrifugal casting method and heat treatment improved the mechanical properties of
A356 alloy and A356-SiC, composite, making them more suitable for Pelton bucket
production.

iii.  Heat treated A356 alloy and A356-SiC, composite, will be suitable for turbine materials for
water storage turbine system. This is due to minimal % of silt in the stored water and the
enhanced corrosion and wear resistance property of the materials.

iv.  To further improve the life span of bucket, hard surface coating should be applied
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Abstract-This study examines the possibility of fabricating a complex, non-cylindrical
shaped Pelton turbine bucket by centrifugal casting technique. The functionally graded
aluminium A356 alloy and A356-10%SiCp composite produced were characterised for hydro
turbine bucket application. Oil Hardening Non-Shrinking Die Steel (OHNS) steel was
selected for the permanent mould material, machined with CNC and heat treated to a hardness
of 432 BHN. Aluminium alloys A390 and A390-5%Mg were considered as the Pelton
materials, cast and characterised. Gravity casting of A390 and A390-5%Mg were done for
comparison purposes. For detailed investigation, a cylindrical shape cast of A390-5%Mg was
fabricated. The effects of the casting method and heat treatment on the mechanical properties
and corrosion resistance of A390 and A390-5%Mg alloys were investigated. A hardness of
150 BHN (maximum) was recorded near the inner surface of the bucket and 157 BHN
(maximum) was recorded in the inner periphery of the cylindrical cast. From the corrosion
test, it was observed that A360-5%Mg by gravity casting shows higher corrosion resistance
than the base alloy A390, and the specimen from the inner zone of the circular cast shows a

higher corrosion resistance than the specimen from the outer periphery.

Keywords: A360-5%Mg alloy; Centrifugal casting technique; Electrochemical corrosion test;

T6-heat treatment; Pelton turbine bucket.

9.1 Introduction

Functionally Graded Materials (FGMs) are a class of composite materials that have unique
properties as a consequence of the gradual transition of the constituent materials. This group
of knowledge-based materials occurs in nature such as bone and teeth [1, 2]. The concept of
FGM was modelled from nature in the quest of solving engineering problems [3]. Most
metals in their pure nature have little significance in engineering application as their
properties sometimes conflict with what is required of them. For instance, a part may require
hardness and ductility for proper functioning in a given working environment. Naturally, such
material is hard to find. This kind of scenario has driven scientists and the engineers to
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develop various material fabrication processes. These processes are used to combine different
elements or compounds in order to explore the comparative advantages of the individual

elements or compounds.

In the case of aluminium and its alloys, microstructures are modified chemically or
mechanically. The properties of a material are defined by its microstructure characteristics. In
chemical modification, certain elements or chemicals are added to the matrix depending on
the attribute required from the material. The grain size distribution, primary silicon (Si) and
morphology of the microstructure are mainly responsible for the properties of hypereutectic
Al-Si-Mg alloys. However, the mechanical properties are affected by the presence of coarse
massive irregular or star shaped primary Si which are usually associated with typical casting

methods.

The centrifugal casting process generates radial forces that segregate composite materials
including the matrix into zones with the denser components farthest away from the axis of
rotation. In addition to the centrifugal effect, the rotation of the mould after pouring facilitates
rapid cooling and solidification. In the centrifugal casting of ceramic particle reinforced
aluminium matrix, two distinct regions are created: a particle-enriched zone and a particle-
depleted zone. However, the meeting point of this segregation is in a gradual transition, not
sharp. In the case of SiC in an aluminium matrix, experiments have shown that SiC will
segregate to the outer periphery of the cast [4, 5]. The particle-enriched zone thickness is

reduced by the increase in rotation speed and pouring temperature.

In a study, the hypereutectic aluminium alloy was physically modified with intensive melt
shearing while solidifying and the effect on the microstructure was examined [6]. The results
revealed that the shearing greatly refined the primary silicon with heat treatment playing a
significant role. 660 °C was recorded as the optimum temperature for Al-20wt%Si alloy Si
particles refinement. A centrifugal in-situ process was used to fabricate an Al-Al,.Cu FGM
ring from Al-3%Cu in a study which reported the following findings: the a-Al particles
drifted to the outer periphery of the ring; the presence of Cu in the ring was massive in the
inner part; the hardness of the Al.Cu FGM ring increased towards the inner region; and the
specimen hardness increased tremendously after heat treatment [7]. This occurrence suggests

that the a-Al particle is denser than Cu.

An investigative work was conducted on the different aluminium matrices reinforcing

particles of B4C, SiC, graphite hybrid, primary silicon, AlsNi and Mg.Si produced by a
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centrifugation process. The study observed that reinforcement density and size are the
parameters that affect the microstructure gradient. Denser SiC and AlsNi particles were
observed close to the outer surface while less dense particles of graphite, primary silicon and
Mg2Si were found close to the inner surface. B4C particles were more frequently distributed
around the matrix than others because it has the closest density to the aluminium matrix.
Mechanical stir and electromagnetic stir casting techniques were used to fabricate A356-SiC
metal matrix composites with varying weight proportions of SiC particles. The study
investigated macrostructure, microstructure and mechanical properties of the castings and
observed that the trend of mechanical properties improvement corresponds to the trend in the
increase of reinforcement particles in all cases, and a lesser number of the void was produced
by electromagnetic stir casting than stir casting. K. Patel, H. Patel and F. Patel examined the
effect of the rotation speed of a horizontal centrifugal casting process on the tribological and
hardness properties of a hyper-eutectic (Al-17Si) alloy [8]. According to the study, hardness
and wear rate followed the same trend — their values increased toward the outer periphery; the
primary silicon was refined by the increase in the spinning speed from coarse shape to fine
shape; and 700 RPM was considered to be the optimal mould rotation speed at which the wear

rate at the outer periphery was minimised.

9.1.1 Pelton turbine material and fabrication

The turbine bucket is basically designed for aerodynamics, strength, wear and corrosion
resistance, and cavitation attributes. In a Pelton turbine, nozzle and bucket are severely
affected by silt erosion and high velocity jet water. Stainless steels SS(16Cr-5Ni), SS(13Cr-
4Ni), SS(13Cr-Ni) etc. are the commonest materials used for hydro turbines and water pumps
because of their mechanical performance attributes [9]. However, these materials are
expensive, complex to formulate, require huge energy to cast, are not erosive wear resistant,
and are comparatively difficult to machine and weld. The manufacturing infrastructure in
most countries in sub-Saharan Africa is inadequate to sufficiently support stainless steel
production and working with stainless steel. This has made the production of hydro turbines
blades out of reach in the region despite the need to generate more electricity. Aluminium
based materials have reasonable corrosion wear resistance naturally that could be improved

through various production and modification processes.

This study aimed to cast an irregularly shaped component, a Pelton turbine bucket, by vertical

centrifugal casting technique with A390 and A390-5%Mg as bucket materials. Previous

118



studies consulted regarding the centrifugal casting process have considered perfect cylindrical
bodies in their investigations. This study hypothetically identifies the successful designing

and fabrication of a permanent mould as the most important outcome in this research work.
9.2 Experimental method

9.2.1 Fabrication of a permanent mould for a Pelton turbine bucket

The fabrication of a Pelton turbine bucket was divided into two stages: production of a
permanent mould and centrifugal casting of the Pelton bucket. The CAD model of the bucket

is shown in Figure 9.1 and was designed for a capacity of 18.45 kW turbine power.

Figure 9.1: The design parameters of a bucket
9.2.2 Production of the mould

Solidworks software was used for the mould design and generation of IGES files of the mould
components for CNC machining application. The mould parts were machined according to
the specifications stated in the IGES files. Figures 9.2(a) and 9.2(b) show the exploded

assembly of the mould as designed and as fabricated respectively.
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Figure 9.2: a) Exploded view of Pelton bucket mould assembly as designed; b) Exploded view of Pelton
bucket mould assembly as fabricated

9.2.3 Mould material

Oil Hardening Non-Shrinking Die Steel (OHNS) was selected as the material for the mould
production. The OHNS chemical composition is shown in Table 9.1. OHNS steel is a reliable
material for gauging, blanking and cutting tools as well as for hardness and elevated
temperature performance [10]. The CNC machined components of the mould were heat
treated as follows: 800 °C was used as hardening temperature and 432 BHN was recorded
after the heat treatment. A photograph of the manufactured components for the Pelton bucket

mould is shown Figure 9.3.

Table 9.1: OHNS material chemical composition

Element C Mn Cr W \V

% 0.95 11 0.6 0.6 0.2

Figure 9.3: The manufactured mould components for Pelton bucket
120



9.2.4 A390-aluminium alloy formation

The chemical composition of A390 aluminium alloy is contained in Table 9.2. A calculated
kilogramme of the commercial A390 was charged into the induction furnace. The alloy was
processed in clay graphite crucibles. Degassing of the molten metal to prevent hydrogen
entrapment was done at 720 °C by rotary impeller degassing (RID) machine, shown in Figure
9.4. The RID set parameters were: rotor speed - 500 rpm, gas (Nitrogen) flow rate - 0.4 m/h
and refining time - 15 min, in accordance with previous studies [11]. The rotary shaft was
placed about 50 mm from the centreline in order to avoid vortex formation. The molten metal
was poured into a circular mould rotating at a constant speed of 1200 rpm and held at this

speed for 5 minutes before it was stopped.

Figure 9.4: Degassing of the molten metal with RID machine
9.2.5 A390-5%Mg aluminium alloy formation

Commercially available A390 alloy was used as the raw material for the production of A390-
5%Myg ingots. For the A390-5%Mg ingot preparation, 5 %W of pure magnesium (Mg) was
added to the molten metal of A390 alloy at 750 °C, which is about 100 °C above A390
melting point temperature [12]. The ingot was processed in clay graphite crucibles and
degassing of the molten metal to prevent hydrogen entrapment was done by adding
hexachloroethane at 750 °C. The chemical composition of A390-5%Mg ingot as analysed by
spark emission spectrometer is contained in Table 9.2.

Table 9.2: Elemental composition of A390 and A390-5%Mg

Alloy Al Si Cu Mg Fe Mn Zn Ti
A390 77.10 17.00 4.50 0.60 0.40 0.10 0.10 0.20
A390-5%Mg 74.03 16.20 4.30 4.80 0.37 0.06 0.07 0.17
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The A390-5%Mg ingot was charged into the furnace with the addition of 1 Kg of pure Mg to
account for the loss due to oxidation. The molten A390-5%Mg was poured at 750 °C into the
Pelton turbine bucket mould that was preheated to 300 °C and spinning at a speed of 1200
rpm. The rotation continued for 5 minutes after pouring and Figure 9.5 shows the vertical

centrifugal casting machine used.

Figure 9.5: Vertical centrifugal casting machine: a) Unloaded centrifugal machine; b) Centrifugal
machine with circular mould and; c) Centrifugal machine ready for pouring

The schematic diagram in Figure 9.6 depicts the arrangement of the buckets in the mould and
the direction of rotation. The face of one of the buckets is turned away from the centre of

rotation while the other faces the centre of rotation.

Figure 9.6: The arrangement of the buckets in the mould

Apart from the bucket mould, circular and rectangular moulds were also prepared. A390-
5%Mg molten metal was poured into the circular mould at rotational speed of 1200 rpm while
the rectangular mould was filled with A390-5%Mg alloy gravity casting. The moulds were
pre-heated to 300 °C and the circular mould rotated for 5 minutes after pouring. The castings

made are shown in Figure 9.7.
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Figure 9.7: Castings from different casting techniques: a) Pelton Turbine bucket cast by centrifugal
casting method; b) Cylindrical from circular casting mould cast by centrifugal casting method; c)
Castings made by gravity casting method.

9.2.6 Electrochemical corrosion test

A CH Instrument 680 Amp Booster laboratory workstation was used to carry out
electrochemical corrosion tests. The setup is shown in Figure 9.8 and consists of three
standard electrodes in a Pyrex glass cell; a platinum counter electrode; saturated calomel
electrode as a reference electrode; and working electrode (specimen). 3.5 % sodium chloride
(NaCl) solution was used as the corrodent. Potentiodynamic current-potential curves were
obtained from specimens’ polarisation into cathode (-) and anode (+) as regards the open
circuit potential (OCP) and scanned at 0.05 V/s. Electrochemical Impedance Spectroscopy
(EIS) measurements at the calculated OCP in 1200 seconds were carried out at frequency
range 0.01 Hz-100 kHz at a small amplitude AC signal (10 mV). Rectangular specimens of
dimension 25 mm x 25 mm x 2 mm were prepared based on the standard metallographic
process: polished with grit emery papers of the following grades 80, 100, 320, 400, 600 and
1000 consecutively and washed with distilled water [13]. This was followed by whirl cloth

polishing with 6 pm, 3 um and 1 um SiC particle paste consecutively, washed in acetone and

rinsed with distilled water.

Figure 9.8: The setup of the electrochemical corrosion laboratory workstation (CH Instrument 680 Amp
Booster)
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9.2.7 Specimen preparation

The test samples were prepared from A390-5%Mg aluminium alloy. The bucket was sliced at
the centre into two specimens, A and B (Figure 9.9) and then their surfaces were prepared for

microstructure examination and hardness testing respectively.

Figure 9.9: Preparing microstructural and hardness specimens

Three specimens (C, D and E) were cut from the cylindrical cast as shown in Figure 9.10.
Specimen C and D were prepared for microstructure examination and hardness testing

respectively.

Figure 9.10: Schematic of how the specimens were cut from the cylindrical casting

The electrochemical corrosion test specimens, E1, E2 and Es, were produced from specimen E
as depicted in Figure 9.11. Specimens F and G were cut from the A390 cylindrical cast alloy
in the same way as represented in Figure 9.10. The specimens were prepared for
microstructure examination and hardness testing respectively. Specimens H and | were
prepared from gravity casting of A390-5%Mg microstructure examination and hardness

testing respectively.

Figure 9.11: Specimens for electrochemical test
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The specimens for the microstructural view were prepared by polishing the surface of the
specimens with grit emery papers of 80, 100, 320, 400, 600 and 1000 grades consecutively
and washing with distilled water. This was followed by whirl cloth polishing with 6 pm, 3 pym

and 1 um SiC particle paste consecutively, acetone washing and rinsing with distilled water.

9.2.8 Hardness test

A Tinus Olsen hardness test machine with 2.5 mm diameter indenter ball was used to measure
the macro-hardness of the different specimens in terms of the Brinell Hardness Number
(BHN) scale under a load of 62.5 Kgf for 20 seconds. The samples for hardness testing were
polished with grit emery papers of 80, 100, 320, 400, 600 and 1000 grades consecutively and
washed with distilled water. The offset of the bucket specimen surface prepared for hardness

test and the points where the readings were taken is depicted in Figure 9.12.

Figure 9.12: Bucket test samples
9.2.9 Heat treatment

Heat treatment was carried out on specimens B, D, G and | and were given the same heat
treatment as represented in the diagram in Figure 9.13. A temperature of 495 °C was used for
solutionizing and held for 8 hours followed by quenching with 60 °C hot water. Artificial
ageing was done at 175 °C and held for 8 hours.

Figure 9.13: Schematic of T6-Heat Treatment profile of A390 and A390-5%Mg
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9.3 Theoretical background

In the vertical centrifugal casting process, a particle moving in a molten metal is under the
influence of four forces: gravity, Fg; drag force (viscosity effect), Fp; centrifugal force
(spinning of the mould), Fc; and Van der Waal forces repulsive force (solid-liquid interface

movement), FL.
The particle movement is controlled by the net resultant force Fet:

Foe=F-F-F (9.1)
The force balance expression when fluid flow is laminar (Re < 1) (assumption) is:

4/3+ r*R*+ p, (d’r/dt) =4/3% 7 %R (p, — p, ) " * 1 —6% 7 * R+ u(dr/dt) (9.2)

Where R - particle radius; g - gravitational acceleration; p - melt viscosity; Ap = pp — pm -
density difference and; pp and pm particle and molten metal densities respectively; o - angular

velocity and; r - particle position.

d?x 4 (DY dx
mpW=|Pp—Pm|§ﬂ[7p) Gg—37pra (9.3)

The direction of the movement of particles is due to centrifugal force, determined by the
relative values of the densities; particles are segregated to the outer periphery of the cast if pp

> pm and vice versa.
The ratio of the centrifugal force to gravity, G is defined as:

47°N*?
g

G= r (9.4)

Where dx/dt - velocity; d?x/dt? - acceleration; m - mass; g - gravitational acceleration; Dy -
particle diameter; r - circular mould diameter (m); N - velocity of mould rotation and; p -

viscosity (m?/s).

The centripetal acceleration, ap, of the reinforcement particle is derived from equations (3) and

(4):

d?x 4 (DY
mpF:|pp—pm|§ﬂ[7pj An*N*r (9.5)
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1 Pmlg 2N 2y (9.6)

9.4 Result and discussion

9.4.1 Microstructure

The microstructural examination of the centrifugal casting of A390 was divided into three
zones; the inner zone, Figure 9.14(a-b); middle zone, Figure 9.14(c-d); and outer zone (Figure
9.14(e-f)). It was observed that the highest volume of the distribution of fine Si particles of an
average size of 5-15 um was observed at the outer periphery and few at the mid zone.
However, the formation of large flakes of a-Al dendrites and bigger Si particles of the average

of 25 um to 35 um were seen in the inner zone.

Figure 9.14: Micrographs of centrifugally cast aluminium A390 alloy, showing the trend of gradient

The micrographs of As-Cast A390-5%Myg alloys fabricated by gravity and centrifugal casting
methods are shown in Figure 9.14. Figures 9.15(a) and 9.15(b-h) are the micrographs of
A390-5%Myg alloys fabricated by gravity and centrifugal casting methods respectively. The
micrographs in Figure 9.15(b-h) represent the gradient of the microstructure. As can be seen
in the micrographs, there is a difference in the microstructure morphology between gravity
cast and centrifugal cast alloys. In Figure 9.15(a), large flakes of silicon, coarse Mg»Si, large
dendritic cells, and large a-aluminium dendrites are seen. In the centrifugal casting alloy
micrographs, a fibrous form of silicon is seen in the outer periphery (Figure 9.15(h)),
followed by fine Si particles toward the inner surface. In the inner surface, there are a lot of
coarse Mg.Si surrounding Si and also standing individually, polygon primary silicon and

large a-aluminium dendrites segregation.
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Figure 9.15: Optical micrographs of a) A390-5%Mg by gravity; (b-g) Gradient of A390-5%Mg by
centrifugal casting, taken at 15 mm intervals with (g) and (b) at 65 mm and 145 mm from the centre
rotation respectively

A similar gradient trend, as represented in Figure 9.16, was found in the bucket specimens.
However, the gradient direction of the two specimens is in opposite directions. It was
observed that bucket 1 has a fibrous silicon at the inner surface periphery and coarse Mg»Si,
and large a-aluminium dendrites at the outer surface. But for bucket 2, the reverse was the
case (Figures 9.6, 9.7 and 9.9).

Figure 9.16: Optical micrograph showing the gradient pattern of A390-5%Mg bucket fabricated by the
centrifugal cast process

The microstructure formation was affected in both the cylindrical cast and the bucket by the
centrifugal force generated by the spinning of the mould. Some of the coarse Mg.Si and large

primary Si in the microstructure formed were modified and refined by the centrifugal casting
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technique into fibrous and finer Si. Consequently, the mechanical properties of the alloy are
improved by this modification and refinement [6, 14-16]. The inherent attributes of corrosion
and wear resistance, light weight, the thermal and electrical conductivity of aluminium and its

alloys and composites are resultant effects of microstructure modifications.

Fine Si particles are formed from the liquid by the melt rotation of Al-Si-based alloys during
solidification. The cooling rate of Al-Si alloys has a strong effect on the microstructure; as
such, rapid cooling causes transformation of plate morphology of eutectic silicon to fibre [17,
18]. Rapid solidification processing (RSP) during liquid to solid state transition results in
grain size reduction, increased alloying elements solid solubility and segregation reduction.
Furthermore, amorphous phases and metastable crystalline are formed at times. Rapid
solidification is very effective in the production of nanocrystalline of Al-based alloys with Si,
rare earth metal (RE), and late transition metal (Ni) (19). Centrifugal casting causes rapid
cooling that facilitates the rate of solidification and consequently enhances the quality of

casting.

The speed of rotation is a factor that affects the rate at which the microstructure of an alloy is
modified and refined. Some studies have put the optimum speed of rotation in centrifugal
casting operation between 1200 rpm to 1500 rpm [18, 20]. The microstructure of both the
cylindrical and bucket cast was observed to show the following at the speed of 1200 rpm:
changing of large primary Si into needle-shaped eutectic Si near the surface; long needle-
shaped eutectic Si transformed into fine primary Si; and, the formation of fine grain.

The particles acceleration variation and solidifications model as related by equation (6), is
represented in the graph in Figure 9.17. The graph shows that the particles of the Mg.Si and
Al-Si possess different acceleration at the same speed. This is due to the difference in their
densities. The densities of the particles are: MgzSi = 1.93x10° Kg/m?; Si = 2.3310% Kg/m? and
Al-Si (matrix) = 2.3710° Kg/m?.
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Figure 9.17: The particles acceleration and centrifugal-gravity ratio curve
9.4.2 Effect of centrifuge and heat treatment on hardness

The magnitude of the hardness varied between the inner region and the outer region of both
the cylindrical cast and the bucket. A hardness of 150 BHN was observed at points 2 and 6,
while the minimum, 110 BHN, was recorded at points 1 and 5 in the bucket specimen of
A360-5Mg-T6. Figure 17 shows the hardness values along specimen D as-cast. The
maximum and minimum BHN of as-cast were obtained at 140 mm (120 BHN) and 100 mm
(87 BHN) from the axis of rotation respectively. A maximum hardness of 157 BHN was

recorded at 70 mm and 145 BHN at 140 mm in a heat treated sample.

The microstructure formation at the maximum hardness point in as-cast A390-5%Mg is fine
and fibrous silicon particles, while voids and a-Al dendrites are the predominant features of
the minimum hardness point. The hardness magnitude at 140 mm from the centre of rotation
is the resultant effect of coarse Mg.Si and large primary Si refinement by the centrifuge. The
high volume of aluminium insoluble hard Si precipitates at the inner zone and is responsible
for the 118 BHN hardness recorded (Figure 9.18).

130



Figure 9.18: Hardness of A390-5%Mg as-cast by centrifugal casting in relation to the microstructure

A non-uniform morphology was seen in A360-T6, as shown in Figure 9.19(b), due to the
formation of smaller Mg.Si and primary Si particles, a fusion of Si and Mg.Si particles, finer
and needle-shaped eutectic Si after heat treatment. A hardness of 143 BHN was observed in
A360-T6.

Figure 9.19: Optical micrographs of A390 and A390-6T as-cast by gravity casting a) A390 as-cast; b)
A390-6T

A390 belongs to the heat treatable class of aluminium alloy (3xx series) and heat treatment
studies have shown that the process enhances mechanical properties such as hardness and
strength [21-23]. The increase in hardness that accompanies the T6 process is caused by the
production of supersaturated solid solution during solutionizing and re-precipitation during
ageing. The T6 heat treatment process executes homogeneity of the structure of as-cast
intermetallic phases such as Al.Cu and Mg.Si dissolution and refinement of eutectic silicon

morphology [24, 25]. The modification and refinement which occurs includes the
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disintegration of the eutectic silicon branches and spheroidization of the separated branches
[26-29]. The high hardness value observed at the inner region of A360-5%Mg-T6,
represented in Figure 9.20 is due to the high volume of Mg.Si precipitates that dissolved

during solutionizing, and to the presence of a cluster of the refined eutectic Si in the region.

Figure 9.20: Graphs of hardness variation of A390 and A390-5%Mg fabricated by centrifugal casting
technique of both as-cast and heat treated alloys

9.4.3 Electrochemical corrosion

The difference in corrosion behaviour of A390 and A390-5%Mg alloys in 3.5% NaCl solution
is shown in Figure 9.21 and Table 9.3. The tafel (polarisation) curves in the Figure 20(a)
indicate that less corrosion occurred in the A390-5%Mg alloy. The base alloy showed
continuous pitting prospect while the alloy with 5%Mg showed higher resistance. Table 9.3
presents the A390 and A390-5%Mg alloys in 3.5% NaCl solution polarisation parameters. It
was observed that the corrosion current (lcurr) 0of A390 alloy is higher than that of A390-
5%Mpg alloy. This means that A390 alloy will corrode more.

Table 9.3: A390 and A390-5%Mg alloys in 3.5 % NaCl solution polarisation parameters

Alloy Ecor (V) leorr (A) Acathode Aanode
A390 -0.886 2.98x10* 4.833 6.228
A390-5%Mg -0.01 2.8x10® 9.169 4.484

In Figure 9.21(b) the inner (E1), and the mid (E2) regions show the highest and least resistance
respectively. The A390-5%Mg alloy resistance arrangement as shown in Figure 9.21(b), is
due to the large Mg.Si precipitates at the surface of the A390-5%Mg alloy. This result is in
accord with some of the previous studies. Several studies have shown that alloying aluminium

with 3 % to 4 % magnesium enhances the corrosion resistance of aluminium and its alloys in
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seawater. The high corrosion resistance of the Al-Mg system coupled with its mechanical and
weldability properties, means that alloys of Al-Mg are widely applied in sea shipbuilding and
other seawater related applications [30,
31].

Figure 9.21: Tafel of a) A390 and A390-5%Mg; b) Specimens E1, E2, and Es (see also Figure 9.10)
9.5 Protective coating of Pelton bucket

For functional performance therefore, the surface of the bucket should be hardened and
smoothed to withstand the silt erosion, cavitation and pressure from jet water. Using
centrifugal casting processes and heat treatment has tremendously enhanced the surface

hardness property and strength.

For better service performance, bucket surface coating with harder and tougher material is
recommended. Coating the surface of a bucket with a ceramic material is effective and the use
of Al,Oz implanted with Fe micrograins, and microarc oxidation (MAQO) or plasma

electrolytic oxidation (PEO) as coatings are recommended by this study.

9.6 Conclusion

This study observed that: it is possible to fabricate a complex shaped Pelton turbine bucket by
means of a centrifugal casting process with the right permanent mould configuration; the
mechanical properties of the bucket can be improved by 5 %Mg addition to A390 alloy using
gravity casting and heat treatment; a hardness of 143 BHN was observed in A360-T6; large
silicon flakes, large a-aluminium dendrites inter-dendrite arm spacing and large dendritic cells

are formed by low solidification which are converted to small silicon flakes, small inter-
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dendrite arm spacing and changed acicular silicon to fibrous silicon by centrifugal casting
technique; and, the mechanical properties of the inner surface (the face that receives jet water)
can be improved using a centrifugal casting technique and heat treatment. Improvement was
also observed at the outer surface of the bucket due to large Si and Mg.Si particles that were
segregated in that region, and the electrochemical corrosion property of A390 alloy in 3.5
NacCl solution was enhanced by the addition of 5 %Mg to form A390-5%Mg alloy. However,
due to the pattern of the microstructure influenced by the centrifuge, the inner zone of the

circular cast shows the highest corrosion resistance.
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CHAPTER 10: CONCLUSION AND FUTURE WORK

10.1 Conclusion

The aim of the study was to analyse and identify power issues, advance solutions and
facilitate increase in the domestic production of hydropower components and systems. The
objectives of the study were set to reflect the aim and to ensure that the set goals were
achieved. Consequently, the study cuts across energy management, engineering design and
manufacturing. These have been executed successfully in a number of publications and

conferences papers presented in this thesis.

Chapters 2 deals with power issues and ways of lifting the present power situation in SSA and
the chapter is divided into three parts. These parts observed that there is gross power
inadequacy and erratic power supply in SSA. It noted that the majority of people without
access to power in SSA live in the rural and remote areas. This has deterred economic growth,
notwithstanding the enormous energy sources and other economic natural resources present in
the region. This situation was attributed to many factors which include insufficient national
and continental collective efforts, research results not being used appropriately, inadequate
manufacturing infrastructure, over dependence on foreign technology, insufficient human
capacity development and high cost of power projects in the region. The study identified SHP
off grid schemes as being vital for rural, industrial estate and standalone electrification but
that the region lacks the capacity. It was, however, proposed that many of these limitations
can be resolved by domestic participation in the design and production of SHP components
and their production technologies. The papers concluded that capacity development needs to

occur in the design and manufacture of SHP components and systems.

The needed sensitisation and capacity enhancement in SHP design and manufacturing were
tackled in Chapter 3. A simplified general hydro turbine design process was presented and a
locally sourced A6061 aluminium alloy was considered as the blade material. The

performance of the material as shown by the simulation results was satisfactory.

Further, the study found that bulk functionally graded materials production methods could be
used to enhance the mechanical and corrosion properties of Pelton bucket. Various FGM
fabrication techniques were studied and presented in Chapter 4. Chapter 5 presented
centrifugal casting technique as a simple, and cost effective production process that can

improve the mechanical properties of locally sourced aluminium based FGMs. Functionally
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graded metal matrix composite by centrifugal casting technique mathematical correlation was
studied in Chapter 6.

Chapter 7 presented a smart design procedure of civil works and mechanical design aspects of
a SHP system. Design charts that will be useful in the selection and design of SHP were
developed. A Pelton turbine bucket was designed for prototype purposes and locally sourced

aluminium based material was considered as the bucket material.

Domestic development of SHP technologies was considered as a viable way of tackling rural
electrification problems in SSA. Thus, the study developed a particular production technology
of a prototype Pelton turbine bucket, involving the centrifugal casting method and heat
treatment as showed by Chapters 8 and 9. The prototype buckets were successfully fabricated
and characterised to investigate the effects of the manufacturing technique and other process
parameters. The performance of A390, A390-5%Mg, A356 alloy, and A356-SiC, composite
that are locally sourced were satisfactory. The results show that: centrifugal casting method
and heat treatment improved the mechanical properties of A356 alloy and A356-SiC,
composite; the anti-corrosion properties of A390 alloy in 3.5 NaCl solution were enhanced by
the addition of 5 %Mg to form A390-5%Mg alloy; and, the mechanical properties of the inner
surface of the bucket (the face that receives jet water) was improved using a centrifugal

casting technique and heat treatment.

10.2 Future work

In the course of this research, a number of areas were noted, where worthwhile further
investigative study and development are required. The number of iterations that could be
made to enhance the performance of the SHP system is limitless and include the areas

enumerated below.

10.2.1 Materials and manufacturing process

Much research is required regarding manufacturing methods to enhance mechanical
properties of locally sourced materials for hydro turbine blade production, for instance, other
FGMs fabrication methods such as squeeze and stirring casting methods. In terms of
materials, other types of aluminium alloys and scrap such as automobile pistons need to be

investigated for turbine blade or bucket fabrication.

139



10.2.2 Optimisation of domestic design and production

Study of the hydrodynamic and aerodynamic behaviour of blades or buckets fabricated from

locally sourced material for hydro turbine optimisation is recommended.
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439: Domestic turbine design, simulation and

manufacturing for Sub-Saharan Africa energy
sustainability

Ebhota WiLLIAMS S."" AND Inambao, FREDDIE L.2

1, 2Discipline of Mechanical Engineering, Howard College,
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The quest for options to the conventional energy sources especially to supply power fo remote and rural
locations in Sub-Africa has led to several power schemes. The identified options include solar, geothermal,
wind and hydro and they belong to renewable energy. However, hydropower has been singled out as the
best alternative renewable energy to increase access to power in the region. This study identified
inadequate local contents in terms of manufacturing in the small hydropower system technologies in the
region as the main hindrance in increasing the rate of power access in Sub-Saharan Africa. The study sees
human and manufacturing infrastructure capacities building in small hydropower plant (SHP) technologies
as a boost to local production of SHP parts and systems in the region.

For the purposes of design capacity building, a simplified design process was executed for low (3m) and
high (60m) heads for Kaplan/Propeller and Pelton pico hydro turbines respectively. The design of a
propeller turbine with a river hydrological data of flow rate (Q) 0.2m3/s and head (Hn) 3m using rotational
speed (N) of 1600rpm. 6kW turbine power was developed from propeller blade of 0.166m tip diameter (Dt)
with specific speed (Ns) of 294. In the case of Pelton turbine, given parameters of flow rate (0.02m3/s), net
head (60m) and rotational speed (N) of 1500rpm were used to design a 8.2kW output power Pto of Pelfon
turbine with specific speed Ns of 26.16. Solidworks modeling and simulation software was used to evaluate
the mechanical design of a Pelfon buckei. The study concludes that adaptive design and domestic
manufacturing are tools for sustainable power development and recommends that a regional joint funding
of research on appropriate SHP technologies should be established.

Key words: Power, Design, Turbine, Pelton, Propeller

L4V



241



242



243



244



CRNFRGY TECHNUI GGITE & RENFWARI TS

5.4 Propeller Turbine Design for Low Head

Table 2: Nominal conditions for Kaplan/Propeller turbine design (refer to Figures 5) (Timo, 2007).

Given parameters: Q = 0.2m%s; H,= 3m; p = 1000; K, = 1.7; N = 400rpm and; n = 0.8
SN Step Relevant Equations Input numerical value input Answer
Turbine capacity, P. F=pigsQ*H P=1000+98]%0.2+3 BkW
hl'
Specific speed, N, N,= J,@ N, = 15000402 204
¥ H_ : ¥ 3 75
Velocity, u u= K,,g JZgH,, u=17+J2+9R81+3 13.04m/s
The angular velocity of the _2nN _2*x*1500
turbine runner, rad/s V= 60 = 60 157rad/s
The blade tip radius, n, r= Ky 2et, n i Ll 0.083m
@ 157
The blade tip diameter, D, Di=2n D, = 2*0.083 0.166m
. Dk
The hub diameter, Dy, T~ 085 Dy = 0.35'0.166 0.058m
Cross sectional area, A A= % (D,’ - Df) A= %* (0.166" - 0.058') 0.019m?
— g T
xial velocity [m/s] avial Jr{D,’-Df) o m(o.ma’—o.uss’) 0.53ml/s
Flow coefficient, ¢: o 0.2
J D=—— [ P Lo — 044
ND, 1000+ 0,166 a.04
Power coefficient, I T I= 6 1.4*10%
e PN'D} 10" =1500° 0,166 ’
Energy coefficient, W: po &H 9.81+3 P
- W ;
N'D} 15007 #0.166° L

Where A - area; Q - flow rate and; r, - blade radius; ry - hub radius; D - blade diameter and; D, - hub
diameter; Kug, the fip-to-head velocity ratio (Dy/Dy); p - density of water (kg/m?3); g - acceleration due fo
gravity (9.81m/s?); Ha - net head (m) and; ny — total efficiency.

5.4 Pelton Design for High Head Design and Simulation of Bucket

Table 3: Nominal Conditions for Pelton Turbine Design (refer to Figure 9 and 10) (Anders & Owen, n.d.;
Obretenov, 2006; Shesha, 2014, Will, 2010).

Given guantities: Q = 0.015m3/s; Hn = 60m; Cn = 0.98; p = 103Kg/m3; x = 0.46; nj =1; Lpt = 100m; y = 0,98
and, 8 = 165°. The generator is rated at 120 watts, and the rotation (N) is 1500 RPM.

SIN Parameters Relevant Equations Input numerical value input Answer
The input power to the P =pxgsCieH Q | P =103+981+0982+60+0.015 8.48kW
turbine, Pt w=prgel, o " 8 g . X
N+ JFR, 1500 « JB.48
Specific speed (Ns) N, = _Q Ny=———— 26.16
HA 60°

Jet velocity, Vj (m/s) V=C* \ﬁ* g*H, V. =098+ J2#9.81+60 33.62m/s

4+0
Jet/nozzle diameter, Dj Dye s D, = fw 0.024m
wan m*1%33.62
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Tangential velocity of ¥ o—xal ¥ =046+33.62 15.47mls
the runner, Vir ¥ 4 L et 2 '
= 60=V, _60+1547
Runner diameter Dr, (m) D, = o Gy 0.20m
Jelnozzle cross r*D; _ we0.024° "
sectional area, Aj 4= 4 4,= 3 45104
Nozzle flow rate, Qn -
' =V, 24 =33.62 4
(m3/s) 0, =V *4, 0, =33.62+4.5"10 0.015m3/s
Distance between
bucket and nozzle, xnb x, =0.6250, x,, =0.625+0.20 0.125m
(m)
Radius of bucket center
of mass to runner center R, =047D, R, =04720.20 0.094m
Rbr(m)
Bucket apzir:I)width. Bu B, = 34D, B, = 3.4%0.024 0.082m
Bucket radial length, B B = 3D B, = 3+0.024 0.072m
(m) * ik ;
Bucket depth, Bo(m) B,= 12D, B,= 1.2+0.024 0.028m
Cavity Length, h:(m) Iy= (035)D, h = (0.35)%0.024 0.008m
Length to Impact Point, h = (15)D, hy= (1.5)%0.024 0.036m
ha (m)

Offset of Bucket, k(m) k = (017)D, k= (0.17)+0.024 0.004m
Cavity Width, a (m) a = (1.2)D, a = (1.2)+0.024 0.029m
Number of bucket n, n =15+ 2 =154 19

2D, 2+0.024

Length of bucket - o
inomentant, L) L, =0195D, L,=0.195»020 0.039m
Voiuma ?f;?;‘cke“ Vo ¥, =0.0063% D’ ¥, = 0.0063%0.20" 5.04x10%m?

The output power to the [(r,-n) onneage ] (62 -1547)
turb?ne. Pio (kW) ”-"’"—’"’-H-»,u.mm;] RslaLms “'n[{une».musn] 8.20kW
Turbine hydraulic R _ 820 i
efficiency, N in =g, M0 T=gas % 7%
Mass of a bucket (Kg) M, =p. M, =p %,
P =

The torque produced by S RRCR. o iy ~1547 -
the turbine, T; (N-m) T=2=ged), (v,-v.) 7,=0.015+0.2+(33.62-15.47) 0.054N-m

The deflector required F,=psQsV, F,=1000+0.02+33.62 672.4N

force, Fa: =R
Force acting on the Fi=22p*Q,5(V~V,) F,=2+1000%0.015=(33.62~15.18) 555.2N
runner ! A

Where C, — nozzle discharge coefficient (0.98); N — runner speed (rpm); x — ratio of Vi, fo V,; Q - flow rate;
g - acceleration due to gravity (9.81m/s?); H, - net head (m); p - density of water (kg/m?)
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7. CONCLUSION

The manufacturing infrastructure in Sub-Saharan Africa is inadequate to support energy sustainability. As
aresult, the region depends on foreign technology massively and this makes power projects cost very high.
This has left the region’s socio-economic situation pitiable. In order to increase access to electricity in the
region, itis therefore pertinent to building capacity in power technology. The design process should focuses
on local contents in terms material selection and manufacturing facility. This study recommends capacity
building in small hydropower (SHP) technology, establishment of regional energy research institutions,
transformation of research findings into real products, and adopt China’s energy development approach of
massive use of micro hydro turbines.
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Examining the Effects of Production Method on
Aluminium A356 Alloy and A356-10%SiC,
Composite for Hydro Turbine Bucket Application

Williams S. Ebhota, Freddie L. Inambao

Abstract—This study investigates the use of centrifugal casting
method to fabricate functionally graded aluminium A356 Alloy and
A356-10%SiCp composite for hydro turbine bucket application. The
study includes the design and fabrication of a permanent mould. The
mould was put into use and the buckets of A356 Alloy and A356-
10%S8iCp composite were cast, cut and machined into specimens.
Some specimens were given T6 heat treatment and the specimens
were prepared for different examinations accordingly. The SiCp
particles were found to be more at inner periphery of the bucket. The
maximum hardness of As-Cast A356 and A356-10%SiCp composite
was recorded at the inner periphery to be 60 BRN and 95BRN,
respectively. And these values were appreciated to 98BRN and
122BRN for A356 alloy and A356-10%SiCp composite, respectively.
It was observed that the ultimate tensile stress and yield tensile stress
prediction curves show the same trend.

Keywords—A356 alloy, A356-10%SiCp composite, centrifugal
casting, pelton bucket, turbine blade.

I. INTRODUCTION

N this study, the focus is on property enhancement of A356

aluminium alloy and A356-10%SiC, composite, through
manufacturing and heat treatment techniques for Pelton bucket
application. The search for locally sourced materials for Small
Hydropower (SHP) turbine components and systems
production and their manufacturing technologies is very
critical to energy sustainability in Sub-Saharan Africa (SSA).
SHP technology domestication is the key to the perennial
power problem in the region.

Capacities for turbine components and system design,
material and manufacture should be enhanced through
regional joint efforts, academic research, and an exchange
programme with developed countries, etc. [1], [2]. The
capacity building should be geared to increasing local
participation and technology domestication in the region. SSA
with a lot of SHP potentials as presented in Table I, needs to
explore merits of switch-mode power supply (SMPS) for
greater access to power [3].

A theoretical micro-hydroelectric plant design for off grid
applications was carried out to produce a green power for
remote farms or cottage.

Williams. 8. Ebhota, PhD candidate, and Freddie Inambao, Associate
professor, are with the University of KwaZulu-Natal, Durban, South Africa
(phone: +27633840252, e-mail: willymoon2001(@yahoo.com,
inambaofi@ukzn.ac za).

International Scholarly and Scientific Rescarch & Innovation 10(10) 2016

TABLE ]
SHP POTENTIAL IN S5A [3]
Regions in Available SHP Installed Installed
SSA ial (MW) capacity (MW) _capacity (%
Eastern Africa 6,262 209 i3
Middle Africa 328 76 231
South Africa 3845 43 11.2
West Africa 742.5 82 11.1
II. REVIEW

Loice and Ignatio investigated the effects of material,
surface texture and fabrication methods on the efficiency of
hydropower plant projects within an acceptable cost range. In
their project, more electricity was generated at a reduced cost
per unit kW. In their project, more electricity was generated at
a reduced cost per unit kW. The study concluded that
manufacturing of more efficient financially viable Pelton
turbines for the micro hydro system (MHS) is possible [4]. A
theoretical micro-hydroelectric plant design for off-grid
applications was carried out to produce green power for
remote farms or cottage. A prototype of the system was built
to test the design [5].

A study on the modelling and validation of results
empirically, using locally available materials in Kenya was
carried out [6]. In the study, stress reduction of 14.2% was
achieved by modifying the profile of the Pelton bucket. A
recycled A356 aluminium alloy was found was to withstand
the stress of 150 MPa, produced by the generated 5 kW of
power [6]. A Pico Pelton turbine was designed and
manufactured using chopped glass fibres reinforced epoxy
matrix composite as the bucket material [7]. A 50,000 litre
capacity storage tank in a 10 storey tower was used as a water
source to operate the turbine. In the study, 1.5 kW was
generated out of the 2793 kW that it was theoretically
designed for. In the design study of Nava and Siva, CATIA
V5 design and modelling software were used to design an
optimised Pelton turbine considering three materials in the
analysis [8]. Efficiency and stress in relation to the number of
buckets were studied in the work. In the three bucket materials
selected (steel, cast iron and fibreglass reinforced plastic
matrix), the study concluded that fibreglass reinforced plastic
mairix shows exceptional performance compared to cast iron.

It is obvious that a lot of theoretical hydro turbine design
works have been studied. However, only little is known when
it comes to aluminium alloys and their composites for the
fabrication of a Pelton turbine bucket. Considering the present

1192 scholar.wasct.org/1999.2/10005595
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Appendix 3

Civil works design;

Q = 0.0:0.02:1; % Design discharge (m"3/s)
V = 1.4; % Channel/canal Velocity (m/s)

A = Q/V; % Cross sectional area of the canal
b = 0.30; % width

h = A/b;% Depth

plot(A,Q) % rating curve

% grid on

% axis on

X

¢ Xlabel ("Canal sectional area m"2")
o Ylabel ("Canal discharge m"3/s%)

X

% Intake

hr = 0.7; % Normal river water level (m)

hh = 0.4; % headrace level (m)

g = 9.81; % gravity acceleration

Cint = 0.6; % discharge coefficient for roughly finished masonry
Qint = A*Cint*(2*g*(hr-hh)).~0.5; % Intake discharge

% plot(A,Qint);

% grid on

6 axis on

¢ Xlabel ("Intake sectional area m"2%)
o Ylabel (" Intake discharge m"3/s")

XXX

% Weir
Cl = 1.84;
for i=1:length(h)
Qwr(i) = C1*(b-0.2*h(i))*h(1)."1.5; % retangular notch
end
% plot(h,Qwr);
% grid on
% axis on

C2 = 0.60;

tan45 = 1;

for i=1:length(h)

Qwv = C2*(8/15)*(2*9.81).M0.5*tan45*(h/2).~1.5; % V notch
end

% plot(h,Qwv);

% grid on

% axis on

C3 = 1.86;
for i=1:length(h)
Qwc = C3*b*h.~1.5; % Cipolleti notch
end
% plot(h,Qwc);
% grid on
% axis on

% plot(h,Qwc, "r",h,Qwv,"b")

% Xlabel("weird depth (m)*")

% Ylabel("Cipolleti & Vee notch discharge (m"3/s)")
% grid on



% axis on

% Headrace canal

Qch = 0.0:0.02:1; % Design discharge (m"3/s)

Vch = 1.4; % Channel/canal Velocity (m/s)

Ach = Qch/Vch; % Cross sectional area of the canal
bch = 0.30; % width

hch = Ach/bch;% Depth

Pw = bch+2*hch;

for i1 = 1:length(Ach)

Rch(i) = Ach(i)/Pw(i); % hydraulic radius

end

v plot(Pw,Ach)

% grid on

% axis on

o Xlabel ("wet perimeter (m)")

o Ylabel ("Cross sectional area of the canal (m"2)")

X

XX

0.014; % manning roughness value

.85;

Cc = (1/nch)*Rch.”™0.1667; % roughness coefficient
% for 11 = 1:length(Rch)

% Sch = ((Qch*nch)/(Ach*Rch.~0.667)).-72;

% end

ch

X3
(@3]

for i=1:length(Ach)
Sch(i) = (Qch(i)*nch)/((Ach(i)*Rch(i).70.667)).72; % side slope
end

for i1i=1:length(Sch)

Vche(ii) = (Cc(ii)*Rch(ii)*Sch(ii)).n0.5; % Velocity by Chezy equation
end

% plot(Sch,Rch)

%grid on

% axis on

Cw = 135; % assumed Hazen-Williams roughness coefficient

for 1i=1:1ength(Sch)

Vehw(ii) = k*Cw*Sch(ii)*Rch(ii).”0.64; % Velocity by Hazen-Williams
equation

end

for i1i=1:1ength(Sch)

Vehm(ii) = ((Reh(ii).n0.667)*(Sch(ii)."0.5))/nch; % Velocity by Manning
equation

end

% plot(Vchw,Qch,"b",Vchm,Qch,"g")

% grid on

% axis on

% Xlabel("Hazen & Manning velocity relations (mW/s)")

% Ylabel("Canal discharge (m"3/s)")

% Settling basing
It = 43200;
0.30;
b

Tsi
bch
W = ch; % width

t
5x



Vvert = 0.03; % fall velocity

Lset = (2*Qch)/(W*Vvert); %settling basin length

Csilt = 0.5; % silt concentration of incoming flow

psilt = 2600; % silt density

Pfactor = 0.5; % p factor

Sload = Qch*Tsilt*Csilt; % Silt load Sload (kg)

Visilt = Sload/(psilt*Pfactor); % Volume of the silt in basin

% plot(Lset,VIsilt)

% grid on

% axis on

% Xlabel("settling basin length (m)*")

% Ylabel("Volume of the silt in basin (m3)")

% Penstock

Vp = 3.5; % penstock velocity (m"3/s)
Lp = 20; % gross head (m)

np = 0.011;

Hg = 50:4:250; % penstock length

f = 0.0014; % friction factor in Darcy Weisbach and ASCE relation
SF = 10; % safety factor
Q =0.0:0.02:1;
Dp = ((4*Q)/(3.14*Vp))."0.5; % theoritical relation of penstock internal
diameter (m)
Dpmm = Dp*1000; % penstock internal diameter (mm)
Ap = Q/Vp; % penstock cross sectional area (n"2)
for g=1:length(Q)
hl = ((10.29*np-"2*Q(q) -~2)/Dp(q) -~5.33)*Lp; % major head loss
end
for 1j=1:length(Hg)
hip(ij) = [h1/Hg(ij)]*100; % percentage head loss

end

Kent = 0.2; % Loss of head through entrance
Kben = 0.34; % Loss of head through bend
Kcon = 0; % Loss of head through contraction
Kval = 0.04; % Loss of head through valves

him = (Vp."2/(2*g))*(Kent+Kben+Kcon+Kval); % minor head loss

Hn = Hg-hl-hIm; % net head (m)

for ij=1:length(Hg)

neff(ij) = (Hn(ij)/Hg(ij))*100; % penstock efficiency
end

% plot(Hg,neff)

pl = ((Dpmm+508)/400)+1.2; % penstock thickness (mm)
= 206*10.79; % Young modulus of the penstck material (N/m"2)
w = 2.1*10.79; % bulk modulus of water (N/m"2)
p = 0.000617800; % Working pressure (kN/mm"~2)
Tst = 0.400; % Tensile strength (KN/mm~2)
tc = 3; % corrosion allowance
tp2 = ((p*Dpmm)/ (2*Tst))+tc; % minimum thickness based on hoop-stress
relation
for j=1:length(Dpmm)
check1(j) = Dpmm(§)/tp2(j); % Dp/tp>20
end
tp = tpl+3; % extra 3mm is added for impact of pipe handling in
transportation, laying, deformation, etc
tpd = tp2+3;

t
E
E



b plot(tp,Q,"r",tpd,Q,"b")

6 grid on

% axis on

o Xlabel ("penstock thickness (mm)*®)
6 Ylabel (*Penstock discharge (m"3)")

XX

XX

for ij=1:length(Hg)
check2 = Hg/Lp; % Surge tank is needed if Hg/Lp>5
end

% Empirical calculation of penstock diameter Dp

Dpw = 0.7*Q."0.5; % Warnick et al relation

Dpf (1.127*Q.~0.45)/Hg-"0.17; % Fahlbusch relation for Q>0.56

for g=1:length(Q)

Dpu(q) = ((1-517*Q(q)-"0.5)/Hg(q)-"0.25); % USBR relation for Q>0.56
end

Dpl = (0.05*(Q.7"0.143))-70.143; % Ludin-Bundschu relation when Hg<100m
% for t=length(Q)

% Dpm = 2.69*((np-"2)*(Q(t) -"2)*(Lp/Hg(t))-~0.1875)

% end

% % plot(Q,Dp,"r",Q,Dpw,"b",Q,Dpu,"g")

% % grid on

% % axis on

% Xlabel ("Penstock flow rate (m"3/s)”)

% Ylabel ("penstock internal diameter (m)*")

%

% penstock air vent

Es = 201*10.79; % Young’s modulus of mild steel for the penstock (N/m"2)
Epvc = 2.75*10.19;

f = 0.0014; % dimensionless friction factor for pipe material

F = 5; % safety factor for exposed pipe

dvth = Q."N0.5*[(F/E)*(Dp/(tp*T)).~3]; % penstock air vent diameter from
theoreitical

dvw = Q."0.5*[(F/E)*(Dpw/ (tp*f))."3]; % penstock air vent diameter from
Warnick et al relation

dvu = Q."0.5*[(F/E)*(Dpu/ (tp*f))."3]; % penstock air vent diameter from
USBR relation

v plot(Q,dvth,"r",Q,dvw,"b",Q,dvu,"g")
6 grid on
% axis on
¢ Xlabel ("Penstock flow rate (m"3/s)")
¢ Ylabel ("penstock vent diameter (m)*)

XX

XX



o plot(Dp,dvent,*b*)

6 grid on

% axis on

K =2.1*10.79; % bulk modulus of water (N/m"2)

© o

for r=1:length(tpd)
Vws(r) = [(K*10.7-3)/(1+K*Dp(r)/(Es*tpd(r)))]-10.5;
end

for r=1:length(tpd)

Vwpve(r) = [(K*10.7-3)/(1+K*Dp(r)/(Epvc*tpd(r)))]-70.5;
end

% plot(Dp,Vws, "b",Dp,Vwpvc, "r®)

% Turbine Design

% Q = 0.033 m3/s;

% Hn = 60 m;

% g = 9.81 m/s2;

% Cn = 0.97;

% ku = 0.46;

% den = 103 Kg/m3;
% X = 0.46;

% nz =2;

% N = 1500 RPM;
% nt = 95%



Appendix 4;
Turbine design;

g = 9.81; % gravity (m/s2)

Vp = 3.5; % penstock velocity (m"3/s)
Lp = 20; % gross head (m)

np = 0.011;

Hg = 50:4:250; % penstock length

f = 0.0014; % friction factor in Darcy Weisbach and ASCE relation
SF = 10; % safety factor
Q = 0.0:0.02:1;
% Dp = ((4*Q)/(3.14*Vp))."0.5; % penstock internal diameter (m)
C =1.273; % constants
Dp = ((C*Q)/Vp).~0.5;
Dpmm = Dp*1000; % penstock internal diameter (mm)
Ap = Q/Vp; % penstock cross sectional area (m"2)
for g=1:length(Q)
hl = ((10.29*np."2*Q(q) -"2)/Dp(q) -~5-33)*Lp; % major head loss
end
for ij=1:length(Hg)
hip(ij) = [hI/Hg(ij)]*100; % percentage head loss

end

Kent = 0.2; % Loss of head through entrance
Kben = 0.34; % Loss of head through bend
Kcon = 0; % Loss of head through contraction
Kval = 0.04; % Loss of head through valves

him = (Vp.~2/(2*g))*(Kent+Kben+Kcon+Kval); % minor head loss
Hn = Hg-hl-hIm; % net head (m)

% Turbine Design

Cnh = 0.97

ku = 0.46;

den = 10.73; % water density Kg/m3;
X = 0.46;

nz = 2;

N = 1500; % generator rotation (rpm)
nt = 0.83; %

for g=1:length(Q)
Pti(q) = (den*g*nt*Hn(q)*Q(q))/1000; % The input power to the turbine, Pti
(kw)
end
% % Q = 0.0:0.02:1;
¢ plot(Q,Pti);
6 grid on
% % axis on
o Xlabel("Flow rate (m"3/s)")
¢ Ylabel ("Turbine power (kW)*®)

XX

X
XX

% plot(Hn,Pti)

% grid on

% axis on

% Xlabel("Net head (m"3/s)")

% Ylabel("Turbine power (kW)®")

for 1=1:length(Pti)

Ns(i) = (N*(Pti(i1)).-M0.5)/Hn(i).M.25; % Specific speed (Ns)
end

Vj = Cn*(2*g*HNn)."0.5; % Jet velocity, Vj (mn/s)



for g=1:length(Q)
DJ(Q) = (@ Q@@)/(pi*nz*V]j(q)))-"0.5; % Jet/nozzle diameter, Dj
end

N1 = 1200;% generator rotation (rpm)
N2 = 1000; % generator rotation (rpm)
N3 = 800; % generator rotation (rpm)
N4 = 600; % generator rotation (rpm)
N5 = 400; % generator rotation (rpm)

Vtr = x*Vj; % Tangential velocity of the runner, Vtr
Dr = (60*Vtr)/(pi*N); % Runner diameter Dr, (m)

Drl = (60*Vtr)/(pi*N1);

Dr2 = (60*Vtr)/(pi*N2);

Dr3 = (60*Vtr)/(pi*N3);

Dr4 = (60*Vtr)/(pi*N4);

Dr5 = (60*Vtr)/(pi*N5);

%
plot(Dr,Vtr,"r*,Drl,Vtr,"b",Dr2,vtr,"g",Dr3,Vtr, "y",Dr4,Vtr, "c",Dr5,Vtr,"m"
)

% grid on

% axis on

% Xlabel(*Runner diameter (m)~")
% Ylabel("Tangential velocity of the runner(m/s)")

% plot(Dj.Q)

% grid on

% axis on

% Xlabel("Jet diameter(m)*)
% Ylabel("Flow rate(m™3/s)")

Aj = (pi*Dj."2)/4; % nozzle cross sectional area, Aj
for 1j=1:length(Vj})
on(ij) = Vi(ii)*Aj(iJ); % Nozzle flow rate, Qn (m3/s)

end
Xnb = 0.625*Dr; % Distance between bucket and nozzle, Xnb (m)
Rbr = 0.47*Dr; % Radius of bucket centre of mass to runner centre Rbr (m)
Bw = 3.2*Dj; % Bucket axial width, Bw (m)
BI = 3*Dj; % Bucket radial length, Bl (m)
Bd = 1.2*Dj; % Bucket depth, Bd(m)
hl = 0.35*Dj; % Cavity Length, hl (m)
h2 = 1.5*Dj; % Length to Impact Point, h2 (m)
k = 0.17*Dj; % Offset of Bucket(m)
a = 1.2*Dj; % Cavity Width (m)
Lab = 0.195*Dr; % Length of bucket moment arm(m)

for j=1:length(Dj)
nz() = 15+@rd)/2*0jA))); % number of nozzle
end
% plot(Dj,Bw,Dj,Bd,Dj,BI,Dj,h1,Dj,h2)
% grid on
% axis on
% legend("Bw","Bd","Bl","hl1","h2")
% Xlabel("Jet diameter (m)*)
% Ylabel(“Bucket dimension parameters(m)”)

for 1=1:length(Pti)

Ns(i) = (N*Pti(i)-"0.5)/(Hn(i).~1.25);
Ns1(i) (N1*Pti (i) -"0.5)/(Hn(i).~1.25);
Ns2(i) (N2*Pti (1) -M0.5)/(Hn(1).-~1.25);



= (N3*Pti(i).”0.5)/(Hn(i)."1.25);
Ns4(i) = (N4*Pti(i).70.5)/(Hn(i). 1.25);

Ns5(i) (N5*Pti (i) -"0.5)/(Hn(i)-"1.25);

end

% plot(Q,Ns,"r",Q,Ns1,"b",Q,Ns2,"g",Q,Ns3,"y",Q,Ns4,"c",Q,Ns5,"m")
% grid on

% axis on

% Xlabel("Operational flow rate(m"3/s)")

% Ylabel ("Specific speed (Ns)Specific speed (Ns)*®)

Hnl = 30; % net head (m)
Hn2 = 50;
Hn3 = 70;
Hn4 = 90;
Hn5 = 110;
Hn6 = 130;

for i=1:length(Pti)

ntl(i) = (100*Pti(1))/(den*g*Hn1*Q(i1));
nt2(i) = (100*Pti(i1))/(den*g*Hn2*Q(i1));
nt3(i) = (100*Pti(i))/(den*g*Hn3*Q(i1));
nt4(i) = (100*Pti(i))/(den*g*Hn4*Q(1));
nt5(i) = (100*Pti(i))/(den*g*Hn5*5*Q(i));
nt6(i) = (100*Pti(1))/(den*g*Hn6*Q(1));
end

% plot(Pti,ntl,Pti,nt2,Pti,nt3,Pti,nt4,Pti,nt5,Pti,nt6)
% grid on

% axis on

% Xlabel(*Turbine power(kW)*")

% Ylabel("Turbine efficiency”)

for g=1:length(Q)

F(@)= 2*den*Q(a)*(V3(q)-Vtr(q)); % Absolute reaction force acting on the
Pelton runner
end

for 1i=1:1ength(Dr)
Tr(ii) = (Or(ii)*F(ii1))/2; % The torque on the runner is Tr
end
% plot(Tr,F)
% grid on
% axis on
% Xlabel("The torque on the runner(N-m)*")
% Ylabel("reaction force acting on the Pelton runner (N)*)

% Shaft

N1 = 1500; % generator rotation (rpm)
N2 = 1200; % generator rotation (rpm)
N3 = 1000; % generator rotation (rpm)
N4 = 800; % generator rotation (rpm)
N5 = 600; % generator rotation (rpm)
N6 = 400; % generator rotation (rpm)
Ds1 = 105*(Pti/N1).70.38;

Ds2 = 105*(Pti/N2).70.38;

Ds3 = 105*(Pti/N3).70.38;

Ds4 = 105*(Pti/N4).70.38;

Ds5 = 105*(Pti/N5).70.38;



Ds5 = 105*(Pti/N6).70.38;

plot(Dsl,Pti,Ds2,Pti,Ds3,Pti,Ds4,Pti,Ds5,Pti)
grid on

axis on

Xlabel ("Shaft diameter (mm)*)

Ylabel ("Turbine power (kW)*®)

% plot(Dsl1,Pti,"r",Ds5,Pti,"b")
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