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Executive Summary 
The rope-pump is a water pump that has proved a highly successful method of lifting water by hand. 
This project explores the suitability of rope-pump systems powered by renewable energy source 
combinations. The primary aim was to propose the most suitable power source combinations for use 
in a developing country environment where cost is crucial. The town of Lilongwe, Malawi, is used as 
a case example, as this is where the main industrial contact of the project, Solar-Aid, is based. The 
rope-pump is to be used to lift 1 to 10m3 of water per day. This is a volume that is more than can be 
reasonably lifted by hand and a suitable amount for a typical small rural institution such as a school 
or hospital. The renewable energy sources considered are a 150W photovoltaic (PV) array and a 
100W wind turbine, with the option of utilising human power as an emergency backup. 

Five suitable system configurations were identified following a comprehensive literature review and 
discussion with industry contacts at Solar-Aid and Partners in Development. These are: direct 
connection of the motor to a PV panel; direct connection of the motor to a wind turbine; connection 
of the motor to a PV panel via a battery; connection of the motor to a wind turbine via a battery; 
and connection of both a PV panel and a wind turbine to the motor via a battery. A MATLAB 
computer model, able to virtually simulate all of the proposed system configurations, was produced. 
All system components were fully characterised using experimental testing methods, for example, 
the wind turbine, on loan from Cardiff University, was fully characterised at different load conditions 
and wind speeds using a wind-tunnel in the Faculty of Engineering, A theoretical force model for the 
rope-pump was also developed, based on careful analysis of the frictional loads and energy flows 
present within the rope-pump. The force model and existing flow model of the rope-pump were 
confirmed empirically together with the motor model, using a custom built full scale (8 meter rising-
main height) experimental rig. The improved force model was found to be significantly more 
accurate than models proposed in previous literature. Complete system models of all configurations 
were then composed using appropriate governing equations. Additional work was carried out to 
research and develop an alternative piston manufacturing technique, which unlike current methods 
does not require a lathe. 

A 15 year lifecycle analysis was carried out for each system and showed that where wind velocities 
are sufficient, the direct drive wind turbine system has the potential to deliver water for the lowest 
cost (0.03US$/m3 from 10m) in Bristol weather conditions. The starting speed of the tested wind 
turbine (3m/s) makes the component unsuitable for use in Malawi, and so the use of PV powered 
systems is proposed. It is estimated that a direct drive PV system in Malawi weather conditions can 
deliver water at a cost of 0.05US$/m3 again from 10m. In all cases the use of a battery was found to 
increase the cost per cubic meter of water lifted despite the increased volume of water delivered, 
for the PV powered systems the cost was increased by 20%.  

Fully parameterised and validated simulation software, together with scalable hardware for physical 
testing has been produced. This combination has the flexibility to be applied to a variety of 
environments and duty cycles and has the potential to incorporate additional power sources and 
alternative loads. 
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Notation  
𝐴 = 𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 (𝑚2) 
𝑐 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 
𝐷 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚) 
𝑒 = 𝐵𝑎𝑐𝑘 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑜𝑡𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 
𝐸 = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) 
𝐹 = 𝐹𝑜𝑟𝑐𝑒 (𝑁) 
𝑔 = 𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 9.81𝑚/𝑠2 
𝐺 = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 
𝐻 = 𝐻𝑒𝑎𝑑 (𝑚) 
𝐼 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐴) 
𝑘 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
𝑗 = 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑏𝑜𝑢𝑛𝑑 𝑐ℎ𝑎𝑟𝑔𝑒 𝑏𝑒𝑐𝑜𝑚𝑖𝑛𝑔 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 
𝑙 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠𝑒𝑠 
𝐿 = 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚) 
𝑚 = 𝐷𝑖𝑜𝑑𝑒 𝑖𝑑𝑒𝑎𝑙𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 
𝑁 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑖𝑠𝑡𝑜𝑛𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚−1) 
𝑃 = 𝑃𝑜𝑤𝑒𝑟 (𝑊) 
𝑞 = 𝐶ℎ𝑎𝑟𝑔𝑒 
𝑟 = 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑚) 
𝑅 = 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝛺) 
𝑡 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝐵𝑒𝑡𝑤𝑒𝑒𝑛 𝑅𝑖𝑠𝑖𝑛𝑔 𝑀𝑎𝑖𝑛 𝑎𝑛𝑑 𝑃𝑖𝑠𝑡𝑜𝑛 (𝑚) 
𝑇 = 𝑇𝑜𝑟𝑞𝑢𝑒 (𝑁𝑚) 
𝑢 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ ) 
�̇� = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑚3 𝑠⁄ ) 
𝑉 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) 
𝑋 = 𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  
𝜇 = 𝑉𝑖𝑠𝑐𝑜𝑐𝑖𝑡𝑦 (𝑁𝑠/𝑚2) 
𝜂 = 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) (%) 
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔 𝑚3⁄ ) 
𝜔 = 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟𝑎𝑑 𝑠⁄ ) 
∝= 𝐵𝑙𝑎𝑑𝑒 𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝐴𝑡𝑡𝑎𝑐𝑘 (°) 
𝜆 = 𝑇𝑖𝑝 𝑆𝑝𝑒𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 
𝛾 = 𝐴𝑛𝑔𝑙𝑒 𝑜𝑓 𝑇𝑤𝑖𝑠𝑡 (°) 
𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 𝑖𝑛 𝑐𝑜𝑖𝑙 
𝐵 = 𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝐹𝑙𝑢𝑥 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑇𝑒𝑠𝑙𝑎)𝛷 = 𝐹𝑙𝑢𝑥(𝑊 𝑚2)⁄  
𝜃 = 𝐴𝑛𝑔𝑙𝑒 (𝑟𝑎𝑑) 
𝑝 = 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 
𝜏 = 𝑃𝑒𝑟𝑖𝑜𝑑 (𝑠) 
𝑓 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧) 
 
Subscript 
𝑥𝑎 = 𝑀𝑜𝑡𝑜𝑟 𝐴𝑟𝑚𝑎𝑡𝑢𝑟𝑒 
𝑥𝑎𝑝𝑟 =  𝐴𝑖𝑟 
𝑥𝑎𝑣 = 𝐴𝑣𝑖𝑎𝑙𝑎𝑏𝑙𝑒 
𝑥𝑎𝑟𝑏 = 𝐴𝑚𝑏𝑖𝑒𝑛𝑡 
𝑥𝑎𝑥 = 𝐴𝑥𝑙𝑒 
𝑥𝑏 = 𝐵𝑜𝑙𝑡𝑠𝑚𝑎𝑛 
𝑥𝑏𝑑 = 𝐵𝑜𝑢𝑛𝑑 
𝑥𝑏𝑒 = 𝐵𝑒𝑎𝑟𝑖𝑛𝑔 
𝑥𝑐 = 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 
𝑥𝑐𝑢𝑡 = 𝐶𝑢𝑡 𝑖𝑛 

 
𝑥𝑐𝑔 = 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 
𝑥𝐶 = 𝐶𝑒𝑙𝑙 (𝑃𝑉) 
𝑥𝑑 = 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 
𝑥𝑑𝑔 = 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 
𝑥𝐷 = 𝐷𝑖𝑜𝑑𝑒 
𝑥𝐷𝑟 = 𝐷𝑟𝑎𝑔  
𝑥𝑒 = 𝑀𝑜𝑡𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 
𝑥𝑓 = 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 
𝑥𝑓𝑟 = 𝐹𝑟𝑒𝑒 𝑠𝑡𝑟𝑒𝑎𝑚 𝑤𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
𝑥𝑓𝑢𝑟 = 𝐹𝑢𝑟𝑙𝑖𝑛𝑔 
𝑥𝑔 = 𝐺𝑎𝑝 𝐵𝑒𝑡𝑤𝑒𝑒𝑛 𝑅𝑖𝑠𝑖𝑛𝑔 𝑀𝑎𝑖𝑛 𝑎𝑛𝑑 𝑃𝑖𝑠𝑡𝑜𝑛 
𝑥𝑔𝑢 = 𝐺𝑢𝑖𝑑𝑒 
𝑥(… )𝐺 = 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 
𝑥𝑝 = 𝐼𝑛𝑝𝑢𝑡 
𝑥𝑝𝑖 = 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 
𝑥𝑝𝑑 = 𝐼𝑑𝑒𝑎𝑙 
𝑥𝑘 = 𝐾𝑛𝑜𝑡 
𝑥𝐿 = 𝐿𝑖𝑓𝑡  
𝑥𝑟 = 𝑀𝑜𝑡𝑜𝑟 
𝑥𝑟𝑎𝑥 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 
𝑥𝑟𝑝 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 
𝑥𝑖 = 𝑁𝑒𝑡 
𝑥𝑂 = 𝑅𝑒𝑣𝑒𝑟𝑠𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛  
𝑥𝑂𝐶 = 𝑂𝑝𝑒𝑛 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 
𝑥(… )𝑜 = 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 
𝑥𝑝 = 𝑃𝑢𝑚𝑝 
𝑥𝑝ℎ = 𝑃ℎ𝑜𝑡𝑜𝑛 
𝑥𝑝𝑝 = 𝑃𝑖𝑠𝑡𝑜𝑛 
𝑥𝑝𝑟 = 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 
𝑥𝑝𝑢 = 𝑃𝑢𝑙𝑙𝑒𝑦 𝑊ℎ𝑒𝑒𝑙 
𝑥𝑃 = 𝑃𝑜𝑤𝑒𝑟 
𝑥𝑟𝑒𝑐ℎ = 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 
𝑥𝑟 = 𝑅𝑜𝑝𝑒 
𝑥𝑟𝑎 = 𝑅𝑎𝑡𝑒𝑑 
𝑥𝑟𝑟 = 𝑅𝑖𝑠𝑖𝑛𝑔 𝑀𝑎𝑖𝑛 
𝑥𝑠𝑙 = 𝑆𝑙𝑖𝑝 
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1 INTRODUCTION (C. W.)  

1.1 Background 
The rope-pump is a very simple type of water lifting device. The almost intuitive design is known by 
many other names including the paternoster (after the beaded prayer chain it resembles), liberation 

or rope-and-washer pump.  It is a relatively recent development of the ancient chain-and-washer 
pump. Evidence of the chain-and-washer pump dates back as far as two thousand years, to feudal 
China [1]. The earliest report of the design in the west is cited [2] as that illustrated by the Sienese 

early renaissance engineer, Tacolla, circa 1433 [3], a copy of  
which is given in4Figure 1.  In the 1980s the basic design was 

developed by numerous individuals, the most prominent of 
which were Lambert [5], Haemhouts [6] and Alberts [7]. 

They applied the simple design as a tool aimed at economic 
and social development. They took advantage of low cost 

and versatile modern plastics to produce the modern rope-
pump design. 

The rope-pump consists of a continuous loop of rope with 
pistons spaced evenly along its length. When the rope is 

driven up through the rising-main by a pulley located at 
ground level, the close fit of the pistons draws water up the 

rising-main. 

Due to its high achievable head, low cost and ease of 
manufacture and maintenance, the hand powered rope-

pump has been highly successful across Africa, South 
America and beyond [7]. These attributes when combined 

with its rotary operation and low starting torque identified 
the rope-pump as the most appropriate design to base the development of a low cost automated 

pump on. If the remaining system components could be selected to match the simplicity, low cost 
and ease of maintenance of the rope-pump, it was hoped that the as yet unfilled niche, of an 

appropriate step up from a hand pump, could be manufactured [8, 9, 10]. An affordable automated 
pump would allow a greater amount of water to be extracted than would be possible by hand alone. 

The water could then be used to improve levels of sanitation and increase crop yields. This in turn 
would improve nutritional levels and provide a potential income from the sale of excess produce. It 

would also free up the time of the users, which would otherwise be spent manually lifting limited 
amounts of water. This time could then be used for education and other income generating activities 

[8]. 

Various types of power supply for the rope-pump have previously been explored, including water 
wheel [1], pack animal, internal combustion engine and wind-turbine [11, 12, 13]. One of the 

Figure 1: An illustration of the basic rope-
pump design in the west circa 1433 [3, 4] 
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authors, Williams, also has experience with the solar powered rope-pump, a design suggested by 
Lambert [8] and researched together with Stitt [9,10] as a contribution towards Williams’ third year 

of a mechanical engineering degree at the University of Bristol. Williams then spent the summer of 
2008 in Malawi carrying out a proof of concept of the solar rope-pump [14]. 

1.2 Objectives 
The main project aim is to investigate the rope-pump powered by hand, PV panel and wind turbine 

within a developing country environment. The specific project objectives are identified as follows: 

• To define the system requirements; to include factors such as available materials, 

manufacturing capability, realistic economic costing, environmental constraints and reasonable 
user demands. 

• To design and build a full scale experimental rig to test an extensive range of system 
configurations. 

• Investigate the utilisation of wind, solar and human power inputs to the system. 

• To model the system under the full range of design configurations and environmental and user 
demands. 

• To investigate a more appropriate method of manufacturing the pistons for the rope-pump. 

1.3 Research Methodology 
After identifying the project objectives, a literature review was carried out in order to gain a more 

complete understanding of the characteristics of the system options and their components. The 
literature review, in combination with a dialogue with the industrial contact of the project, identified 

the requirements of the system that were then summarised in a product design specification (PDS). 
Based on these findings, the system options capable of fulfilling the specification were identified. 

The specific characteristic parameters of the system components were then identified empirically 
from experimental rigs, which were designed and built to accurately simulate the duty cycles of the 

components. The governing equations were then brought together with the empirically determined 
parameters to model the complete integrated systems. 

In order to investigate the complex range of possibilities the system might operate under, a 

computer based model was constructed of the complete system using ‘MATLAB’ programming 
software. The computer model was then tested to confirm its validity. The complete solar powered 

systems were tested under the local operating conditions of Bristol. Due to limiting environmental 
conditions the wind turbine and combined power sources had to be replicated using a power supply 

unit. Comparisons between the empirical and predicted results were then analysed and conclusions 
drawn. The model was then used to simulate the full range of duty cycles of the systems. The 

relative merits of different systems were then discussed and quantified. Finally, based on these 
findings, the conclusions and recommendations of the report were summarised. 

The rope-pump pistons were identified as the key part of the pump; they have the greatest influence 
on performance whilst being the part hardest to source. Therefore, as part of the project, research 
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was conducted to identify a method of producing the pistons using more appropriate resources. 
Modifications to the current manufacturing techniques were then suggested, tested and analysed. 

1.4 Summary of Chapters 

Chapter 2: Research and Review 

The individual system components are investigated and their characteristics summarised 
together with their governing equations. The system components were the: rope-pump, 

permanent-magnet motor, batteries, PV panels, wind turbine and human power.  The current 
methods of manufacturing the rope-pump pistons are examined here. Finally, a literature review 

of similar systems is summarised together with a PDS, which identifies the system requirements. 

Chapter 3: System Architecture 

An overview of the variety of the integrated systems capable of meeting the PDS is described. 
The characteristics of and the interactions between the individual components are analysed 
along with the alternative system components that were not selected. 

Chapter 4: Design, Build and Characterisation 

Here a description is given of the design, build and empirical characterisation of the system 

components. The expected operating conditions were simulated and the component power 
output and demands identified empirically. A modification of the methods currently used for the 

manufacture of the rope-pump pistons is also analysed here. 

Chapter 5: Computer Based System Model 

An overview of the coding of the complete system model into ‘MATLAB’ is given here. The 
program uses equations and characterised data found earlier. This allows the chosen systems, 

their variables and locations to be comprehensively analysed.   

Chapter 6: Model Empirical Test Regime, Results and Analysis 

The testing regime devised to examine the accuracy of the computer model is described here. 

The environmental insolation levels in Bristol were used, together with a power supply unit, to 
empirically test the results predicted by the model. An analysis is then made of the accuracy and 

validity of the computer model.  

Chapter 7: Simulation 

The data predicted by the model is illustrated here. The performance of the different system 
configurations are quantified and compared and a comprehensive discussion of the findings of 

the project made. Then with reference to the PDS, the practical implications of the findings of 
the project are considered, with particular attention given to the relative costs of the different 

systems for a given power output.  
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Chapter 8: Conclusions and Future Work 

Finally, with reference to the project’s original objectives, the important conclusions of the work 

are described. The plans for future work on the project are also described, together with the 
plans for the dissemination of the findings of the project. 
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2 RESEARCH REVIEW 
In this section, overviews of all components considered for use in the rope-pump system are given 
and their characteristic equations outlined.  

2.1 Rope-pump (C. W.) 
As mentioned above the hand-powered rope-pump is simple design that has been highly successful 

with over three million pumps in use in China in the 1960s alone [15]. The modern rope-pump, 
shown in Figure 2 consists of a continuous loop of rope with plastic pistons spaced evenly along its 

length. The rope is driven by a pulley at ground level and passes down into the well around a smooth 
static guide and into the bell-mouthed bottom of a rising-main, both of which are located under the 

water level at the bottom of the well. The pressure remains at approximately atmospheric levels 
throughout the pump, therefore, the stresses are relatively low, which allows the use of relatively 
inexpensive materials. The pulley is made from a recycled car tyre, the rising-main from plastic PVC 

pipe and the bottom guide from smoothed metal piping or glazed ceramic. The pistons are a close fit 
to the inside of the rising-main to enable water to be lifted by the pistons as they are pulled up the 

rising-main by the rope. The pistons have a fit that is close enough to minimise backflow down the 
rising-main while avoiding mechanical friction between the pistons and rising-main. The water is 

then delivered into a small reservoir formed by a vertical section of pipe located at the top of the 
rising-main with a diameter significantly larger than the rising-main; this reservoir is then drained by 

a side arm. Finally a guard can be added to protect the rope from pathogenic contamination. 
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Figure 2: Rope-pump schematic. Adapted from [16] 

The rope-pump will run at rope velocities up to the point where the rope begins to slip, at low rope 
loads this can be as much as 2.3m/s [17]. The usual operating rising-main diameter varies from 

20mm to 70mm depending on the pumping head and power source. Finally, as the pump does not 
suck water but simply lifts it, heads of up to 30m are achievable when driven by hand [18] and up to 

90m if driven by a motor [12]. 

2.1.1 Fluid Flow Model 
To construct a fluid model of the pump, the swept area should first be considered as the maximum 

possible flow-rate as with any positive displacement pump. Therefore, defining the internal cross 
sectional area of the rising-main (𝐴𝑟𝑟) as: 

𝐴𝑟𝑟 = 𝜋 𝐷𝑟𝑚2 −𝐷𝑟2

4
          (1) 

where 𝐷𝑟𝑟 =  internal diameter of the rising-main and 𝐷𝑟 = diameter of the rope. The maximum or 
ideal flow-rate (�̇�𝑝𝑑) is equal to the product of the internal cross sectional area of the rising-main 

multiplied by the velocity of the rope (𝑢𝑟), i.e.: 

�̇�𝑝𝑑 = 𝐴𝑟𝑟𝑢𝑟           (2) 
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However, due to the gap between the pistons and rising-main there is a slip flow back down the 
rising-main. This slip flow is desirable as it prevents mechanical-frictional losses within the system, 

however, its weight must still be carried by the pistons, causing power losses. Smulders and Rijs 
proposed a model to estimate the velocity of this slip flow (𝑢𝑠𝑙) [19]. The model treats the water as 

inviscid and assumed the pumping head to be equal to the rising-main length, the pistons to be 
central in the rising-main and the cross sectional area between the rising-main and piston to be 

negligible relative to that of the rising-main. Using Bernoulli’s Law and a conservation of mass and 
momentum analysis, Smulders and Rijs’ yielded: 

𝑢𝑠𝑙 = �2𝑔 𝑁⁄            (3) 

where 𝑔 = gravitational constant and 𝑁 = number of pistons per meter of rope. The predicted 
delivered flow-rate (�̇�𝑑) is thus: 

�̇�𝑑 = 𝐴𝑟𝑟𝑢𝑟 − 𝜋𝑡𝐷𝑟𝑟�2𝑔 𝑁⁄          (4) 

where 𝑡 = magnitude of the gap between the piston and rising-main. The critical rope velocity (𝑢𝑐) is 
defined as the rope velocity required to keep a constant water level, which is identical to a zero ‘�̇�𝑑’. 

Therefore: 

𝑢𝑐 = 𝜋𝑡𝐷𝑟𝑚�2𝑔 𝑁⁄
𝐴𝑟𝑚

          (5) 

There have been two studies on the affect of head on flow-rate; their results are displayed in Figure 
3 along with Smulders and Rijs’ predictions. 
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Figure 3: Flow-rate against head; Ideal, predicted (by equation (4)) and recorded by Faulkner & Lambert (for a 71mm 
diameter rising-main, a rope diameter of 8mm rope and pistons fixed with knots, spaced at 1.43m-1 and a difference of 
2mm between the rising-main and piston diameter) and by Stitt & Williams (for a rope diameter of 8mm, pistons fixed 
with bushings, spaced at 1.67m-1 and a difference between rising-main and piston diameters of 1.5mm & 1.2mm for the 
36.4mm & 19mm diameter rising-main respectively). Adapted from [20] & [10]. 

Figure 3 demonstrates how Stitt and Williams’ results [10] appeared to follow Smulders and Rijs’ 

model when the slip flow was fully laminar (true for the smaller rising-main). However, Faulkner and 
Lambert’s results [20] differ considerably, as the flow-rate moves from a slip flow slightly less than 
that predicted by Smulders and Rijs at a 2.5m head to one nearly double that predicted at 5.5m. 

Thus suggesting the slip flow to be linearly dependent upon head, the validity of this comparison, 
however, is questionable, as the assumptions underlying the model are not confirmed to be valid by 

Faulkner and Lambert. In particular the geometry of the pistons tested is unclear; they may be disc 
like and therefore not sit coaxially within the rising-main. If this were the case, the chambers 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 1 2 3 4 5 6

Di
sc

ha
rg

e 
Fl

ow
ra

te
 (l

/s
) 

Head (m) 

Ideal for 71mm Rising-
main at 0.77m/s
Predicted for 71mm
Rising-main at 0.77m/s
Recorded for 71mm
Rising-main at 0.77m/s
Ideal for 71mm Rising-
main at 0.74m/s
Predicted for 71mm
Risng-main at 0.74m/s
Recorded for 71mm
Rising-main at 0.74m/s
Ideal for 71mm Rising-
main at 0.55m/s
Predicted for 71mm
Rising-main at 0.55m/s
Recorded for 71mm
Risng Main at 0.55m/s
Ideal for 71mm Rising-
main at 0.42m/s
Predicted for 71mm
Rising-main at 0.42m/s
Recorded for 71mm
Rising-main at 0.42m/s
Ideal for 36.4mm Rising-
main at 1m/s
Predicted for 36.4mm
Rising-main at 1m/s
Recorded for 36.4mm
Rising-main at 1m/s
Ideal for 19mm Rising-
main at 1.1m/s
Predicited for 19mm
Rising-main at 1.1m/s
Recorded for 19mm
Rising-main at 1.1m/s

Faulkner & 
Lambert 

Stitt & 
Williams 



9 
 

between the pistons would not be sufficiently isolated and the total head would affect the slip flow, 
a problem now avoided by the standardisation of conical pistons.  

Blanken [21] has also conducted a series of tests on the rope-pump, including an investigation of the 
dependence of flow-rate on rope velocity and piston fixing. Blanken’s findings, displayed in Figure 4, 

backed Smulders and Rijs’ prediction of a slip flow independent of rope velocity. 

 
Figure 4: Ideal, predicted (by equation (4)) and recorded flow-rates against rope velocity; for a rope diameter of 6mm, a 
36mm diameter rising-main, pistons fixed both by knot and bushing, spaced at 1.67m-1 and a difference of 2mm 
between the rising-main and piston diameters. Adapted from [21]. 

Blanken also noted that, when the pistons were fixed by knot, the slip flow was approximately half 

that predicted by Smulders and Rijs. This observation was repeated for piston diameters of 33mm 
and 35mm,  and is illustrated in Figure 5. 

 
Figure 5: Ideal, predicted (by equation (4)) and recorded flow-rates against rope velocity; for a rope diameter of 6mm, a 
rising-main diameter of 36mm and pistons fixed with a knot, with a difference between rising-main and piston diameter 
of 3, 2 and 1mm at a 1.67m-1 spacing. Adapted from [21]. 

Blanken attributed this to the observation that, when fixed by a knot, the pistons were located at an 
angle within the rising-main. As illustrated in Figure 6, this resulted in the area between the piston 

and rising-main (Ag) being effectively halved.  
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Figure 6: Depiction of the effect of the knot on the cross sectional area of the gap between the piston and rising-main. 
Adapted from [21]. 

Quantifying this algebraically a modified version of Smulders and Rijs’ model would be: 

�̇�𝑑 = 𝐴𝑟𝑟𝑢𝑟 − 𝑘𝑘𝜋𝑡𝐷𝑟𝑟�
2𝑔
𝑁

         (6) 

where 𝑘𝑘 would be equal to 0.5 for pistons fixed with a knot and 1 if located totally coaxially by a 

bushing. However, Figure 4 illustrates that when a bushing was used, in an attempt to locate the 
pistons centrally, the slip flow remained less than that predicted. One possible explanation for this is 

that the internal geometry of the pistons was such that the pistons still did not sit totally coaxially 
within the rising-main. Figure 7 also supports equation (6) by illustrating how Blanken’s results 

closely match this adapted form of Smulders and Rijs’ model over a range of piston spacings and 
rope velocities. 

 
Figure 7: Ideal, predicted (by equation (6)) and recorded flow-rates against rope velocity; for a rope diameter of 6mm, a 
rising-main diameter of 36mm and pistons fixed with a knot, with a difference between rising-main and piston diameter 
of 3, 2 and 1mm at a 1.67m-1 spacing. Adapted from [21]. 

An investigation into the flow in the rope-pump, using computational fluid dynamics, carried out by 
Shemilt [22] is also of note. The report makes some interesting observations of, and conclusions 

based on, the measured pressure traces within the rope-pump. Williams also detailed an analysis of 
the flow that did not treat water as inviscid, as Smulders and Rijs assume, thus identifying a more 
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realistic velocity profile between the rising-main and piston. However, due to the relative elegance 
and accuracy of Smulders and Rijs’ model, Williams’ and Shemilt’s findings are not discussed further 

here. 

A final study on the flow-rate of the rope-pump was conducted by Alferink [17]. Alferink matched 

the piston diameter to the rising-main diameter resulting in an apparent zero ‘𝑡’ value. This is 
unlikely to hold true as either the pistons or rising-main are likely to have worn quickly creating a 

small gap of unknown magnitude. Significant mechanical friction, which was not measured, is also 
likely to have been introduced into the system, making the results of little use for comparison to the 

adapted Smulders and Rijs model. However, one of Alferink’s observations is very useful; he 
investigated the amount of water that sprayed off the rope as it turned over the pulley. For a pulley 

diameter of 407mm, a piston diameter of 25mm and rope diameter of 8mm, Blanken found that 
when run at 1.36m/s there would be 0.013l/s of spray, and when run at 2.28m/s, 0.043l/s would be 

lost [17]. A rope velocity of 1.36m/s is at the limit the normal duty cycle of a rope-pump and 2.28m/s 
well beyond it. It can therefore be concluded the spray lost over the pulley is negligible relative to 

the total flow-rate. 

2.1.2 Force Model 
Smulders and Rijs also proposed a simple force model of the pump that ignored all friction in the 

system. The tension in the rope (𝐹𝑟) was, therefore, simply equal to the weight of the head (𝐻) of 
water within the rising-main: 

 𝐹𝑟 = 𝜌𝑤𝑔𝐻𝐴𝑟𝑟          (7) 

where ‘𝜌𝑤’ = density of water. The effect of the presence of the pistons within the rising-main was 

assumed by Smulders and Rijs to be negligible. This assumption can be supported by the observation 
that the ratio of the density of water to the density of the plastics used to manufacture the pistons 

(see Section 2.1.3 for more details) is very close to 1:1. This assumption is further supported by the 
negligible volume fraction of the pistons relative to rising-main 

𝑣𝑝𝑖
𝑣𝑟𝑚

< 𝑁𝐻�𝐿𝑝𝑖𝐴𝑟𝑚�
𝐻𝐴𝑟𝑚

= 6%          (8) 

where the extreme values of 𝐿𝑝𝑝 = piston length = 2cm and 𝑁 = 2m-1 have been used. Although 

equation (7) provides a reasonable first estimate of the force in the rope, it has been found that 
recorded tension varies significantly from this ideal. Two studies have been reported on the force 
demand of the rope-pump. The first, conducted by Williams and illustrated in Figure 8, examined the 

force in the rope with pumping head as the independent variable.  
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Figure 8: Force on the rope against head predicted by equation (7) and recorded for a rope diameter of 8mm, pistons 
fixed with bushings, spaced at 1.67m-1 and a difference between rising-main and piston diameters of 1.5mm & 1.2mm 
for the 36.4mm & 19mm diameter rising-main respectively run at approximately 1m/s. Adapted from [10]. 

Williams identified a force on the rope that was independent of the head of water. As the system is 
very simple this force was confidently attributed to the friction over the bottom guide (𝐹𝑔𝑢), which 

for this case appeared to be approximately 15N. Williams also modelled the force created by the slip 
flow which was found to be negligible. The slip flow has a velocity profile, the gradient of which 

(𝜕𝑢𝑠𝑙 𝜕𝑟𝑟𝑟⁄ ) causes a shear stress (𝜏𝑠𝑙) and which, if water is assumed ideal but with a viscosity (𝜇𝑤), 
can be said to obey Newton’s relationship 

𝜏𝑠𝑙 = 𝜇𝑤
𝜕𝑢𝑠𝑙
𝜕𝑟𝑟𝑚

           (9) 

Most of this shear stress simply supports the weight of the water and is therefore already modelled 

by equation (7). However, there is a shear stress created by the difference between the velocity of 
the piston and the stationary rising-main. This net shear stress (𝜏𝑠𝑙,𝑖) will act on the surface of piston 

that is (approximately) parallel to the rising-main (𝜋𝐷𝑝𝑝𝐿𝑝𝑝), thus creating a net viscous force on the 

piston equal to ‘𝜋𝐷𝑝𝑝𝐿𝑝𝑝𝜏𝑠𝑙,𝑖’. As a percentage of the weight of the water this is 

𝑁𝐿𝑟𝑚𝜋𝐷𝑝𝑖𝐿𝑝𝑖𝜏𝑠𝑙,𝑛
𝜌𝑤𝑔𝐻𝐴𝑟𝑚

= 𝑁𝐿𝑟𝑚𝜋𝐷𝑝𝑖𝐿𝑝𝑖𝜇𝑤
𝑢𝑟

𝑡�
𝜌𝑤𝑔𝐻𝐴𝑟𝑚

< 0.14%      (10) 

where the following parameters have been taken to represent the most extreme duty cycle: 
𝑁 = 2m-1, 𝐿𝑝𝑝 = 10mm, 𝐷𝑝𝑝 = 15mm, 𝜇𝑤 = 0.0018kg/ms [23], 𝑢𝑟 = 3m/s, 𝑡 = 0.1mm, 𝐷𝑟 = 8mm and 

the ratio of rising-main length to head has been assumed to be equal to 1. The viscous drag of the 

rising-main on the pistons can thus be considered negligible for all duty cycles. 

Analysis also shows there to be a force required to give the water inside the rising-main its kinetic 

energy. This would be equal to the rate of kinetic energy gain of the water in the rising-main divided 
by the velocity of the water. Taking the velocity of the water to be equal to the actual rope velocity 

(𝑢𝑟) minus the critical rope velocity (𝑢𝑐), this force is equal to: 

 
1
2� �̇�𝑤(𝑢𝑟−𝑢𝑐)2

𝑢𝑟
=

1
2� 𝜌𝑤𝐴𝑟𝑚(𝑢𝑟−𝑢𝑐)(𝑢𝑟−𝑢𝑐)2

𝑢𝑟
= 1

2�
𝜌𝑤𝐴𝑟𝑚(𝑢𝑟−𝑢𝑐)3

𝑢𝑟
    (11) 
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Figure 9: Image of piston inside 
transparent rising-main [17] 

Observations of the flow inside a transparent rising-main, exemplified 
by Figure 10, show turbulence to be created by the pistons within the 

rising-main. This turbulence has an inertia which is transferred to 
progressively smaller vortices. This energy cascade continues until the 

vortices are small enough for viscous forces to dominate over the 
inertial forces, at which point the energy is completely transferred to a 

molecular level as heat. Taking the velocity of these eddies (or large 
vortices) to be proportional to that of the mean flow (𝑢𝑟 − 𝑢𝑐) and 

their length scale to be of the same order as the maximum diameter of 
the rising-main. From Newton’s second law of motion the force, 

required to give the eddies their momentum, is proportional to: 

�𝜌𝑤𝐷𝑟𝑚3 �.(𝑢𝑟−𝑢𝑐)
𝐷𝑟𝑚

(𝑢𝑟−𝑢𝑐)�
= 𝜌𝑤𝐷𝑟𝑟2 (𝑢𝑟 − 𝑢𝑐)2 ∝ 𝜌𝑤𝐴𝑟𝑟(𝑢𝑟 − 𝑢𝑐)2      (12) 

As it is the pistons which are the major source of disturbance within the rising-main, it follows that 
the total force attributed to the generation of the eddies will also be proportional to the number of 

pistons within the rising-main. This force is therefore equal to: 

𝑘𝑡𝑢𝑁𝐿𝑟𝑟𝜌𝑤𝐴𝑟𝑟(𝑢𝑟 − 𝑢𝑐)2         (13) 

where 𝑘𝑡𝑢 = constant of proportionality. Turbulence would also be created as pistons passed under 
bottom guide, thus adding to the effective length of the rising-main. However, simple observation 

shows that the magnitude of the path under the guide relative to rising-main length is negligible for 
all standard configurations. There is also a pressure drag on the piston associated with the 

turbulence and cavitation shown in Figure 9 which must be considered. Cavitation would do mostly 
useful work lifting the fluid and would therefore be modelled by equation (7), but it would also do 
‘parasitic’ work by contributing to the turbulence, but this would also be modelled, by equation (13). 

The frictional losses of the main flow at the wall are also assumed negligible for all normal duty 
cycles. Finally a term to represent the rising half of the rope weight of the rope (𝑚𝑟𝑔) should also be 

included. 

Summing equations (7), (11), (13) and the ‘𝐹𝑔𝑢’ and ‘𝑟𝑟
2
𝑔’ terms, the total force on the rope can now 

be modelled.  

𝐹𝑟 = 𝜌𝑤𝑔𝐻𝐴𝑟𝑟 + 𝐹𝑔𝑢 + 𝑟𝑟
2
𝑔 + 1

2�
𝜌𝑤𝐴𝑟𝑚(𝑢𝑟−𝑢𝑐)3

𝑢𝑟
+ 𝑘𝑡𝑢𝑁𝐿𝑟𝑟𝜌𝑤𝐴𝑟𝑟(𝑢𝑟 − 𝑢𝑐)2  (14) 

For a complete model of the torque created by the pump a term for the frictional losses at the 
bearings together with the weight of the rope and pistons on the return side must also be 

considered. The mass of the rope (𝑚𝑟) should be measured empirically due to the uncertain bulk 
density of the rope. An empirical value must also be obtained for the coefficient of friction of the 
bearing (𝜇𝑏𝑒) and the mass of the pulley and axle (𝑚𝑝𝑢 +𝑚𝑎𝑥), the total torque demanded by the 

pump (𝑇𝑝) on the axle is therefore: 

Piston 

Turbulence 

Transparent 
Rising-main 
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𝑇𝑝 = 𝐹𝑟
𝐷𝑝𝑢
2
− 𝑟𝑟

2
𝑔 𝐷𝑝𝑢

2
+ �𝐹𝑟 + 𝑟𝑟

2
𝑔 + �𝑚𝑝𝑢 + 𝑚𝑎𝑥�𝑔�𝜇𝑏𝑒

𝐷𝑎𝑥
2

    (15) 

where 𝐷𝑝𝑢 = effective pulley diameter and 𝐷𝑎𝑥 = axle diameter. Examining Blanken’s results using 

his empirically determined critical rope velocity of 0.26m/s. Figure 10 illustrates how equation (15) 
can be made to match Blanken’s results, using a guide friction (𝐹𝑔𝑢) of 1N and a ‘𝑘𝑡𝑢’ value of 0.6. 

 
Figure 10: Force on rope against rope velocity; predicted by equations (7) and (15) and recorded for a head of 4.015 a 
rising-main 5.015m in length and 36mm in diameter, with a difference between rising-main and piston diameter of 2mm 
and pistons fixed both by bushing and knot at a spacing of 1.67m-1. Adapted from [21]. 

As discussed in Section 2.1.1 above, if the pistons are fixed with a knot they will not sit centrally 

within the rising-main. The knot will act as a pivot for the tension in the rope, causing the piston to 
exert a normal force on the rising-main at the two surfaces of contact (see Figure 6 for illustration). 
These normal forces will cause a reactive frictional force on the pistons, increasing the load on the 

rope. This additional frictional force was measured by Blanken and is also illustrated in Figure 10i.  

The efficiency of the pump is defined to be the rate of energy gain of the delivered water to the rate 

of energy supplied, i.e.: 

𝜂𝑝 = 𝜌𝑤�̇�𝑑𝑔𝐻𝐷𝑝𝑢
𝑇𝑝2𝑢𝑟

          (16) 

Analysing Blanken’s results it can be shown that the efficiency of the rope-pump is greater if the 
pistons are fixed with a bushing, instead of a knot, for rope velocities above 1m/s. The same analysis 
also proves the pump to be most efficient at rope velocities between 1.1 and 1.3m/s coinciding with 

the observed minimum rope velocities at which the rope begins to slip [10, 17], thus providing a 
reasoned optimum rope velocity range.  

                                                           

i Further details of Blanken’s empirical investigation into the dependence of the force on the rope, on piston 
diameter and spacing can be found at [21]. 

Predicted by equation (14) 

Predicted by equation (7) 

Recorded for Piston Fixed 
with Knot 
Recorded for Piston Fixed 

with Bushing 
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Figure 11: Crude washers made from an old car tyre [16] 

2.1.3 The Pistons 
As detailed in Section 1.1 the rope-pump was 
developed from the chain-and-washer pump to a 

rope-and-washer pump. These washers were 
made from a variety of materials including wood, 

rubber, leather and metal discs covered by a thin 
leather which creates a flexible seal with the 

rising-main [1]. The most popular washers were 
those made from car tyre (they are still used extensively by ‘Partners in Development’ in South 
Africa [13]). The rubber washers have the distinct advantage of a very simple and inexpensive 

manufacturing process; see Figure 11 and Lambert’s original manufacturing instructions [5] for 
details. 

However, these washers have the distinct disadvantage of very poor efficiencies. This is due, in part, 
to the very low achievable tolerances. There is also an inherent instability in the design, 

demonstrated by Figure 12, which causes the disc to open and sit significantly off centre. This ‘off-
design’ operation not only causes considerable mechanical frictional losses, but also results in a large 

loss of water back past the pistons, further details of this effect is discussed in sections 2.1.1 and 
2.1.2. Conical washers were therefore developed to improve stability, again this is demonstrated in 

Figure 12 which shows a free body analysis 
of the forces on the piston and washer. 

The conical pistons can be turned on a 
lathe. Pump-Aid, a large charity installing 

rope-pumps in Zimbabwe and Malawi, 
purchase turned pistons at an average rate 
of 200 pistons a day. However, for large 

scale production this method is very 
energy intensive and a high tolerance 

lathe is also a relatively expensive tool for a workshop in a developing country. The vast majority of 
pistons are, therefore, manufactured using an injection moulding machine. There are only two 

injection-moulders used for large scale production of the pistons. The first, shown in Figure 13, was 
developed by Bombas-de-Mecate in Nicaragua and uses an automated screw thread to force the 

plastic, melted by an electric filament, into the mould [27]. 

Rising
-main 

Piston Washer 

Rope 

Figure 12: Free body diagram of forces on a piston and a 
washer. Adapted from [16]. 
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Figure 13: The automated piston injection moulding machine used by Bombas-de-Mecate [24] 

This machine is very effective, with a low labour intensity, however, it is a relatively complex design 

and as a result its reproduction elsewhere has been severely limited. An alternative design was 
developed by Ludo Engineering in The Netherlands. This design, shown in Figure 14, uses a manual 

lever to force the plastic, which is melted by an oxy-fuel flame torch, into the mould. This manual 
device is a lot simpler and has been used successfully by the Practica foundation in Ethiopia [16]. 
However, the compressed gas, required for the torch is still relatively difficult to source within a 

developing country. 

 
Figure 14: Simplified manual piston injection moulding device manufactured by Ludo Engineering [25] 

An alternative to the oxy-fuel flame torch has been utilised in Columbia; the device, shown in Figure 
15, uses an electric heating element wrapped around the delivery tube to melt the plastic before 

injection. This is a very appropriate design, which could easily be constructed and operated in the 
vast majority of workshops in the developing world. The device was reported to be capable of 

producing thirty to forty pistons an hour [26]. An obvious note would be that the small addition of 
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thermal insulation around the heating element is likely to speed the heating time and reduce the 
device’s energy consumption; this in turn would significantly reduce the operational costs both from 

labour and electricity consumption.  

 
Figure 15: Columbian piston injection moulding device based on Ludo's design but with electrical heating element [26] 

The pistons can be formed from a variety of plastics, however, polypropylene and polyethylene have 
been found to be the most effective readily available materials. The use of PVC was investigated, but 

it was found that, apart from the poisonous chlorine gas which it releases if burnt, the produced 
pistons were too flexible and wore relatively quickly. Polypropylene and polyethylene have a fusion 

temperature of 165 °C and 134 ˚C respectively, making polyethylene considerably easier to work. 
Polyethylene is also much more easily obtained than polypropylene; it is not only a more readily 

available raw material but is also available from recyclable materials such as plastic bags and thick 
plastic bottles. Therefore, despite the superior wear resistance of polypropylene, polyethylene has 

been identified as the most appropriate choice. [27] 

Pump-Aid has also experimented with the production of pistons cast from polypropylene melted 

down on an open fire from old plastic cement sacking. However, this technique is still very much in 
the research and development stage with turned pistons still providing all the pistons for their 

‘Elephant’ rope-pumps. 

There are two types of mould used, the first is 

used by Pump-Aid (for their cast pistons), Practica 
[16] and Ludo Engineering [25] and is shown in 
Figure 16. The other is very similar, but locates 

the separation between the two mould halves at 
the ‘knee’ of the piston (see Figure 17), this 

moves the flash, and resulting low tolerances, 
away from the crucial major diameter. 

Figure 16: Basic system mould used most widely 
outside of Nicaragua [25] 



18 
 

 
Figure 17: The pistons manufactured by Bombas-de-Mecate (top left) and the moulds used for their production (bottom 
left) [28] together with an example schematic (not to scale) of the mould (right) [29]. 

It should be noted that although the injection moulded or cast pistons do not directly need a high 

tolerance lathe for their manufacture, one is still required for the production of the moulds. This is a 
major reason cited by organisations such as ‘Partners in Development’ for their continued use of 

rubber washers [30]. 

As a comparison of the manufacturing methods listed above, it is useful to make a note of the 

reported life of the pistons produced. The rubber washers are reported to last just a couple of years 
[30]. Based on an assumption that there is not undue wear caused by a faulty guide or similar; 
Pump-Aid have reported to the author that their turned pistons have lasted up to ten years, 

however, this evidence is somewhat anecdotal and the criteria for piston failure unclear [31]. Based 
on the same assumption, Bombas-de-Mecate have reported that their pistons have a life of 

approximately four years [27], this is assuming that they are made from good quality raw material 
and manufactured using their injection moulding machine shown  in Figure 13. 

2.2 Permanent-magnet Gear-motor (C. W.) 
A permanent-magnet DC motor had previously been selected as the most appropriate option for the 

solar powered rope-pump [9]. As the turbine is also likely to produce DC current and low cost and 
complexity are key, a permanent-magnet DC motor was again selected as the most appropriate 

choice. The basic design of a permanent-magnet motor consists of a coil of wire, forming the 
armature or rotor, which sits within a magnetic field created by a permanent-magnet stator.  
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Figure 18: Equivalent circuit of permanent 
magnet motor where ‘𝑽’ is the supplied voltage. 

2.2.1 Gear-motor Model 
Making the standard assumption that the ’armature reaction’ is negligible.  The torque, created as 
the armature windings cut the magnetic field, can then be related to the current through the motor 

by a constant 𝑘𝑇 [32], i.e.: 

𝑇𝑟 = 𝑘𝑇𝐼           (17) 

As the armature turns it will act as a generator and produce a voltage (𝑒), which will oppose the 
current through the armature. This ‘𝑒’ is known as a back electro-motive force, which similar to the 

torque can be related to the rotational velocity of the motor (𝜔𝑎𝜔𝑎) by an empirically determined 
constant of proportionality (𝑘𝑒) [33], i.e.: 

𝑒 = 𝑘𝑒𝜔𝑎           (18) 

It is also assumed that the electrical resistance created by the commutator brush interface is 

negligible. This effect is a difficult parameter to model but the assumption is reported to hold for 
new brushes but may falter as they wear with age [33]. Making a further standard assumption that 

the ‘iron’ heat losses within the magnet and rotor core are negligible relative to the ‘copper’ heat 
losses due to the wire resistance (𝑅𝑎) [32], the motor can be represented by the equivalent circuit 

shown in Figure 18. The voltage drop (𝑉) across the armature, with a resistance (𝑅𝑎), is now related 
to the current through the motor by: 

𝐼𝑅𝑎 = 𝑉 − 𝑒     (19) 

There will also be a constant torque required to overcome 
internal friction from the bearings (𝑇𝑓), therefore: 

𝑇𝑟 = 𝑇 + 𝑇𝑓     (20) 

where 𝑇 = available torque. Combining equations (17), 

(18), (19) and (20), and rearranging, we have: 

𝜔𝑎 = 𝑉
𝑘𝑒
− 𝑅𝑎

𝑘𝑒𝑘𝑇
�𝑇 + 𝑇𝑓�         (21) 

Therefore, under ‘no-load’ conditions the motor will have a velocity equal to ‘𝑉 𝑘𝑒⁄ ’ and draw a 

current equal to ‘𝑇𝑓 𝑘𝑇⁄ ’. The motor also has a rated current and corresponding torque that must 

not be exceeded during its normal operation; else the resulting forces and ohmic heating would 

cause permanent damage.  

As a summary, Figure 19 illustrates the dependence of the rotational velocity and current on the 

torque exerted by the motor.  

Most permanent-magnet motors run at a velocity far greater (>1000rpm) and a torque far smaller 

(<1.5Nm) than the operating range of the rope-pump. The motor must therefore include a gearing 
system at a ratio of approximately 20:1 to 100:1. The rope-pump also has a tendency to run in 

reverse under the weight head of water when the power supply is removed. When this occurs a 

𝑅𝑎 

𝐼 

𝑒 𝑉 



20 
 

piston can get stuck at the top of the 
rising-main loading the piston and rising-

main with the weight of the water column 
which can cause damage. It is therefore 

desirable to choose a gearing system that 
is non-back-drivable. A worm gear and 

parallel shaft gears are both capable of 
delivering these requirements. The 

additional friction into the system caused 
by the gearing is included within the ‘𝑇𝑓’ 

term. 

 

2.3 Batteries (A. B.) 
The simplest way to store energy in a hybrid power system is to use batteries. They are efficient and 

cheap to manufacture, although the process is not environmentally friendly, involving hazardous 
chemicals. Batteries dictate the current and voltage of charging and discharging devices, this makes 
them central to the entire system. The state of charge of the battery becomes a critical factor 

determining whether a system can be ‘stand-alone’ or not. 

There are various types of battery utilising either dry or wet cell technology. The wet cell lead-acid 

battery, as used in most vehicles, has been identified as the only suitable type for the motorised 
rope-pump due to its low cost. Lead-acid batteries consist of lead plates with a dilute sulphuric acid 

electrolyte. A variety of this battery with solid rather than porous lead plates, known as a ‘Deep 
Cycle’ battery, will be used in the system, due to its ability reach a low ‘Depth of Discharge’ 

repeatedly. 

2.3.1 Capacity  
The capacity of a battery is measured in Amp hours (Ah). The figure is a product of the current used 

to charge or discharge the battery and the time it would take to entirely charge or discharge at that 
current. The capacity of a battery is a function of the rate of charge, this is illustrated in Figure 20. 

Batteries are therefore rated in Ah for a given discharge time. For example C10=155Ah implies that a 
battery will have a capacity of 155Ah if discharged for 10 hours but this will be higher if discharged 

more slowly and lower if discharged at a greater velocity. The variation in the efficiency of a battery 
at different discharge rates is due to internal energy losses.  

𝑇  
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Figure 19: Model of the rotational velocity and current 
against torque of the motor 
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Figure 20: Battery capacity for varying charging and discharging currents [34] 

2.3.2 Voltage 
The terminal voltage of a battery is influenced by the state of charge of the battery and the amount 

of current charging or discharging it. A battery can be modelled using the equivalent circuit of a 
resistor in parallel with the main voltage source within the battery, giving a terminal voltage of [35] 

𝑉 = 𝐸 − 𝐼𝑅𝑝𝑖           (22) 

where E = effective internal voltage and is influenced by the state of charge of the battery which is 
calculated using characterised constants, 𝐼 = charge or discharge current and 𝑅𝑝𝑖 = internal 

resistance of the battery. 

 

 

2.3.3 Charge Transfer 
The current that charges or discharges a battery is limited by the state of charge and the terminal 
voltage at the time. The ideal current can be found by dividing the power needed from or available 

to the battery by the terminal voltage. The total amount of charge in the battery can be seen as 
being split into two states, bound and available, the movement of the charge between these two 

states can be described by 
𝑑𝑞𝑎𝑣
𝑑𝑡

= −𝐼 − 𝑗(1 − 𝑐)𝑞𝑎𝑣 + 𝑗𝑐𝑞𝑏𝑑                                                                     (23) 

𝑑𝑞𝑏𝑑
𝑑𝑡

= 𝑗(1 − 𝑐)𝑞𝑎𝑣 − 𝑗𝑐𝑞𝑏𝑑                                                                         (24) 
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Figure 21: Battery Terminal Voltage assuming an internal resistance 
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where ‘𝑞𝑎𝑣’ is available charge, ‘𝑞𝑏𝑑’ is bound charge, ‘𝑗’ is the rate at which bound charge becomes 
available,  ‘𝑐’ is ratio of available to bound charge.  Figure 23 illustrates how this principle of flows of 

electrons within a battery can be visualised as a two tank system. 

 
Figure 22: Two tank model showing battery charge flows [36] 

Using this model, it can be seen that the maximum discharge current can be determined by looking 
at a case when all of the available charge is used in one time step. In a similar way there is a 
maximum charging current which is found by considering the case when  

𝑞𝑎𝑣 = 𝑐𝑞𝑟𝑎𝑥,0                                                                      (25) 

2.3.4 Life Cycle 
The capacity of a battery is reduced with age. This is due to the negative plate shrinking, which has 

the effect of reducing its porosity. Build up of Lead Sulphate on the negative plate also reduces 
capacity by increasing internal resistance [37].  

The number of charge – discharge cycles that a battery can undergo before the end of its lifetime is 
greatly dependant on the ‘Depth of Discharge’ that the battery is taken to. The DOD is the 

proportion of capacity taken out of the battery compared to the initial capacity. The greater the 
depth of discharge on each charge – discharge cycle the fewer number of cycles the battery will 

achieve in its lifetime. 

2.3.5 Temperature 
Extremes of temperature also affect lead acid battery capacity. The lower the temperature the lower 

the capacity will be. When temperatures fall to -18oC batteries can no longer be charged. The 
reasons for this are that the chemical reactions within the battery occur less easily and the 

electrolyte becomes more viscous, slowing the movement of electrons by increasing internal 
resistance. 
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2.4 Photovoltaic Panel (J. R.) 
Photovoltaic (PV) cells facilitate the direct conversion of photons to electricity. They are solid state 

and therefore reliable, though generally they are not repairable. The direct current power output is 
beneficial when being used with a battery as no inverters, with their inherent losses, are needed.  

Single PV cells generally produce single-figure wattages at less than one volt. It is therefore 
necessary to connect cells in series-parallel configurations to form modules. These modules can be 

connected to form panels, and the panels can be connected to form arrays.  

2.4.1 The Photovoltaic Effect 
Photovoltaic cells are comprised of n-type and p-type semiconductor material. When a photon of 

light strikes the n-type side of a photovoltaic cell, it is absorbed and its energy: 

 𝐸 = ℎ𝑣           (26) 

where ℎ=Plank’s constant and 𝑣=photon frequency, is transferred to a valance band electron in the 

semiconductor material.  If the combined energy of the photon and the electron is equal to or 
greater than the band gap energy of the semiconductor, then the electron is freed, forming a 

positive ‘hole’, negative electron pair. The pn-junction acts as a diode and prevents the holes and 
electrons from simply recombining, causing a build up of electrons in the n-type semiconductor and 

a build up of ‘holes’ in the p-type semiconductor. The pn-junction is not perfect leading to a 
relatively small current which moves in a reverse bias across the pn-junction, which is termed the 

‘reverse saturation current’. 

When the n and p layers are connected by an external circuit, the excess electrons (forming a 

current) are able to flow from the n-type to the p-type semiconductor. Metal contacts on the back of 
solar cells, and metal grids on the front side connect the induced current to an external circuit.  

2.4.2 I-V Characteristic 
The general form of the I-V characteristic for an illuminated PV cell is shown in Figure 23. 
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Figure 23: General IV curve for illuminated panel. Adapted from [38] 

The short circuit, maximum, current, 𝐼𝑆𝐶, occurs when there is no voltage across the cell. The open 
circuit, maximum, voltage, 𝑉𝑂𝐶, occurs when there is no current across the cell.  

Using the relationship: 

𝑃 = 𝐼𝑉            (27) 

where 𝑃=power, 𝐼=current and 𝑉=voltage, it can be seen that the maximum power that can be 

drawn from a cell with a given I-V characteristic occurs between 𝐼𝑆𝐶  and 𝑉𝑂𝐶, at 𝐼𝑀𝑃 and 𝑉𝑀𝑃, as 
shown in Figure 23. A useful measure of cell performance is the Fill Factor, which is defined as the 

maximum power available from the solar cell divided by the product of 𝑉𝑂𝐶  and 𝐼𝑆𝐶. The fill factor 
will always be less than one, and is generally in the region of 0.7-0.8.  

Figure 24 displays an equivalent electric circuit for a PV cell. An ideal PV cell would simply be 

represented by a diode in parallel with a current source, i.e. as in Figure 24 but without the shunt 
and series resistances.  

 
Figure 24: PV cell equivalent circuit. 𝑹𝑺=Series resistance, 𝑹𝑺𝑯 =shunt resistance 
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Shunt resistance, 𝑹𝑺𝑯, represents an imperfect diode (or imperfect ‘barrier’ between the p- and n-
type semiconductors), leading to an increase in ‘dark current’.  Shunt resistance tends to increase 

with cell size, as an increased cell perimeter provides a greater area for potential current leakage. 
However, this effect is often overcome by the greater current as a result of a greater collection area.  

 Series resistance, 𝑹𝑺, represents the resistance in the metal contacts on the back of the 

semiconductor and in the metal grid contacts on the front of the cell.   

𝑰𝒑𝒉 and the diode represent the current generated by the incident photons and the pn-junction 

respectively.  

From Figure 24, it is clear that the current produced by a PV cell is equal to the current produced by 
the photons, minus the current through the shunt resistor, minus the current through the diode:  

𝐼 = 𝐼𝑝ℎ − 𝐼𝑆𝐻 − 𝐼𝐷                                                                               (28) 

By the Shockley diode equation [39], the current through the diode can be expressed as 

𝐼𝐷 = 𝐼0 �𝑒
𝑞𝑒𝑙𝑉𝑥

𝑟𝑘𝑇𝐶� − 1�                                                                        (29) 

where 𝐼0=reverse saturation current, 𝑚=diode ideality factor (generally equal to 1), 𝑞=the charge on 
an electron, 𝑘=the Boltzmann constant, 𝑉𝑥=voltage across the diode and 𝑇𝐶=cell temperature.  

By Ohm’s law, the current through the shunt resistor can be expressed as  

𝐼𝑆𝐻 = 𝑉𝑥
𝑅𝑆𝐻

                                                                                      (30) 

By substituting equations (29) and (30) into equation (28), the characteristic I-V curve of a PV cell can 
therefore be expressed as 

𝐼 = 𝐼𝑝ℎ − 𝐼0 � 𝑒
𝑞𝑒𝑙𝑉𝑥

𝑟𝑘𝑇� − 1� − 𝑉𝑥
𝑅𝑆𝐻

                                                             (31) 

Finally, defining 

𝑉𝑡 = 𝑟𝑘𝑇𝐶
𝑞𝑒𝑙

                                                                                      (32) 

 and realising that 𝑉𝑥 = 𝑉 + 𝐼𝑅𝑆,  

𝐼 = 𝐼𝑝ℎ − 𝐼0 � 𝑒
(𝑉+𝐼𝑅𝑆)

𝑉𝑡� − 1� − 𝑉+𝐼𝑅𝑆
𝑅𝑆𝐻

                                                           (33) 

2.4.3 Effects of Changing Parameters  
The major parameters which affect the characteristic I-V curve of a photovoltaic module, and 
therefore the current that can be drawn at different voltages, are discussed below. 
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Number of cells in series and parallel 
The shape of the I-V curve is not changed by the addition of more cells, but the curve is stretched 

depending on whether the extra cells are connected in series or parallel. Connecting cells in series 
increases 𝑉𝑂𝐶 while connecting cells in parallel increases 𝐼𝑆𝐶  as shown in Figure 25. 

 
Figure 25: Effect of adding cells in parallel or series, where n=number of cells in series and m=number of cells in parallel 
[40] 

Insolation 

Increased insolation causes a slight increase in the 𝑉𝑂𝐶 and a more notable increase in the 𝐼𝑆𝐶. The 
current produced by a PV cell is almost directly proportional to the irradiation level. The maximum 

power available from a PV cell is therefore almost directly proportional to the irradiation levels 
available to a cell.  

 

Figure 26: Effect of varying insolation on the I-V curve of a ~1.5W PV cell (adapted from [41]) 

Temperature 
Figure 27 illustrates how semiconductors are sensitive to temperature. Increased ambient 

temperature will cause a slight increase in 𝐼𝑆𝐶  and a more notable decrease in 𝑉𝑂𝐶.  
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Figure 27: Effect of varying cell temperature on the I-V curve of a ~1.5W PV cell under 1,000W/m2 insolation [41] 

Series resistance and shunt resistance – 𝑹𝑺 and 𝑹𝑺𝑯 

For an ideal cell, 𝑅𝑆 would be zero and 𝑅𝑆𝐻 would be infinite. Increasing 𝑅𝑆 and decreasing 𝑅𝑆𝐻 has 
the effect of reducing the maximum power obtainable from the PV cell, as shown in Figure 28.    

 
Figure 28: Effect of changing Rs and RsH on the I-V curve of a PV cell [40] 

2.5 Turbines (T. P.) 
Wind Turbines convert mechanical energy from the wind by slowing the 

wind to extract kinetic energy which is then converted into electrical energy. 
Energy production relies heavily on the weather, as without wind the turbine 

it cannot rotate. The standard turbine design commonly used is the 3 bladed 
Horizontal Axis Wind Turbine (HAWT). The turbine used for testing was a 

12V, 2.4m blade diameter, homemade design by Hugh Piggott (Figure 29) 

[42].  Figure 29: Wind 
Turbine Construction 
Manual designed by 
Hugh Piggott 
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2.5.1 System 
The basic system elements of a HAWT are shown in Figure 30.  Apart from the generator itself, the 
electrical and mechanical parts of the turbine are kept quite separate.   

 
Figure 30: Components of a Wind Energy System [43] 

Blades attached to the rotor spin by taking energy out of the wind.  This drives the generator 
producing power.  Gearing is often used here to increase the frequency for electricity generation. A 

generator converts kinetic energy from the rotating blades into electrical energy using permanent 
magnets. Electrical energy is then transferred for storage or to supply the grid via cables. HAWTs 

require a directional system mechanism to point the blades into the wind.  Small turbines use a 
simple tail assembly for furling, whilst large commercial turbines use a servo motor that is 

automatically controlled to gain maximum output. A protection system is usually included to prevent 
damage in very high winds, most turbines are fitted with a device to reduce the blades rotational 

velocity when “safe” limits are exceeded.  Small systems use simple methods such as furling or 
changing the pitch of the blades so they have a smaller surface area relative to the wind direction. 

The tower design is particularly important as it not only raises the blades well above the turbulent 
currents near the ground in order to take advantage of greater wind velocities, but it also must be 

strong enough to support the turbine and its resonance effects with only minimal cost.    

2.5.2 Electrical Components 
In order to gain an electrical output, the turbine must convert the kinetic energy of the wind into 
electrical energy. This process can be seen in Figure 31, with the different parts of the process 

explained beneath: 
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Figure 31: Energy Conversion in Wind Turbine 

2.5.3 Blade Theory 
Well designed aerofoils give high lift to drag coefficient ratios, 𝑘𝐿 and 𝑘𝐷 respectively as given below 
[44]. 

𝑘𝐿 = 𝐹𝐿
0.5𝜌𝑢𝑓𝑟

2 𝐴
            (34) 

𝑘𝐷𝑟 = 𝐹𝐷𝑟
0.5𝜌𝑢𝑓𝑟

2 𝐴
            (35) 

where 𝐹𝐿 = lift force, 𝐹𝐷𝑟 = Drag Force, 𝑢𝑓𝑟=free stream velocity and 𝐴 =Blade Area (chord x length). 

The best designed aerofoils achieve lift coefficients, 𝑘𝐿 of 1 to 1.2, whilst the drag coefficients, 𝑘𝐷𝑟  
should be 1/20 to 1/40 of the 𝑘𝐿  values [44]. 

 
Figure 32: Graph showing relationship between lift to drag ratio and the angle of attack of blade 

Power coefficient, 𝑘𝑃 becomes [44]:  

𝑘𝑃𝑝𝑖𝑐𝑙𝑢𝑑𝑝𝑖𝑔 𝑑𝑟𝑎𝑔 𝑒𝑓𝑓𝑒𝑐𝑡𝑠 = 𝑘𝑃(𝐵𝑒𝑡𝑧) �1 − �𝑘𝐷𝑟
𝑘𝐿
� 3𝑟𝛾𝜆

2𝑟
�     (36) 
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Where 𝜆= tip speed ratio, 𝑟= Blade radius and 𝑟𝛾 = Distance along Blade radius at which angle of 

twist, 𝛾 is measured.  

 
Figure 33: Graph showing how power coefficient varies with tip speed ratio 

2.5.4 Alternator Theory: 
Alternators use a similar principle to DC generators and work by using a rotating magnetic field. As 

the magnetic field around a conductor changes it induces a current in the conductor. By having a 
rotor (rotating magnet) that spins within a stator (set of stationary coiled conductors), the magnetic 

field is cut, generating a current. The alternating magnetic field from the rotor produces an 
alternating current in the stator. Most alternators have 3 coils, which produce 3-phase AC current.  

As the 3 coils on the stator are separated by an interval of 120° around the shaft, this simply means 
that each coil produces an AC sine wave which is out of phase by 1/3 to the next coil.  In the case of 
the Piggott turbine design 5-phase AC current is produced. The 5 phases summate in the rectifier 

and are then converted to DC.    

The alternator’s operation is governed by the following set of equations [45];  

If 𝑛 = no. of turns in coil, 𝐴 = cross sectional Area, ω = angular frequency, 𝐵 = Magnetic field or 
Magnetic Flux Density, 𝛷= Flux, 𝐹= Force and 𝐿=length of conductor at right angles to magnetic 
field. 

Note: 

𝛣 = 𝐹
𝐼𝑙

= 𝑝𝑎𝑖𝑟𝛮𝛪
𝑙

            (37) 

Where 𝑝𝑎𝑝𝑟= permeability of air 

Calculation of Induced emf, e: 



31 
 

 
Figure 34: Induced emf caused by coil rotating inside magnetic field 

As seen in Figure 34, the coil turns through an angle  θ in time t, so: 
𝜃 =  𝜔𝑡            (38) 

The  emf (e) can be written: 

𝑒 = 𝑒0𝑝 𝑠𝑖𝑛𝜔𝑡      (39)  

Where e0i = emf at time equal to zero. 

⇒ 𝑒0𝑝 = 𝛣𝛢𝛮 2𝜋𝑓                    (40) 

and 

𝑒 = 𝑒0𝑝 𝑠𝑖𝑛 2𝜋𝑓𝑡      (41) 

Also, the induced current is:  

𝐼 = 𝐼0𝑝 𝑠𝑖𝑛𝜔𝑡      (42) 

Where 

𝐼0𝑝 = 𝑒0𝑖
𝑅

      (43) 

with 𝐼0𝑝 = current at time equal to zero and R = resistance of the circuit. 

A Graph of e or I against t, representing AC is shown below: 
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Figure 35: AC sine wave of voltage/current produced 

The voltage applied to charge the battery is governed partly by velocity of rotation but also by the 

alternators internal design.  By altering the size of wire and the number of turns per coil, different 
voltages can be achieved.  However this is very difficult to change once the alternator has been built. 

If no gears are connected to the alternator, then the starting torque is very low.  This means the 
turbine can start in very low wind velocities and still produce useful power.  As wind velocity 

increases so too does the torque in the alternator.  This causes a velocity limiting effect, slowing the 
blades meaning the machine is both quieter and the blades do not wear out.   

2.5.5 Rectifier 
The rectifier consists of a number of one way junctions in the form of diodes to convert AC to DC.  
The AC voltage indicates the rms (root mean square) output voltage at any given velocity, but the DC 

voltage will be higher by a factor of about 40% than the AC, less a fixed amount of around 1.5V DC 
due to the fixed voltage drop in the rectifier.  This 40% difference occurs because the AC reading is 

an average (rms) value whereas the rectified DC will be around the peak voltage available. 

2.5.6 Power Calculations 
The theoretical power of the wind blowing through the rotor is calculated using the standard 

equation [44]  

𝑃 = 1
2
𝑘𝑃 𝜌𝑎𝑝𝑟  𝐴 𝑢3           (44) 

Where 𝑃=power, 𝑘𝑃=power coefficient, 𝜌𝑎𝑝𝑟=density of air, 𝐴=rotor cross sectional area and 𝑢=wind 

velocity. The Power coefficient term, 𝑘𝑃, has to be determined experimentally and can be calculated 
from data by rearranging the power equation: 

 𝑘𝑃 = 𝑃
1
2 𝜌𝑎𝑖𝑟 𝐴 𝑢3

= 4𝑥2(1− 𝑥)         (45) 

The maximum power harvesting is found by putting 

𝑑𝑘𝑃
𝑑𝑥

= 0            (46) 

τ τ 

e or I 
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giving  

2𝑥 − 3𝑥2 = 0           (47) 

Therefore 𝑥 = 2
3
 and 𝑘𝑃 = 16/27 

This limiting value of 𝑘𝑃 = 16/27 is known as the Betz Limit.  This means that at best, the blades can 

only convert 50% of the total power available in the wind into mechanical power. In reality, the 
efficiency achieved by the best wind rotors is only around 50% and most homebuilt rotor blades 

achieve only 25-35%. 

Several factors affect how much power the turbine can achieve: 

Blade Diameter 

Larger blades means a larger swept cross sectional area, which can therefore extract more power 

out of the wind.  By doubling the blade diameter, four times as much power can be achieved as seen 
in Figure 36. 

 

Figure 36: Theoretical power production for small wind turbines when 
the wind velocity is 10 m/s [43] 

Wind velocity 

By increasing the wind velocity, there is more kinetic energy to be harvested.  By doubling the wind 

velocity, eight times as much power can be achieved as seen in Figure 37. A power curve for a wind 
turbine rated at 10kW can be seen in Figure 38.  Starting and rated velocities are often marked on 

graphs showing the points at which power begins to be produced and when it is at its rated level 
respectively.  These can be seen in Figure 39.   
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Figure 37: Power Produced by Increasing Wind Velocity [43] 

 
Figure 38: Example of a power curve for a small wind turbine rated at 10 kW [46] 

 
Figure 39: Ideal Power curve for 3 bladed HAWT. 𝒖𝒄𝒖𝒕 corresponds to cut in velocity, 𝒖𝒓𝒂 to the rated velocity and 𝒖𝒇𝒖𝒓 

to the furling velocity at which the turbine is shut down.  𝑷𝒓𝒂 shows the rated output of the turbine 

Blade Number 

For electricity production, velocity is needed more than torque. Additional blades will help the 

machine to start turning slowly, but once up to speed, they will limit the amount of power it can 
produce due to the extra drag.  If a multi-bladed rotor is used, it works best at low tip velocity ratios.

   

ucut ura ufur 

Pra 
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𝑃𝑟𝑒𝑐ℎ = 𝜔 × 𝑇          (48) 

Where 𝑃𝑟𝑒𝑐ℎ=Mechanical power, ω =Angular Velocity, 𝑇 =Torque 

Fast spinning blades will produce more lift per square inch of blade surface, therefore a few, thin 
blades spinning fast will do the same job as many wide ones spinning slowly. 

2.6 Human Power (T. P.) 
Human power is currently the most common method used to power rope-pumps in developing 
countries. As a means to pump drinking water for a family, the work required by a single human is 

adequate to meet the needs of one family. However when more water is required, for example for 
irrigation or for use in public buildings such as hospitals, it can take several hours of hard pumping to 

lift sufficient water [1].   

2.6.1 Efficiency 
Humans derive their power from the calorific content of food and require energy constantly to run 

basic metabolic functions, for example, powering the heart and circulating blood. Energy for muscle 
power is an additional requirement. For the average adult, a typical food energy requirement is 

approximately 2400kcal, 10MJ or 2.8kWh per 24hours [47]. The table below shows the calorific 
values of various staple foods: 

Table 1: The Calorific Values of Various Staple Foods [47] 
Staple crop Energy Content (MJ/kg) 

Dayak Rice 10.4-11.4 
Iban Rice 133 
Tanzanian Rice 8.2 

Maize (Africa) 4.2 
Millet (Africa) 3.8 

Sweet Potato (Africa) 10.1 
Cassava (Africa) 15 

Yams (Africa) 9.5 
Groundnuts/peanuts (Africa) 7.2 

The muscular work capability of an individual is in the region of 200-300Wh/d. The overall efficiency 

of energy conversion of food energy to mechanical energy is 7-11%. This includes the basic 
metabolic energy requirement. Muscle efficiency for short but strenuous efforts can be as high as 
20%-30% [48], which is very reasonable compared with internal combustion engines. The following 

example [49] outlines the food required by an adult male to generate the energy needed to pump 
water to irrigate a rice crop, requiring 850mm water in 120 days. 
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Table 2: An analysis of the energy balance for a rice crop with water demand of 850mm over 120days from a depth of 

3metres. [49] 

 Rice % of Total Yield 

From a 0.2 hectare plot, this yields 600kg - 

Amount of food required to lift water through 3m 
head with 50% efficient water lifting device 

35kg 6% 

Additional food required for basic metabolism 35kg 6% 

Total food required to pump(inc body functions) 70kg 12% 

As a comparison the Intermediate Technology Development Group (ITDG) Water Panel [50] gave the 

following rule of Thumb: 

“A food requirement of 0.5kg of rice per MJ of hydraulic work, plus 0.012kg of rice per day per kg 

body weight”  

By applying this rule of the thumb to the previous example: 

Hydraulic requirement=50MJ 

Therefore, 0.5kg rice per MJ= 0.5 x 50= 25kg of rice for pumping effort 

And a 60kg man would need 0.012 x 120 x 60= 86kg of rice 

Table 3: Food required when following ITDG’s Rule of Thumb 

 
Rice % of Total Yield 

Hydraulic Work 25kg 4% 
Additional Work 86kg 14% 

Total food required to pump (inc. body functions) 111kg 18% 

These two models show a 4% increase in food required to pump when following the rule of thumb 

suggested by the ITDG. Figure 40 shows how difficult it is to produce a surplus crop on small areas of 
land when allowances are made for losses of rice and the dependents of the farmer.  

 
Figure 40: % of food wasted, retained and surplus 

Loss of crops 
due to 

wastage, 20% 
Amount of 

food retained 
by family 
(with 3 

dependants), 
70% 

Surplus Food 
to Sell, 10% 
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2.6.2 Productivity 
The human work capability is around 250Wh/day.  This means it takes four days of hard labour to 
produce 1kWh. Most small engines can produce this in less than 1 hour using less than 1litre of 

petrol [50]. Therefore a farmer using a small engine in conjunction with a mechanical pumping 
device has the equivalent of 20-40 men working for a “wage” or running cost similar to 1 litre of fuel 

per hour. 

2.6.3 Power Capability 
Muscle power can deliver large amounts of power for short periods of time, but the power capability 

diminishes if worked heavily for more than a few minutes. The availability of power is also a function 
of the build, age, state of health and weight of a person. The ergonomics of the machine being used 
also have an effect on the ability to produce power. 

Figure 41 shows the power outputs that may be expected by individuals of 20, 35 and 60 years of 
age respectively over operating periods of 5mins to 3hours. It is assumed that the device being 

operated allows much of the body to be utilised. 

 
Figure 41: Power capacity of humans [51] 

2.6.4 Ergonomics 
The design of a pump is crucial when trying to maximise efficiency.  If the method of power input for 

a pump has good ergonomics, it will greatly improve its effectiveness at extracting work.  One such 
example is the foot operated pump over the hand operated pump.  

The most powerful muscles in the human body are the leg and back muscles, while the arm muscles 
are relatively weak in comparison.  By having a bicycle operated pump, the operator is in a relaxed 
position, is well balanced and is using the right muscles in the right motion at the right velocity.  

Hand pumps are strenuous to use as it is not as natural a motion to circulate the arms as it is the 
legs. Wilson (1983) [52] reported that a rotary hand pump was improved in output by 300% by 

converting it from hand operation to foot operation.  He quotes dynamometer tests as showing that 
the average cyclist works at 75W when cycling at 18km/h. 

If this rate of power could be sustained into a pedal pump then the following flow-rates (Figure 42) 
could be achieved at various lifts, assuming a water lifting device of 50% efficiency. 
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Figure 42- Output from a pedal-powered pump with an input of 75W and an efficiency of 50% for a variety of heads. 

Adapted from [52]. 

Although foot operated pumps are the most efficient of human powered pumps, they are not 

necessarily the cheapest. Hand operated pumps are much easier and cheaper to install, although 
this must be weighed up against achievable flow-rates desired over specific durations of work. In 

general hand operated pumps are effective for short term use, such as pumping drinking water for 
the family and in this case are probably the most cost effective. However, if large scale pumping is 

required, for say irrigation purposes, foot operated pumps are the most effective form of human 
operated pump. If irrigation is the desired use of a pump, then an automated pump are likely be the 

most cost effective in the long run.    

2.7 Literature Review of Similar Systems (J. R.) 
As stated in the introduction, the rope-pump is not a new technology. Consequently, a great amount 
of research has been done in the field, considering both the pump itself and possible sources of 
power. An overview of useful lessons learned from experience, and of suggestions made for future 

work, is provide here.   

2.7.1 Technical Issues 
Where motors are used, it is commonly reported that control systems such as inverters, charge 

controllers and maximum power point trackers are the components most frequently responsible for 
the failure of pumping systems.  G.O. Anderson concludes that “The inverter is known to be the 

weakest link in the system component chain” [53] in relation to PV pumping systems in Botswana, 
while Kaunmuang, P. et al. [54] report that 10% of systems installed in Thailand failed due to 

inverter failure (over half of all system failures over a three year period). These, and many similar 
findings, [55, 56] lead T.D. Short, in an overview of PV pumping experiences in developing countries, 

to conclude that “it must be questioned whether or not a controller should be used at all.”[57].  

As detailed in Section 2.2 a DC permanent-magnet has been selected as the most appropriate choice 

for the system. However, an awareness of the additional component requirements of the other 
motor is useful. The use of a DC as opposed to an AC motor removes the need for a transformer 

between the PV panel and the motor, which would add significant capital and maintenance costs to 
the system. The use of brushless DC motors remove the supply issues and cost demands associated 
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with brush replacement, however they generally require complex control circuits which can pose 
more problems than brushless systems as discussed above [58 ,59]. 

Where solar panels are used as a power source, they are frequently found to be the most reliable 
part of the system: Anderson [53] found none of the 220 pumps installed in Botswana had failed due 

to the PV module, while Kaunmuang [54] found that, while 45% of 220 solar pump units examined in 
Thailand had failed, only 5% of these failures were due to the PV module.  

Wind powered rope-pumps are common but are predominantly directly connected to the pump via 
a drive chain, therefore not requiring a motor. Commonly reported problems with directly 

connected wind powered rope-pumps are broken transmission ropes and the transmission rope not 
being replaced after falling from the top guide [13]. Most commonly used wind turbines have a safe 

rotation of 270o before the transmission rope falls from the top guide to ensure that it does not 
wrap around the turbine stand. Failure rates of wind powered pumps are relatively high but are 

generally due to a lack of education of the user, leading to potentially easily fixable ‘breakages’ not 
being repaired.  

De Jongh, J.A. and Rijs, R.R.P. [19] report on a small number of Nicaraguan wind powered rope-
pumps being successfully used to charge batteries, however the batteries are then used to provide 
power for lighting, radios and televisions as opposed to being used to run a pump motor.   

The importance of including a hand cranking option for use during times of electrical component 
failure is frequently stressed. 

2.7.2 Social Issues 
Restrictive social issues can generally be grouped into two categories: the potential lack of technical 
education of end users, and the potential lack of trust in and acceptance of the system by end users. 

Although electricians will be available in most towns and cities in developing countries, education 
about DC systems is less widespread than that on AC systems [57]. The possibility of providing 

education on DC systems should be considered when selecting a motor.  

When systems are to be installed in more remote areas, consideration must be given to the likely 

time lag before an electrician will be available to inspect the pump. A sudden lack of water, when a 
household or community has been used to an increased availability can lead to “drastic 

consequences … for cattle and crops” [60]. This observation is also made by O’Riordan and Butler 
[13] and gives weight to the option of using a reservoir as an energy store as opposed to a battery 

[61]. 

The potential for lack of trust in the pumping systems by end users is largely a marketing, education 

and installation issue. However, system failure rate as a result of these issues is inevitably dealt with 
partly by ensuring that the systems are simple to use and easy to maintain. 

Further social issues to do with the ownership, management and siting of pumping systems in 

developing countries are not detailed in this report. A comprehensive overview of such issues has 
been compiled by Short, T.D., and Thompson, P. [62].  
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2.8 Product Design Specification (PDS) (A. B., T. P., J. R, C. W.) 
Table 4 presents a PDS for the systems, it is based on previous work [8, 10, 9] related to the project, 

research of relevant standards [63] and a dialogue with the industrial links of the project [30]. 

Table 4 - Product Design Specification (PDS) 

Performance 

The pump will need to provide between 1000 and 10,000 litres of water per day, enough 
water for between 65 and 650 peoples domestic use, based on Sphere Minimum standards 
[63].  
The water will need to be pumped from a maximum depth of 30m but with a nominal depth 
of 10m. 
Water will be pumped to a water tank with the storage capacity for one day duty cycle and 
sufficient head to supply a drip feed irrigation system. 
The pump will be powered by either a wind turbine or PV array or both, either directly or via 
a battery. Enough power should be provided to run the pump continuously with a maximum 
of 3 hours manual backup per week. 
An alternative manual hand crank option should also be included for emergency demand. 
An option should be provided that would allow the surplus electricity produced to be made 
available for other uses such as lighting, phone charging and other low power uses. 
Once started, turbine should be able to rotate at wind velocities as little as 3-4mph. 
The turbine should have an automatic braking mechanism such that when the wind 
velocities exceed maximum operational levels the turbine no longer rotates. 
Manual starting of the turbine is acceptable due to potentially low wind velocities. 
The turbine should be balanced dynamically. 

Environment 

The system must be able to function normally in heats ranging from 0˚-50˚C. 
The system should be protected from heavy rain and dusty winds. 
The package will need to be put together with security in mind as theft may be a problem in 
the target areas. 

Project Life 
Span 

Demand for inexpensive water pumping will not reduce in the foreseeable future. Design 
must therefore be flexible such that, if a certain part goes out of production, a replacement 
can be found.  

Life In Service The product should run for approximately 15 years, with only the occasional repairs and 
replacement of parts, e.g. the bearings. 

Target Costs 
The main priority for the system should be to keep cost to an absolute minimum. 
A range of systems with a range of prices at the lower end of the market should be 
investigated. 

M
ai

nt
en

an
ce

 

Tools required for maintenance should be readily available in the local area. (See below). 
Turbine to require minimal maintenance. Maximum of weekly light lubrication and a yearly 
service. 
PV cell should be maintenance free for 15 years, requiring only occasional surface cleaning. 
The only pump part not readily available are the pistons, a simpler manufacturing technique 
should therefore be developed than the current injection moulding or milling options. The 
pistons produced should match the tolerances of the current method and approach the 
current life of the pistons which is between 4 and 10 years for the higher quality plastic 
pistons and less than this for the pistons cut from rubber tyres. 

Marketing 

The system should be aimed at use by community groups (hospitals, schools, small hamlets 
etc) and small hold farmers. Acknowledgement should also be noted that the system may be 
purchased by the user, but it is most likely that it will be purchased by the Government and 
Non-Governmental Organisations. 
The modular and optional nature of the system will make it appropriate to the broadest 
range of customers. 

Size & Weight 
Restrictions 

Size and weight of components must not restrict the ability of local people to construct and 
use the system. 
Mass of the system should be sufficient to aid the stability of the turbine. 

Shipping 
Depending on availability of parts in local areas, some components may have to be shipped 
in either directly or indirectly depending on local industry capabilities. These components 
may include the PV panel, motor, epoxy resin, fibre glass and magnets. 
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The product will be manufactured one at a time. 
The product must be as simple to manufacture as possible. 
Parts must be manufactured using tools and materials available to the region. These consist 
of: 

Pr
oc

es
se

s Standard workshop hand tools. 
Arc welding. 
Basic powered hand tools (e.g. drill, grinder etc). 
Limited access to fixed specialist workshop tools (e.g. pillar drill, lathe, ban saw) but 
with low tolerance capability. 

M
at

er
ia

ls
 

Reinforcement and smooth steel bar. 
Angle, square and flat iron lengths. 
Corrugated and flat galvanized steel Sheeting. 
GI Pipe and fittings. 
Steel Wire. 
Variety of nails, screws and bolts. 
Assorted Steel Meshes. 
Common car, motorbike, bicycle and milling machine spare parts. 
Oil drums. 
Simply finished (e.g. no dowels) and untreated timber of all sorts. 
Basic electrical components (switches connectors etc). 
Cement, gravel, river sand and burnt bricks. 
Plastic bags and sacking. 
Rubber tyres. 
PVC and PE Pipe and Fittings. 
Polyethylene and sisal rope. 

Aesthetics The product does not have to be aesthetically pleasing.  Cost and ease of manufacture are 
the dominant factors. 

Ergonomics 

If used, the starting mechanism for turbine should be at an accessible position relative to the 
operator which can be used by both adults and children. 
Any controls between turbine/battery/motor/rope-pump should be easily accessible to the 
intended user.   
One person should be able to operate the product alone. 
The manual cranking mechanism should be useable by a large age range, from young 
children through to the elderly. 

Quality & 
Reliability 

Assuming general maintenance is carried out; the system should not generally fail within a 
period of 2 years and be repairable at least up to the products full life span. 

Competition The system should favourably compare to other low cost appropriate water pumping 
systems. 

Standards & 
Specifications 

Accepting the specifications listed within this document, no further external standards are 
applicable. 

Safety 

Consideration must be given to the fact that the product will be used by untrained 
individuals.  
A mechanical break should prevent any movement of the turbine during maintenance. 
Turbine should automatically stop when wind velocities are too high. 
May be necessary to fenced off area around turbine to avoid risk of injury by falling blades as 
a result of failure.  
The system should be made electrically safe by an isolation switch, good earthing, insulation 
and other necessary safety components. 
Provision should also be provided in case of a loss of load (if the rope snaps). 

Testing Testing should be carried out on the whole system before being fully commissioned. 
Installation Installation should be carried out by a few trained individuals in under a day. 
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2.9 Summary 
The rope-pump, motor and power sources, with the exception of the wind turbine can be modelled 

using derived and characteristic equations. It was found that the flow-rate of the rope-pump can be 
accurately modelled using an adapted form of Smulders and Rijs’ model represented by equation 

(6). Through careful analysis of the frictional loads and energy flows present within the rope-pump, 
the forces on the rope were modelled. Assuming the pistons to be located coaxially within the rising-
main, the forces on the rope can thus be estimated by equation (14) and the total torque demands 

by equation (15). 

A permanent-magnet gear-motor can be modelled by equations (17) and (21) if the parameters are 
empirically determined. A PV module can be modelled using equation (33), though simplification will 

be required if only inputs available from standard datasheets are to be used. Characterisation of the 
Piggott Wind Turbine is necessary as no previously recorded data is available.  

Human power is the most common source of power for rope-pumps in developing countries.  
Productivity is minimal compared with an engine or similar machine. The literature review has 

indicated that the main reason for failure in currently installed rope-pump systems is failure of 
electronic control components.  

A variety of piston manufacturing techniques are in use globally, with a variety of labour, cost and 

resource demands. A common feature of all is a demand for a high tolerance lathe at some stage of 
the manufacturing process. 
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3 SYSTEM ARCHITECTURE (J. R.) 
In this chapter, systems which are considered to fulfil the PDS requirements are presented, and the 
interactions between system components are discussed.  

3.1 Selected System Configurations 
Five system configurations which have the potential to fulfil the PDS were selected. The 

configurations are shown in Figure 43-47 and the potential for their adherence to sections of the 
PDS are discussed below.  

 

The omission of a battery in the configurations A1 and A2 will substantially decrease both the capital 
and maintenance costs. It is expected that the system efficiency will be reduced though, as power 

produced by the wind turbine and PV panel during low insolation and wind velocity conditions is 

 
Figure 43: System configuration A1 - Direct drive PV panel Figure 44: System configuration A2   Direct drive wind 

turbine 

 
Figure 45: System configuration B1 - PV panel with battery  Figure 46- System configuration B2: Turbine with   battery 

 

Figure 47: System configuration B3 - Wind turbine and Solar Panel with battery 
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likely to be below the power required by the motor and will therefore go to waste rather than being 
stored. Systems B1-B3 utilise a battery and so are expected to be more efficient than systems A1 and 

A2. The computer model and test regime will be used to conclude whether the additional costs 
associated with the inclusion of a battery in the system are offset by a sufficiently improved system 

efficiency. The computer model will also be used to assess the necessity of including a control box in 
the system, which could prevent battery overcharging by diverting power to a ‘dump load’.  A hand 

crank is included in all systems, so that on days with less than optimum conditions, human power 
can be used in addition to the other inputs.  

3.2 Load/Supply Matching 
A detailed understanding of the demands and products of each component under all operating 

conditions is required to allow correct sizing of components and accurate modelling in the computer 
program. The following sub-sections describe the interactions between system components in direct 

drive and battery systems.  

3.2.1 Direct Drive Systems 
For systems A1 and A2, the current supplied by the power source will be determined by the torque 

requirement of the motor. The voltage drawn will be that associated with the demanded current.  

Photovoltaic characteristics 
PV cells are passive and as such, the operation point on an I-V curve is determined entirely by the 

load to which the module is connected. The current supplied to a load is represented by the current 
at the intersection of the I-V curve of the PV module and the I-V curve of the load. The I-V curves of 

some common loads, superimposed on a PV module I-V curve are shown in Figure 48. 

 
Figure 48: I-V curves of common loads [64] 

A PV module can be directly connected to a load if the two components have been suitably 
matched. The I-V curves of well matched components will intersect sufficiently close to the 𝑃𝑟𝑝 of 

the PV module I-V curve, such that the load can function and is not damaged, and excessive power 

from the PV module is not wasted. ‘Worst case’ combinations of the I-V curves of the PV module and 
the load must be considered when component matching. This is carried out for our system in Section 

7.1. 
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Wind Turbine characteristics 
For a direct drive system, the current drawn from the wind turbine will be dictated by the torque 

requirement of the motor. When a constant current is being drawn from a wind turbine, the voltage 
drawn will vary with wind velocity: as wind velocity increases, so too will the voltage, but at a greater 

rate. In locations with rapidly fluctuating or unpredictable wind velocities, a direct connection 
between the wind turbine and the motor can overwork the motor due either to high wind velocities 

causing the motor to operate above its rated velocity or to rapid fluctuations in wind velocity leading 
to irregular voltages spikes. This can be avoided by the use of a shunt regulator, which ‘fixes’ the 

voltage at a desired level. Any extra voltage is then dissipated from the system in the form of heat 
via a resistor. 

3.2.2 Battery Systems 
For systems B1-B3, the voltage supplied by the power source will be equal to the terminal voltage of 
the battery. The current will be that associated with the supplied voltage.  

Photovoltaic panel characteristics 

For battery charging, the drop in current of a PV module I-V curve with increased voltage beyond the 

maximum power point provides some self regulation, reducing the likelihood of a PV panel 
overcharging a directly connected battery. Large cell temperature variations have the potential to 

lead to overcharging in colder weather and under charging in warmer weather. This is further 
discussed with reference to our particular system in Section 7.1. A series blocking diode must be 
connected between a PV module and a battery in order to prevent discharge from the battery into 

the PV module during periods of low insulation when the voltage at the battery exceeds the voltage 
at the generator.  

Wind turbine characteristics 

Similarly to PV systems, the use of a battery in wind turbine systems provides some regulation, in 

this case by limiting the velocity at which the turbine can rotate. The battery has a loading effect on 
the turbine, and will draw a voltage equal to its terminal voltage. The current drawn therefore 

increases with increased wind velocity, resulting in an increased torque on the alternator. This 
increased torque slows the blade rotational velocity in high wind velocities (reducing the likelihood 

of dangerously fast blade velocities) while not reducing the power output. The battery maintains the 
voltage produced by the turbine at terminal voltage unless the wind velocity is below the cut in 

velocity, or above the rated velocity.  

The cut in and wind turbine velocities vary depending on the turbine loading. A larger load leads to a 

higher cut in speed, as the greater torque makes it more difficult for the blades to initially turn.  A 
battery load is a reliable means of maintaining a fixed cut in/rated velocity.  

Charge regulators 

Numerous charge regulating methods exist to improve the performance of the PV module- or wind 
turbine-load connection. Charge regulators can be used to protect loads (from over charging or from 
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deep discharging in the case of a battery) and to ensure that a PV module operates closer to or at its 
maximum power points.  

Charge regulators add cost and complexity to a system and are therefore best avoided, when 
possible, for use in developing countries (see Section 2.7). However, their omission from systems is 

not always an option. For example, in systems which include batteries, imperfect component 
matching or unpredictable use patterns can lead to frequent over charging or deep discharging of 

the battery. This permanently damages the battery and increases the frequency at which the battery 
must be replaced. The cost of the battery in our system represents 30-40% of the capital cost 

(Section 7.3). It is therefore clear that frequent replacements represent an unacceptable cost.  

For systems up to approximately 100W [65] , a shunt regulator can be used to prevent over charging 

of the batteries by dissipating excess power from the generator once a threshold voltage has been 
reached. In larger systems, series regulators are frequently used to disconnect the load from the PV 

module when there is danger of overcharging. This is generally implemented by the use of an 
electromechanical or semiconductor switch. More complex charge controller types, such as 

maximum power point trackers (as discussed in Stitt’s report [9]), and load variation, are considered 
too complex and expensive to be suitable for use in our intended environment. Charge limiters are 
utilised to avoid deep discharge. A device is introduced between the battery and the load which 

prevents discharge when the battery state of charge reaches a minimum acceptable level.   

3.2.3 Motor and Pump 
The current demand on the motor is dictated by the torque required by the pump, which is in turn 

dependent on the pumping head, pipe diameter and present velocity of the motor.  

When powered by a battery, a motor will stall when the level of available charge in the battery is too 

low to supply sufficient current to meet the torque demanded by the pump. In direct drive system, 
the motor will stall only when the insolation level or wind velocity (for a PV panel and wind turbine 

powered system respectively) is insufficient to provide the required current. Motor speed is 
dependent on the voltage supplied (Figure 19). At times of low insolation or wind velocity, the 

voltage may be too low to produce the critical piston velocity and so no water will be lifted.  This is a 
potential problem for direct drive systems as energy will be wasted in these situations.    

Water flow-rate is dictated by the pump velocity. The pulley wheel will move at the same angular 
velocity as the motor output until the slip condition is reached. At the slip point, the rope will slip on 

the pulley and no water will be lifted.   

3.2.4 Human Input-Pump 
An option for human input is included in all systems, though it is intended that it be used only as a 

back up in case of power supply failure or mismatching of components. When human input is used 
the motor must be disconnected from the shaft to prevent back-driving of the motor, potentially 
causing damage to the power sources. The energy input will vary depending on the age, weight, 

build and level of fitness of the pump operator.  
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3.2.5 Overview of System Architecture 

 
Figure 49: Overview of component inputs and outputs for direct drive and battery systems 
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3.3 Summary 
Five system configurations, each of which has the potential so satisfy the PDS, have been proposed. 

These are summarised in Table 5. The use of a battery in the system will lead to a more efficient use 
of the energy produced by the power sources, as the battery will draw power from the sources at a 

constant voltage, determined by the terminal voltage of the battery. This leads to a better matching 
of the I-V curves of the power source and load than would occur in a direct drive system, which 
draws power at a constant current, determined by the torque requirement of the motor. The key 

equations required to model the system are summarised in Table 6. 

The use of a battery is likely to require charge controllers, which have the potential to make the 
system unsuitable for use in developing countries. It was, therefore, decided that it was necessary to 

assess whether the efficiency inherent in battery systems provides sufficient benefit to outweigh the 
additional costs and complexities when compared with direct drive systems.  

Table 5: Overview of system configurations 
System Battery PV panel Wind turbine 

A1 
 

 

 
A2 

  
 

B1   

 
B2  

 

 
B3    

Table 6: Summary of key equations 
Component Equation Equation number 

Rope-pump 

�̇�𝑑 = 𝐴𝑟𝑟𝑢𝑟 − 𝑘𝑘𝜋𝑡𝐷𝑟𝑟�
2𝑔
𝑁

 (6) 

𝐹𝑟 = 𝜌𝑤𝑔𝐻𝐴𝑟𝑟 + 𝐹𝑔𝑢 +
𝑚𝑟

2
𝑔 + 1

2�
𝜌𝑤𝐴𝑟𝑟(𝑢𝑟 − 𝑢𝑐)3

𝑢𝑟
+ 𝑘𝑡𝑢𝑁𝐿𝑟𝑟𝜌𝑤𝐴𝑟𝑟(𝑢𝑟 − 𝑢𝑐)2 

(14) 

Motor 
𝑇𝑟 = 𝑘𝑇𝐼 (17) 

𝜔𝑎 = −
𝑅𝑎
𝑘𝑒𝑘𝑇

�𝑇 + 𝑇𝑓� +
𝑉
𝑘𝑒

 (21) 

Battery 

𝑉 = 𝐸 − 𝐼𝑅𝑝𝑖 (22) 
𝑑𝑞𝑎𝑣
𝑑𝑡

= −𝐼 − 𝑗(1 − 𝑐)𝑞𝑎𝑣 + 𝑗𝑐𝑞𝑏𝑑 (23) 

𝑑𝑞𝑏𝑑
𝑑𝑡

= 𝑗(1 − 𝑐)𝑞𝑎𝑣 − 𝑗𝑐𝑞𝑏𝑑 (24) 

PV module 𝐼 = 𝐼𝑝ℎ − 𝐼0 � 𝑒
(𝑉+𝐼𝑅𝑆)

𝑉𝑡� − 1� −
𝑉 + 𝐼𝑅𝑆
𝑅𝑆𝐻

 (33) 

Wind turbine 
𝑃 =

1
2
𝑘𝑃 𝜌𝑎𝑝𝑟  𝐴 𝑢3 (44) 

𝑃𝑟𝑒𝑐ℎ = 𝜔 × 𝑇 (48) 
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4 DESIGN, BUILD AND CHARACTERISATION  

4.1 Rope-pump (C. W.) 

4.1.1 Design and Build 
With the aim of gaining a better understanding of the pump characteristics an experimental rig was 

constructed. Several locations for the rig were considered with reference to the health and safety 
requirements of the University; the 4 storey stairwell in the west wing of Queen’s building in the 

Engineering Faculty was selected as the most appropriate. Risk assessments were carried out to 
ensure site safety for both users of the pump and the student and staff body that use the stairwell. 

To comply with fire safety regulations the rig was constructed so that it did not protrude into the 
stairway and sat completely within the stairwell.  

The rig was designed to measure the rope tension, rope velocity and the discharge flow-rate, for two 
different pipe diameters and a range of heads up to 8m. Blanken had already carried out a 
comprehensive investigation into the velocity dependence of the rope-pump [21]. It was, therefore, 

decided to investigate the two remaining dependent variables that have the greatest affect on the 
performance of the rope-pump, the head and the rising-main diameter. Therefore, the rig consisted 

of the following components: 

• The rising-mains were constructed from standard plastic PVC waste pipe with an (internal) 

diameter of 18.8mm and 31.8mm. 

• The rope was 4.5mm in diameter and formed from braided polypropylene. 

• The pistons were turned from nylon on a lathe by the University of Bristol workshop, their 
maximum diameters were 18.40mm and 31.40mm with a tolerance of less than +0.02 mm  
both when wet and dry; engineering drawings of the pistons are in APPENDIX A. The pistons 

were spaced at 1.67m-1 and positioned coaxially within the rising-main by the mating of the 
conical internal geometry of the pistons with a conical bushing created by layers of 

insulation tape, used to fix the pistons. 

• The pulley wheel was made by Pump-Aid’s workshop, they have over ten years experience 

designing, manufacturing and installing the rope-pump in Zimbabwe and Malawi; with the 
rope, the pulley had an effective diameter of 325mm. 

• The guide was constructed from deburred mild steel and followed Practica’s Ethiopian rope-

pump design [16]. 

• The pulley was attached to the axle using a large set screw. The axle was formed from a 

galvanised steel pipe with an outer diameter of 25mm. 

• The axle was supported at the opposite end from the motor by a simple journal bearing 
formed from a 27mm bore through a piece of pine wood, which was 45mm thick; the 

bearing was simply lubricated with lithium based grease. 

• The axle was then directly connected, by set screw, to the co-axial-shaft of the motor, see 

Section 4.1.7 for details of motor. 
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• The reservoir was formed from a large plastic bin with an 80l capacity. 

An image of the experimental rope-pump test rig with its aforementioned components can be seen 
in Figure 50. 

 
Figure 50: Experimental rope-pump and motor test rig. 

tape 
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Figure 51: Image 
of spring 
captured by high-
speed camera. 

4.1.2 Experimental Methodology 
As detailed in sections 2.1.1 and 2.1.2 Blanken had already empirically investigated the dependence 
of the flow-rate of the rope-pump on the rope velocity piston fixing. It was, therefore, decided to 

examine the dependence of characteristics of the pump on pipe diameter and pumping head. As 
mentioned above, two rising-main diameters were chosen, 18.8mm and 31.8mm. The rising-main 

was then cut to give a range of heads with a resolution of approximately 1m (exact 
length dependent on access constraints) up to a maximum value of 8m. 

The motor (details of which can be found in Section 4.1.7) was powered by a power 
supply unit (PSU) and a constant rope-velocity generated by fixing the voltage at a 
level where a rope velocity of 1m/s was achieved. The voltage was recorded 

directly from the PSU, the accuracy of which was confirmed using a separate 
voltmeter that found it to be accurate to within 0.1V. The rope velocity was 

determined by measuring, with a stop-watch, the time taken for one complete 
revolution of the spring, a time of 18.31s at 1m/s. The current supplied to the 

motor was read off the PSU, the accuracy of which was again confirmed using a 
separate ammeter and found to be accurate to within 0.1A. 

The delivered water was directed through the sidearm, located at the top of the 
rising-main, down a return pipe (see Figure 50). The delivered flow-rate was then 

measured with a stop-watch by directing the output of the return into a measuring 
cylinder. In order to reduce the relative magnitude of errors associated with human 

reaction times the capacity of the measuring cylinder was selected to be large 
enough for the ‘fill-time’ to match the run time of each repetition. Equipment 

constraints meant this was over 11s for the smaller rising-main and due to the high 
flow-rate only over 5.5s for the larger rising-main. When not being intercepted by the measuring 
cylinder the return pipe delivered the water back into the original reservoir creating a virtually 

closed system. The only loss being that sprayed off the rope, as detailed in Section 2.1.1 this should 
be in order of 0.01l/sec. As a measure of these losses, the distance between the rising-main length 

and the water level was measured (while the pump was running to get a true measure of head) 
before and after each run and found to vary by a negligible 1cm. 

The tension in the rope was measured using a set of tension springs. For forces greater than 25N, a 
spring calibrated by the author to have a force to extension coefficient of 4100N/m was used. For 

forces less than 25N, a spring calibrated to have an extension coefficient of 740N/m was used. An 
image of the spring as it left the rising-main was then captured using a high speed ‘Photron, Ultima 

APX-RS’ camera at a resolution of 256 by 656 pixels and a frame rate of 500fps. The images, an 
example of which can be seen in Figure 51, was then analysed to determine the aspect ratio of the 

spring. Based on the assumption that the measured width of the spring remained constant, the 
extension and thus tension in the spring was determined. 
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After an initial set of preliminary experiments to perfect the aforementioned data recording 
methods, the final experimental method was decided upon. The voltage corresponding to a 1m/s 

rope velocity would be found iteratively to within 0.1s. The flow-rate would be measured while 
simultaneously an image of the spring was captured and the maximum and minimum current 

recorded. Five repetitions of these sets of readings were made. The rising-main was then cut by 
approximately one metre (where site constraints allowed) and the rising-main measured using a 

measuring tape accurate to within 1mm. This was repeated down the whole length of pipe, then the 
pipe was swapped for the other diameter and the above method repeated. 

4.1.3 Fluid Flow Results and Implications for Rope-pump Model 
The flow-rates recorded for a variety of heads, shown in Figure 52, confirmed the conclusion drawn 
in Section 2.1.1 that, if the pistons are located centrally within the rising-main, Smulders and Rijs’ 

model (see equation (6)) would be accurate. 

 
Figure 52: Recorded and predicted (by equation (6)) delivered flow-rate against head when run at 1m/s for 31.8mm and 
18.8mm rising-main diameter, with a difference between rising-main and piston diamter of 0.4mm and a pistons spaced 
at 1.67m-1. 

The average flow-rate was just 0.005l/s less than the 0.222l/s predicted by Smulders and Rijs for the 

smaller rising-main and 0.025l/s less than the predicted 0.711l/s for the larger rising-main. This small 
error is most likely attributed to the water retained by the rope due to surface tension, a hypothesis 

backed by Alferink’s measurements of spray which are of a similar order (see Section 2.1.1 for 
details). The spread of flow-rates at different heights indicates that the spread was due to systematic 

experimental errors such as setting the rope velocity. The error bars represent one sample standard 
deviation, which includes Bessel’s correction factor, of the five repetitions of each configuration.  

The magnitude of the standard deviation matches the relative spread of the results for larger rising-
main about their total mean compared to the errors bars and spread of the data for the smaller 
rising-main; thus further confirming the correlation between predicted and recorded results. It is 
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also worth noting that the heads with the greatest difference, in particular the readings taken at 
slightly less than 5m and 6m for the larger rising-main, corresponded to set ups with a shorter length 

of larger pipe at the top of the rising-main. This was a result of spatial restrictions limiting this length 
of pipe that would have otherwise collected some of the water retained by the rope as it was 

sprayed off.    

4.1.4 Force Results and Implications for the Rope-pump Model 
Figure 53 illustrates how the recorded results closely match the force model proposed in Section 

2.1.2 and represented by equation (14).  

 
Figure 53: Recorded and predicted (by equation (14)) force on rope against head when run at 1m/s with a rising-main 
diameter of 31.8mm and 18.8mm, a difference of 0.4mm between the piston and rising-main diameters and pistons 
spaced at 1.67m-1. 

The mass of the wet rope was measured to be 130g. The turbulence coefficient of 0.6, determined 

during the analysis of Blanken’s results in Section 2.1.2, was again used and confirmed. By selecting a 
constant guide friction of 2N for the smaller rising-main and 5N for the larger rising-main, the model 
was found to match the empirical results closely. The difference between the guide friction terms for 

the larger and smaller rising-mains may be attributed to the larger pistons creating a greater 
disturbance as they pass into and under the guide. The magnitude of these terms are significantly 

less than the 15N recorded by Stitt and Williams [9, 10]. However, the guide used by Stitt and 
Williams was much more rudimentary, it did not include a large bell-mouthed return guide pipe like 

the one used for in this project and by Blanken. Both terms are also larger than the 1N suggested by 
Blanken’s results [21], similarly this difference may be attributed to a more efficient guide used by 

Blanken. These hypotheses on the guide friction are obviously untested and further investigation is 
demanded into this term. Due to the complex and chaotic motion of the rope through the guide the 

most appropriate investigation is likely to be empirical. 

Apart from the guide friction terms, the results show the model to accurately predict the forces in 

pump. The larger error bars of the larger rising-main, displayed in Figure 53, can most likely be 
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attributed to the stiffer spring which was used. The stiffer spring is likely to have magnified the 
errors when reading its aspect ratio, the markedly more chaotic motion of the rope for the larger 

rising-main would have further compounded the errors. However, the vast majority of the predicted 
results lie within one standard deviation of the recorded results and follow their average trend 

closely. A qualified version of equation (14) is therefore confirmed for a rope-pump with pistons 
located coaxially within the rising-main. 

4.1.5 The Efficiency of the Rope-pump 
Figure 54 shows a plot of the recorded and predicted efficiencies over the range of system 
configurations tested. The graph clearly shows that the pump would achieve efficiencies of over 70% 

for the nominal depth of 10m identified in the PDS in Section 2.8. This compares very favourably 
with centrifugal pumps, which are the standard pump used in photovoltaic pumping systems but 

have a much greater cost and have typical efficiency of just 60% for the approximate average 0.5l/s 
delivered by the rope-pump with a 18.8mm rising-main [1]. 

 
Figure 54: Recorded and predicted (by equation (16)) efficiencies of the rope-pump against heads when run at 1m/s with 
a rising-main diameter of 31.8mm and 18.8mm, a difference of 0.4mm between the piston and rising-main diameters 
and pistons spaced at 1.67m-1. 

4.1.6 Alternative Piston Manufacturing Technique Options 
The rope-pump pistons are a significantly more efficient option than the washer alternative. 
However, they are the only part that cannot be easily and inexpensively made from off the shelf 

items available worldwide. Section 2.1.3 detailed the current prevalent piston manufacturing 
techniques, which, although adequate, did not fully address the need for a manufacturing technique 

that could be replicated easily from readily available materials and tools. In particular all the 
techniques require a high tolerance lathe with the associated range of tools. This is a luxury that 

many workshops in the developing world lack. A range of proposed alternative manufacturing 
techniques is therefore given below. The possibility of distributing the devices with the pump is also 

discussed, with the aim that the users might manufacture and replace the pistons themselves. 
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An alternative to injection moulding, which has had very 
limited investigation is casting the pistons from recycled 

plastic in a mould similar to that depicted in Figure 55, see 
Section 2.1.3 for details of previous work. Casting the pistons 

from recycled plastic is likely to reduce the strength of the 
pistons and therefore their life. However, if an inexpensive 

mould could be manufactured, it would make the manufacture 
of the pistons by the users possible. The following two 

methods not only offer this possibility, but also an alternative 
source of the moulds currently used in the injection moulding 

devices detailed above. 

Ceramic moulds could be manufactured from glazed clay, shaped from parent metal moulds (see 

Figure 56) and fired in a ceramic gas oven. 

 
Figure 56: Example of plan (left) and section view of male cast and isometric view of  female cast mould (left) that would 
be parent metal moulds that could be used to cast ceramic moulds. 

This technique would produce very inexpensive moulds enabling distribution with the pump for 
piston manufacture by the users. It is already recommended that the bottom guide be made from 

ceramic for increased pump efficiencies and durability [27]. The tools and skills associated with the 
manufacture of ceramics would therefore either already be present in a rope-pump workshop, or if 

not, this technique would increase the benefit of such an investment. However, the purchase and 
servicing of a gas ceramics oven is still beyond the resources of many rope-pump workshops, no 

matter how desirable. There is the option of outsourcing the manufacture to a ceramics workshop, 
however, this would add operational complexity to the manufacture of the rope-pump and possibly 
cost. The parent mould would also still need to be manufactured on a lathe and a considerable 

amount of trial and error would be needed to achieve the high tolerances demanded of the moulds, 
due to the shrinkage of the clay. The application of layers of glaze might help achieve the tolerances 

required, but again this would add to the complexity and labour intensity to this manufacturing 
technique. 

Hardwood moulds could be machined using a simple pillar drill with a specially machined flat drill 
bit. The drill bit would be machined using a hacksaw and files, tools which are readily available in 

Figure 55: Assembled piston moulds with 
central bore for locating pin. 
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developing countries together with hardwood, which grows wild in many of the rural target areas of 
the rope-pump. Mass production would be easy, enabling distribution with the pump for piston 

manufacture by the user. The drilling of the mould may need to take place in stages, using a 
conventional drill bit first, to reduce the torques on the potentially weakened machined drill bit, but 

again this would very simple. The high tolerances are also likely to be easily achievable. Finally the 
surface finish of the mould could be enhanced by a thin layer of varnish. 

Alternatively a punch and former could be produced to form a conical piston out of sheet metal. 
The sheet metal could be obtained from readily available materials such as galvanised corrugated 

roofing or bottle tops. The punch and former could be produced from hardwood by a similar method 
to the hardwood moulds described above. This would enable their mass distribution and the 

manufacture of the pistons by the users. Alternatively the punch, which would experience higher 
stresses could be ground and filed from a steel bar, this would produce a hardier tool but would limit 

the possibility of distributing the device with the pump. These metal pistons may cause excessive 
wear to the rope and rising-main, a distinct disadvantage relative to the plastic pistons which wear 

preferentially to the other pump parts. A possible solution would be to cover the sheet metal with a 
thin leather or other similar readily available alternative; this would produce a similar piston to that 
described by Fraenkel [1]. The leather would help protect the rising-main, and form a seal that 

would greatly reduce the slip-flow while causing minimal friction due to its flexibility. 

The proposed piston manufacturing techniques were compared in Table 7 with the current 

manufacturing techniques using seven weighted metrics. 

Table 7: Comparison of likely properties of pistons produced by manufacturing technique options 
 

Milled 
Injection 
Moulded in 
Metal Moulds 

Cast in 
Ceramic 
Moulds 

Cast in 
Hardwood 
Moulds 

Punch and 
Former 

Likely 
durability  
of pistons 

●●●● ●●●○ ●○○○ ●○○○ ●●○○ 

Achievable 
tolerances  

●●●● ●●●● ●○○○ ●●●○ ●●○○ 

Suitability for 
user 
manufacture  

○○○ ○○○ ●●● ●●● ●●○ 

Availability of 
required tools 

●○○○○○○ ●○○○○○○ ●●○○○○○ ●●●●●●● ●●●●●●● 

Inexpensive ●○○○ ●●○○ ●●○○ ●●●● ●●●● 

Speed of 
manufacture  

●○ ●● ●● ●● ●● 

Total ●●●●●●●●●●●○ 
○○○○○○○○○○○○ 

●●●●●●●●●●●● 
○○○○○○○○○○○○ 

●●●●●●●●●●●○ 
○○○○○○○○○○○○ 

●●●●●●●●●●●● 
●●●●●●●●○○○○ 

●●●●●●●●●●●● 
●●●●●●●○○○○○ 

4.1.7 Development of Selected Alternative Piston Manufacturing Technique 
Based on the conclusions identified by Table 7, the hardwood mould technique was selected as the 

option able to meet the requirements best. It was predicted that the smallest piston diameters 
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would prove hardest to mould, it was therefore decided that a mould capable of producing pistons 
with an 18.4mm maximum diameter would be produced. The flat drill bits shown in Figure 57 were 

manufactured using only needle and regular files, a vernier caliper and a hacksaw. They were made 
to be symmetric about their axis and cutting edges made to taper to provide a clean accurate bore. 

The customised drill bits were then used to produce the oak moulds also shown in Figure 57 using a 
pillar drill. A 5mm sawn off bolt was then inserted into the male mould to provide a hole for the rope 

to pass through. The moulds were then very lightly sanded and thin layer of varnish applied. A 
tolerance of just +0.05mm for the moulds, therefore matching the current manufacturing 

techniques. 

 
Figure 57: Customised drill bits together with the turned wooden moulds they prodeuce and examples of the final caste 
18.4mm pistons. 

The pistons were then tested by casting pistons using a similar method to the one employed by 
Pump-Aid using metal moulds, further details of which are in Section 2.1.3. Following Pump-Aid’s 

method, plastic polypropylene cement sacking was melted in an old food tin over a gas hob, to 
simulate a wooden fire. The melted plastic was the consistency of well chewed chewing gum; 
therefore, it was hard to manipulate the plastic into the female mould with air bubbles inevitably 

trapped within the plastic creating the inconsistencies illustrated in Figure 57. The surface finish 
produced by the mould was also considerably rougher than the pistons produced by a metal mould 

due to the effect of the wood-grain, however, this could be easily improved by light sanding. The key 
features of the pistons, their maximum diameters, were accurate to within +0.05mm.   

The concept of manufacturing pistons from much more readily available resources has therefore 

been found and tested successfully, providing a potential solution to the major bottleneck in the 
supply chain of the rope-pump. A comprehensive investigation of the durability of these pistons is 
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Customised flat drill bit for 
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obviously needed, however, anecdotally they were found to withstand a heavy hammer blow. The 
problem of trapped air bubbles is also likely to be easily overcome if the moulds are used with a 

simple manual injection moulding device, similar to the one shown in Figure 15. The concept of 
manufacturing pistons from much more readily available resources has therefore been found and 

tested successfully. 

4.2 Permanent-magnet Gear-motor (C. W.) 
The permanent-magnet gear-motor selected to match the 24V output of the power source and 
provide the predicted torques and rope velocity was a ‘Dayton’ 24V DC Parallel shaft permanent-

magnet gear-motor, depicted in Figure 50, rated at 64rpm, 1
8� hp, 5.3A and 12.8Nm, with a 28:1 

gear-chain and a manufacturing code ‘011-348-9128’. To model the permanent-magnet motor the 

parameters ‘𝑅𝑎’, ‘𝑘𝑒’, ‘𝑘𝑇’ and ‘𝑇𝑓’ required by equations (17) and (21) and illustrated in Figure 19 in 

Section 2.2 had to be empirically determined. The torque and rotational velocity of the motor was 

measured using the same method as detailed in Section 4.1.2. The only alteration to the method was 
that the flow-rate was not recorded, the voltage was set to 12V, 18V and 24V at each head and only 

three repetitions were made for each configuration. Figure 58 shows the results of these 
experiments along with the current and torque readings taken at a rope velocity of 1m/s when 
characterising the pump. 

 
Figure 58: The recorded and predicted rotational velocity and current dependence on torque of the motor. 

Referring to equations (17) and (21) and Figure 19, the gradients and axis intercepts of the trend-

lines of the results were used to ascertain the characteristic parameters of the motor. These 
parameters were determined to be: 𝑘𝑇 = 0.14Nm/A, 𝑘𝑒 = 0.11Vs/rad, 𝑇𝑓 = 0.25Nm and ‘𝑅𝑎’ = 1.2Ω. 

Figure 58 illustrates how close the spread of recorded results are, around the function predicted by 
these parameters, thus confirming accuracy of the model represented by equation (17) an (21). It 
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should be noted that, as the force was measured at the rope the frictional torque term (𝑇𝑓) includes 

the sum of the journal bearing losses and the internal frictional losses at the bearing and gear-chain 
minus the torque of the weight of the rope and pistons on the return side. It is also of note that the 
parameters ‘𝑘𝑇’ and ‘𝑘𝑒’, despite being quoted as dimensionally different for convenience, are in 

fact dimensionally identical and have a similar magnitude; this is because in an ideal motor they 
would be identical.  

4.3 Batteries (A. B.) 
The ELECSOL battery used for testing the system was characterised by running a series of charge and 

discharge tests. Correct characterisation was important as constants were generated from the 
results for use in the computer simulation of the system. The constants were generated by the 

Kinetic Battery Model parameter finder [66]; a program that uses curve fitting techniques to 
generate constants 𝑘𝑥,𝑘𝑦 & 𝑘𝑧 used for determining the internal voltage at certain currents and 

states of charge. 

Figure 60 shows the circuit that was made to collect data on the ELECSOL battery. The battery was 

charged and discharged at constant currents set on a power supply and variable resistor 

respectively. Voltages were measured at regular time intervals using dSpace. dSpace requires the 
voltage it measures to be less than 10V, to ensure this voltage was never reached a potential divider 

was positioned across the battery with two equal resistors. dSpace measured the voltage across the 
second resistor to give a reading of half the battery terminal voltage.  

 

Figure 59: Charge and Discharge characteristic testing; circuit to used to collect terminal voltage data. 

The results gained from characterisation as shown in Figure 60 and Figure 61 were as expected, both 
the charge and discharge tests showed the greater losses associated with increased currents by the 

reduced capacity of the battery.  
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Figure 60: Collected Charging Data for ELECSOL 85Ah battery 

 
Figure 61: Collected Discharging Data for ELECSOL 85Ah battery 

The constants generated by the Kinetic Battery Model Parameter finder program from the results 
were as follows: 

Rate of change of charge between bound and available, 𝑗 = 0.5487 

Proportion of available charge,    𝑐 = 0.3747 

Effective internal battery voltage,   𝐸𝑐𝑔 = 12.3097, 𝐸𝑑𝑔 = 12.5978 

Voltage variation with state of charge,   𝑘𝑥𝑐𝑔 = 0.8616, 𝑘𝑥𝑑𝑔 = −0.7077 

Voltage change with progressive charge or discharge, 𝑘𝑦𝑐𝑔 = 0.1798, 𝑘𝑦𝑑𝑔 = −0.0823 

Voltage change with progressive charge or discharge, 𝑘𝑧𝑐𝑔 = 1.0260, 𝑘𝑧𝑑𝑔 = 1.1311 
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4.4 Photovoltaic Module (J. R.) 
Two RSM-75 Solar Shell, 75W, PV panels were made available by Bristol University. Characterisation 

of the photovoltaic module was unnecessary due to the availability of a detailed datasheet. A 
comparison of the I-V curves predicted by the computer model and those stated on the datasheet 

are shown in Figure 63.  

 
Figure 62: The two RSM-75 PV panels used for test regime 
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4.5 Turbines (T. P) 
The wind turbine style used for testing was the 12V, 2.4m blade diameter turbine built by a team of 
“Engineers Without Borders” students from Cardiff, led by Trystan Lea, following Piggott’s “axial flux” 

plans as seen in Figure 29.  It was decided to borrow a pre-built turbine rather than build our own to 
save time and money, which were instead put to better use on other aspects of the project.    

The turbine had to be characterised as there was no previously collected data.  The 7m x 5m wind 
tunnel in the University of Bristol Aeronautical Engineering department, as seen in Figure 64, was 

used to characterise the turbine.  The wind velocity range of the tunnel was from 1m/s to 10m/s. 
Measuring equipment was set up as in Figure 65.  The turbine was connected to a variable load 

resistor, situated a safe distance away, outside the tunnel.  Attached to the load resistor was a 

a b 

c d 

Figure 63: Comparison of PV panel I-V curves as predicted by the computer program and stated on the datasheet, with 
varying insolation (a: datasheet, b: computer program), and varying temperature (c: datasheet, d:computer program) 
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voltmeter (in parallel) and an ammeter (in series).  A frequency meter was connected over one of 
the coils to determine the AC frequency, which in turn would be used to calculate rotational velocity 

and torque.  

 
Figure 64: Pictures of Wind Turbine Characterisation in Wind Tunnel 

 
Figure 65: Set up of Equipment in Wind Tunnel for Turbine Characterisation 
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As the current and frequency being generated by the turbine alternator was to be measured, voltage 
and wind velocity and were set to constant values. By setting the wind velocity at a constant 

velocity, the voltage of the alternator could be set by adjusting the variable resistor load.  For each 
set voltage, ranging from 2V-14V and going up in 2V steps, current and frequency were recorded 3 

times (at 20sec intervals), which were later averaged to give points, then plotted to give I-V curves. 
The process was repeated for wind velocities with a resolution of 1m/s up to a maximum of 9m/s.  

From the data collected, I-V curves (Figure 66) were plotted for each wind velocity and put directly 
into the computer model.  

 
Figure 66: I-V Curve for wind velocities of 3m/s-9m/s 

A matrix of currents was formed for voltage against wind velocities, enabling both the direct drive 
and battery systems to be modelled. Although there were not sufficient data points at higher wind 

velocities, the power curve shown below in Figure 67, was able to give rough estimates for the cut in 
velocity (ucut) rated velocity (ura) and rated power (Pra) of the turbine at 12V. 

 
Figure 67: Power Curve for 12V Loading 

Although not necessary for this project, it was decided to fully characterising the wind turbine for 

the benefit of other interested parties such as the owners of the turbine others to use the data.  The 
connection of an AC frequency meter over one of the coils in the rectifier allowed frequency of the 
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alternator to be recorded at each wind velocity and voltage step.  This was combined with the 
current readings and substituted into the equations below [1], data at each stage could then be 

calculated for rotational velocity, torque, tip speed ratio, power coefficient and torque coefficient, 
ω, T, λ, kP, kT respectively. 

The following constants were also used:   

Radius, r = 1.2; Rotor Swept Area, A=4.524m2;  

Rotational Velocity (rpm)[42]  𝜔 = 10𝑓      (49) 

Torque (Nm)    𝑇 = 𝑃
2𝜋𝑓

      (50) 

Tip speed Ratio    𝜆 = 2𝜋𝜔𝑟
60𝑢

      (51) 

Power Coefficient   𝑘𝑃 = 𝑃
1
2� 𝜌𝐴𝑢3

      (52) 

Torque Coefficient   𝑘𝑇 = 𝑇
1
2� 𝑟𝐴𝑢2

      (53) 

All characterised data can be found on attached CD.  

Care was taken when attempting to get current readings below 4V on many wind velocities.  This 
was due to the loading affect of the increased torque on the alternator causing the blades to stall if a 

constant voltage was not maintained.  As a result of this only a few 2V readings were taken.  The 
stalling also gave several anomalies in these low voltages, leading to a decision to not include 2V 

readings in graphs/models.  A possible reason for these anomalies was the absence of time being 
allowed for the rotational velocity to steady out.  The stall points were so close when the 2V loading 

was being applied, that there was only a few seconds to take current and frequency readings before 
the rotational velocity would reach zero.  Even with repeated readings, anomalies were still 

apparent.   

Readings for wind velocities below 3m/s were not possible due to the blades stalling. As can be seen 
in Figure 68, the increase in power is linear with wind velocity because the torque acting on the 
alternator increases proportionally with wind velocity.  This is a result of the increased current going 

into the load.  Although this limits the power that can be harvested, it helps to keep the blades from 
spinning out of control and damaging the machine. 

The power available to charge the 12V battery can be seen in Figure 67.  The turbine will produce 

useful power from 3m/s, as this is its cut-in velocity.  The peak power of 180W is achieved at around 
8-9m/s.   
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Figure 68 Power Curves relating to different loading with linear trend lines 

The turbine appeared to approach its natural frequency between 10-12V, although there was violent 
shaking it did not seem to affect the results. The most likely reason for this to occur at the voltage 

the stator was designed to produce at is due to the length of the stand and not a fault with the 
machine. The stand used was significantly shorter than the original length to fit it in the wind tunnel.  

As the turbine was designed with a 12V stator, it can only charge a 12V battery. The pump requires 

24V for the motor to work at its optimum level.  A solution to this problem was to use a transformer 
to increase the voltage, which in turn decreases the current.  The turbine is suitable for powering a 

battery connected rope-pump when it is located in a region with sufficient winds of over 3m/s.  Ideal 
conditions would be to have fairly constant wind velocity, at 8m/s to 9m/s.  This would ensure 
maximum power is being delivered to the battery, although even at low wind velocities power is still 

being stored, thus a constant wind velocity is not always necessary.  For a direct drive system, high 
wind velocities are needed as the transformer halves the current available to the motor, meaning if 

the motor is demanding a current higher than that produced by the turbine due to a low wind 
velocity the pump will not operate. A constant high wind velocity would be best to ensure the pump 

is not damaged. 

4.6 Summary 
Empirical investigation confirmed the rope-pump flow and force models represented by equation (6) 
and (14) respectively. A guide friction term of 2N and 5N were selected for the smaller and larger 

rising-mains respectively. The concept of manufacturing pistons from much more readily available 
resources has been found and tested successfully. Parameters were also empirically determined 

which allow the accurate modelling of the gear-motor using equations (17) and (21).  
Characterisation of the PV panel was deemed unnecessary as all parameters are available on a 

standard data sheet, this will also allow for easy comparison between solar panels. The ELECSOL 
battery was compared to the OPzS battery that was used in the computer program by running 
charge and discharge tests and found to be similar enough in terms of capacity and voltage to be 

used in testing.  Empirical data was also recorded for the turbine ready for direct use as a model.   

0

50

100

150

200

250

300

0 2 4 6 8 10

Po
w

er
, P

 (W
) 

Wind Speed, u (m/s) 

V=4V

V=6V

V=8V

V=10V

V=12V

V=14V



67 
 

5 COMPUTER BASED SYSTEM MODEL  
A MATLAB model was designed to simulate the entire system in all configurations (A1-2 and B1-3). 
The computer model is used to highlight likely points of failure in the systems, for example if the 

battery were likely to drain to too great a depth of discharge too often, or over specification; if the 
battery was unnecessary in a system. The model uses imported weather data for selected locations 

and allows the user to select time periods over which to simulate the chosen system configuration. 
The programme can be used to assess the suitability of each system configuration for any location 

for which appropriate weather data is available. With the exception of the wind turbine, all system 
components were modelled based on the governing equations shown in Sections 2.1-2.5. The wind 

turbine was modelled directly on the results of the wind turbine characterisation and so in this case, 
the program is specific to the Hugh Piggott turbine design. A Graphical User Interface (GUI) has been 
developed to accept information from standard data sheets for each element of the rope-pump 

system. 

In this chapter, details of the individual program components are provided, with reference to the 

major equations used. On overview of the complete program is then outlined and discussed.  

5.1 Weather Data (J.R.) 
Weather data can be entered in one of two forms: hourly data or monthly data. For both options, 
the following fields are required: any two of Beam Horizontal Radiation, Global Horizontal Radiation 

and Diffuse Horizontal Radiation (as the third can be calculated from the initial two), Normal Global 
Radiation, Ambient Temperature and Wind Velocity.  

Hourly weather data is most commonly available in The Chartered Institute of Building Services 
Engineers (CIBSE) styleii Test Reference Year (TRY) form, for which an artificial year of weather data 

is constructed by compiling complete sets of hourly data for each month. TRY weather data for over 
2100 locations is available from the United States Department of Energy [67]. Monthly average 

weather data, that is, hourly weather data for an average day in each month, can be compiled from 
a number of different sources.  

The computer program has been designed to work with both TRY and monthly average weather 

data, however TRY data is not currently available for Malawi and so the GUI works only with monthly 
average data, for Bristol, United Kingdom and for Lilongwe, Malawi. An overview of the monthly 

average weather data used, and data sources, is shown in Appendix B. 

5.2 Photovoltaic Panel (J.R.) 
In order to facilitate the testing of a number of different solar panels in the system model, it was 
considered important that the all required inputs for the PV panel program were available on 

standard PV cell datasheets. Equation (33), repeated below, requires the use of 𝐼𝑝ℎ and 𝐼0, which are 

                                                           

ii See CIBSE Guide J, Weather and Solar Data, 2002.  
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generally not supplied on standard datasheets and so the equation requires some simplification for 
use in the computer model.  

𝐼 = 𝐼𝑝ℎ − 𝐼0 � 𝑒
(𝑉+𝐼𝑅𝑠)

𝑉𝑡� − 1� − 𝑉+𝐼𝑅𝑆
𝑅𝑆𝐻

         (54) 

Luque, et al. [38] suggest three major assumptions which, the use of which reduce equation (33) to a 

suitable form.  These are stated below, along with notes on the likely affects of the assumptions. 

1 The effect of shunt resistance is negligible. 

In an ideal solar cell, 𝑅𝑆𝐻 would be infinite. Decreasing the 𝑅𝑆𝐻 reduces the maximum power 

available from the PV cell and large drops can reduce the 𝑉𝑂𝐶. Shunt resistance only has a 
notable effect at low voltages [68, 69] and therefore has little importance under normal 

operating conditions. This assumption is therefore appropriate for the configurations B2 and B3 
as the battery will always draw current at a suitably high voltage. The likelihood of low voltages 

occurring for systems A1 and A2 is very low and would require an insolation level to results in an 
𝐼𝑂𝐶 identical to the current required by the motor. If this were to occur in the program, the 
voltage would drop to zero for that and no water would be lifted, nullifying the effect of 

neglecting the 𝑅𝑆𝐻.  

2 The photo-generated current and short circuit current are equal. 

3 𝐼𝑝ℎ ≫ 𝐼0  

This is a common assumption for silicone cells as the dark saturation current is very small in 

comparison to the photo generated current [70].  

Using these assumptions, the above governing equation is reduced to: 

𝐼 = 𝐼𝑆𝐶 − 𝐼0𝑒
𝑉+𝐼𝑅𝑆

𝑉𝑡�            (55) 

Putting 𝐼 = 0, representing an open circuit situation,  

𝑉𝑂𝐶 = 𝑉𝑡𝑙𝑛 �
𝐼𝑆𝐶
𝐼0
�   ;    𝐼0 = 𝐼𝑆𝐶𝑒

�−𝑉𝑂𝐶 𝑉𝑡� �        (56) 

Substituting equations (56) into equation (55),  

𝐼 = 𝐼𝑆𝐶 �1 − 𝑒
𝑉−𝑉𝑂𝐶+𝐼𝑅𝑆

𝑉𝑡� �          (57) 

So, for a whole generator: 

𝐼𝐺 = 𝐼𝑆𝐶𝐺 �1 − 𝑒
(𝑉𝐺−𝑉𝑂𝐶𝐺+𝐼𝐺𝑅𝑆)

𝑉𝑡� �         (58) 

Where 𝐼𝐺=generator current, 𝑉𝐺=generator voltage, 𝐼𝑆𝐶𝐺=generator short circuit voltage and 

𝑉𝑂𝐶𝐺=generator open circuit voltage.  

The following further assumptions were used to derive the inputs for equation (58) 
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4 The short circuit current of a cell depends exclusively and linearly on the irradiance and is 
calculated as 

𝐼𝑆𝐶 = 𝐼𝑠𝑐𝑜
𝐺0

𝐺            (59) 

Where 𝐼𝑆𝐶𝑂=𝐼𝑆𝐶  at standard test conditions, 𝐺𝑂=irradiance at standard test conditions 
(provided on datasheet) and 𝐺= incident irradiance.  

5 The open circuit voltage depends on solar cell temperature and irradiance and is calculated as  

𝑉𝑂𝐶 = �𝑉𝑂𝐶𝑂 + (𝑇𝐶 − 𝑇𝐶𝑂) × 𝑑𝑉𝑂𝐶
𝑑𝑇𝐶

� × �1 + 𝐶1 𝑙𝑛 �
𝐺
𝐶2
� 𝑙𝑛 � 𝐺

𝐺0
��     (60) 

Where 𝑉𝑂𝐶𝑂=𝑉𝑂𝐶at standard test conditions, 𝑇𝐶𝑂=𝑇𝐶at standard test conditions, 𝑑𝑉𝑂𝐶
𝑑𝑇𝐶

 = 

change in open circuit voltage with cell temperature (available from datasheet), and 𝐶1 and 𝐶2 
are constants. The first bracketed term in this equation accounts for the change in 𝑉𝑂𝐶 due to 

change in temperature and is simple to derive. The second bracketed term accounts for the 
change in 𝑉𝑂𝐶  due to change in insolation. The expression is empirical and proposed by Luque 

et al. [38] who suggest setting 𝐶1=-0.04 and 𝐶2=𝐺0 for silicone solar cells.     

6 The series resistance is not affected by the operating conditions 

7 The operating temperature of the solar cells is proportional to the irradiance as: 
𝑇𝐶 = 𝑇𝑎𝑟𝑏 + 𝐶𝑡𝐺           (61) 

Where 𝑇𝑎𝑟𝑏 = ambient temperature and the constant 

 𝐶𝑡 = 𝑇𝑁𝑂𝐶𝑇−20
800

           (62) 

where 𝑇𝑁𝑂𝐶𝑇 is the Nominal Operating Cell Temperature, defined as the temperature that the 
cell reaches at an air temperature of 20oC and an incident irradiance of 800w/m2.  This 

equation and 𝐶𝑡 definition are commonly used to define the cell temperature [64]. 

Finally, two empirical equations are required to enable calculation of the series resistance. Equations 
(63) and (64), proposed by Green, M A. [71], represent the Fill Factor assuming the series and shunt 

resistances to be negligible (𝐹𝐹0) and the fill factor taking the series resistance into account (𝐹𝐹).   

𝐹𝐹𝑂 = 𝑣𝑜𝑐−ln(𝑣𝑜𝑐+0.72)
𝑣𝑜𝑐+1

           (63) 

𝐹𝐹 = 𝐹𝐹𝑂(1 − 𝑟𝑠)           (64) 

Where 𝑣𝑜𝑐 is termed the ‘normalised voltage’ and is equal to 𝑉𝑜𝑐 𝑉𝑡⁄  and 𝑟𝑠 is termed the ‘normalised 
series resistance’ and is equal to 𝑅𝑆 (𝑉𝑂𝐶 𝐼𝑆𝐶)⁄⁄ . The equations are accurate to two significant figures 

when 𝑣𝑜𝑐>10 and 𝑟𝑠<0.4 [71]. Figure 69 outlines the sequences of calculations used in the MATLAB 
program to calculate the generator voltage (for systems A1 and A2) and the generator current (for 

systems B1-3).   
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Figure 69: Overview of calculations used in PVP computer program 
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5.3 Wind Turbine (J.R.) 
As no data was previously available for the turbine, the test data from the characterisation stage was 

uploaded directly to the wind turbine program in the form of a matrix of current values available for 
different wind velocities and loads. For system configuration A2, wind velocity and current demand 

from the motor are used as inputs, and the available voltage is derived by interpolation of the 
current matrix. For system configurations B2 and B3, the wind velocity and the terminal voltage of 
the battery are used as inputs, and the current available is interpolated from the current matrix. 

5.4 Motor (J.R., A.B.) 
The computer model of the motor takes place in two stages. Firstly the current required to enable 

the motor to deliver the required torque is calculated using equation (65), which derives from 
equations (17) and (20). 

𝐼𝑟 =
𝑇𝑝
𝐺𝑅+𝑇𝑓
𝑘𝑡

            (65) 

where ‘𝐺𝑅’ is the gear ratio of the motor and for the method used to characterise the motor ‘𝑇𝑝’ is 

defined as  

𝑇𝑝 = 1
2
𝐹𝑟𝐷𝑝𝑢              (66) 

where 𝐹𝑟 is modelled by equation (14) and 𝐷𝑝𝑢 = effective diameter of the pulley. For systems A1-2, 

this current is used to determine the voltage across the charging device. This is also required in the 
calculation of the rotational velocity of the motor, using equation (21), where 𝑅𝑎 is the armature 
resistance and 𝑘𝑒 is the back EMF constant of the motor. This rotational velocity is used in the rope-

pump model. 

For systems B1-3, the battery determines whether or not it is able to supply this current, details of 

this can be found in Section 5.6. If the current can be supplied, the rotational velocity of the motor 
can again be calculated by combining equations (18) and (19), where 𝑉 is now the terminal voltage 

of the battery, 

𝜔𝑟𝑜𝑡 = 𝑉−𝐼𝑚𝑅𝑎
𝑘𝑒

           (67) 

5.5 Hydrodynamic Rope-pump (J.R., A.B.) 
The rope-pump computer program is the same for direct drive and battery systems: rope velocity is 

calculated as  

𝑢𝑟 = 𝜔𝑚𝑜𝑡
𝐺𝑅

𝐷𝑝𝑢
2

            (68) 

The delivered flow-rate can then be calculated as  

�̇�𝑑 = 𝐴𝑟𝑟(𝑢𝑟 − 𝑢𝑐)            (69) 

where the critical piston velocity, 𝑢𝑐, is calculated using equation (5) in Section 2.1.1. 



72 
 

5.6 Battery (A. B.) 
The computer model of the battery calculates the state of charge and terminal voltage of the battery 

while it is being charged and/or discharged. This is useful for reasons discussed in Section 5.7.2. The 
calculations take into account energy losses and the ratio of bound to available charge. 

Within each time step, charging and discharging are dealt with consecutively. In each case the state 
of charge of the battery is updated and a terminal voltage is calculated. The final terminal voltage of 
the time step is an average of the two terminal voltages.  

Figure 70 shows the order of calculations in the battery model all of which are described in more 
detail below. 
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Figure 70: Flow Diagram representing the sequence of calculations during one time step in the battery program 
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The capacity of the battery, 𝑞𝑟𝑎𝑥 is estimated by assuming that charging or discharging will continue 
at the current of the given time step. It is calculated using equation (70) where time 𝑇 is given by 

equation (71) using 𝑞𝑟𝑎𝑥 from the previous time step and 𝑞𝑟𝑎𝑥,0 is the capacity of the battery when 

charged at an infinitesimal current. Equation 70 is found by analytically solving differential equations 

(as outlined in Section 2.3 Battery theory section).  

𝑞𝑟𝑎𝑥 = 𝑞𝑚𝑎𝑥,0𝑗𝑐𝑇
1−𝑒−𝑗𝑇+𝑐�𝑗𝑇−1+𝑒−𝑗𝑇�

         (70) 

𝑇 = 𝑞𝑚𝑎𝑥
𝐼

           (71) 

The maximum allowable charging and discharging currents as described in Section 2.3.3 are 
implemented in the program by equations (72) and (73). These two equations originate from 

differential equations (23) and (24) describing available charge flow. In equation (72) for maximum 
discharge current, all available charge is used in one time step. In equation (73) for maximum 

charging current, available charge can only rise to  𝑐 𝑞𝑚𝑎𝑥0 . 

𝐼𝑑𝑔,𝑟𝑎𝑥 = 𝑗𝑞𝑎𝑣,𝑝𝑟𝑒−𝑗∆𝑇+𝑞𝑝𝑟𝑗𝑐�1−𝑒−𝑗∆𝑇�
1−𝑒−𝑗∆𝑇+𝑐�𝑗∆𝑇−1−𝑒−𝑗∆𝑇�

        (72) 

𝐼𝑐𝑔,𝑟𝑎𝑥 = −𝑟𝑐𝑞𝑚𝑎𝑥,0 + 𝑟𝑞𝑎𝑣,𝑝𝑟𝑒−𝑟∆𝑇+𝑞𝑝𝑟𝑟𝑐�1−𝑒−𝑟∆𝑇�
1−𝑒−𝑟∆𝑇+𝑐(𝑟∆𝑇−1−𝑒−𝑟∆𝑇)        (73) 

If the absolute charge or discharge desired current is greater than the absolute of these maximum 

values the current will be limited to them. 

Two terminal voltages are calculated, firstly for charging and then for discharging, they are then 

averaged to give the real terminal voltage. Firstly X, the normalised charge removed from the 
battery is calculated, this is 𝑞/𝑞𝑟𝑎𝑥 in charging and (𝑞𝑟𝑎𝑥 − 𝑞)/𝑞𝑟𝑎𝑥 in discharging. This allows the 

effective internal voltage, E of equation (74) to be calculated.  The Kinetic battery Model parameter 
finder, which uses charge and discharge test data of a similar 85Ah deep cycle battery is used to 

generate constants 𝑘𝑥 , 𝑘𝑦 & 𝑘𝑧 . 

𝐸 = 𝐸𝑐𝑔/𝑑𝑔 + 𝑘𝑥𝑋 + 𝑘𝑦𝑋
𝑘𝑧−𝑋

         (74) 

As the model assumes the battery to contain a resistor in line with the voltage source, equation (22) 

gives the assumed terminal voltage. 

An energy losses method is used to determine the effective current in and out of the battery. When 

discharging, the battery will supply the motor with a certain current, but because of the energy 
losses the state of charge will decrease by a greater amount as if a larger current was drawn.  When 

charging, the generating device will produce a certain amount of power but losses will prevent all of 
it increasing the state of charge of the battery. The proportion of the current lost, 𝑙 is calculated 
using equation (75)   

𝑙 = 𝐼�𝑉−𝐸𝑐𝑔/𝑑𝑔�
𝑃

           (75) 
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Where, 𝐼 = regulated current in or out of the battery, 𝑉 = present terminal voltage, 𝐸𝑐𝑔 = nominal 

charging voltage, Edg = nominal discharge voltage and P = desired charge or discharge power.  

As MATLAB cannot solve differential equations the state of charge is calculated at two points 

through each time step firstly after the charging stage and then after the discharge stage assuming 
constant current each time. Equation (76) calculates the available charge and equation (77) 

calculates the bound charge, they can both be derived from differential equations (23) and (24). 

𝑞𝑎𝑣 = 𝑞𝑎𝑣.𝑝𝑟𝑒−𝑗∆𝑇 + (𝑞𝑝𝑟𝑗𝑐−𝐼)(1−𝑒−𝑗∆𝑇)
𝑗

− 𝐼𝑐(𝑗∆𝑇−1−𝑒−𝑗∆𝑇)
𝑗

     (76) 

𝑞𝑏𝑑 = 𝑞𝑏𝑑.𝑝𝑟𝑒−𝑗∆𝑇 + 𝑞𝑝𝑟(𝑐 − 𝐼)(1 − 𝑒−𝑗∆𝑇) − 𝐼(1−𝑐)(𝑗∆𝑇−1−𝑒−𝑗∆𝑇)
𝑗

    (77) 

5.7 Integration of Program Parts (J.R., A.B.) 
Overviews of the code used to represent the direct drive and battery systems are provided below. 

5.7.1 Direct Drive System 
A simplified outline of the MATLAB code used is shown below. Figure 71 shows the major functions 
and equations used one time step.  

Load weather data for selected location 

for ‘Start month to End month’ 

    for ’hour 1 to 24’ 

while counter<6 (iteration loop) 

 ‘Calculate tension force in rope’  

‘Calculate current required by motor’ 

if PV panel is selected         

‘Calculate the voltage that the PV panel generates for the incident irradiation and 
the current demanded by the motor’ 

end 

If ‘wind turbine is selected’ 

‘Calculate the voltage that the wind turbine generates for the wind velocity and the 
current demanded by the motor’ 

end 

      ‘Calculate motor velocity’ 

  ‘Calculate rope velocity’ 

        end  

‘Calculate delivered flow-rate’ 

‘Calculate volume of water pumped during the time step’ 

    end  

end      
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Figure 71: Overview of the major functions and equations in the direct drive component of the MATLAB program, for 
one time step 
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5.7.2 Battery System 
When a battery is included in the system, all the other elements rely upon it, making it necessary to 
include all of the charging and discharging devices inside battery feedback loops. The PV panel and 

wind turbine require the battery’s terminal voltage in order to specify their charging current as does 
the calculation of motor velocity. The state of charge of the battery determines whether or not the 

current desired by the motor can be provided as well as regulating the charging current. The system 
is implemented in MATLAB, using ‘for’ loops as demonstrated below.  

Load weather data for selected location 

for ‘Start month to End month’ 

    for ‘hour 1-24’ 

        ‘Calculate the current that the PV panel can generate at the battery terminal voltage’ 

        ‘Calculate the current that the wind turbine can generate at the battery terminal voltage’ 

        for ‘Number of intervals per hour for chosen resolution’ 

  ’Calculate torque the motor must provide using rope velocity from the previous loop’ 

      ’Calculate whether or not the motor current can be provided’ 

‘Calculate battery Terminal voltage assuming the battery is only being discharged’ 

‘Update the state of charge of the battery’ 

            ’Calculate the current allowed into the battery’ 

‘Calculate the battery Terminal voltage assuming the battery is only being charged’ 

‘Update the state of charge of the battery’ 

‘Average the two assumed battery terminal voltages’ 

‘Calculate motor and rope velocities ’ 

‘Calculate the volume of water pumped during time step’ 

        end   

    end  

end      
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Figure 72: Overview of the major functions and equations in the battery component of the MATLAB program, for one 
time step 
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The program is able to calculate the amount of water a system can provide and how long the pump 
should be switched to do this.  The maximum volume that can be pumped is found by switching the 

pump on every day and only switching off when the batteries reach a DOD of 50%. If only the daily 
water requirement is desired and this is less than the maximum possible, then pumping can be 

stopped and the time taken recorded. These methods may not be accurate for a real system as flow 
meters and automatic shut off switches would be required, but greatly helps in planning an optimal 

system.  

5.7.3 Resolution and Time Steps Used  
The resolution of the weather data used is the same for all systems: hourly for irradiation and 

temperature, and monthly for wind velocity. As discussed in Section 5.1, a higher resolution for 
irradiation would have been preferable, however TRY data for Malawi is not yet available. However, 

local factors such as dust and cloud cover are likely to reduce the accuracy of the data and so 
insolation resolution is unlikely to cause major discrepancies. Wind velocity is less consistent than 

irradiation and heavily reliant on local conditions. Monthly average data is therefore considered a 
suitable approximation of the prevailing conditions.   

For systems A1-2, the time steps were selected to coincide with the resolution of the weather data. 
For systems B1-3, currents generated by the PV panel and wind turbine are again only calculated 

hourly but the time step is shortened for the rest of the battery and pump model. This greater 
resolution is important for accurately determining the water delivered by the system and the battery 
state of charge.  

5.8 Summary 
A MATLAB computer model of the complete system, able to represent all configurations (A1-2, B1-3) 

has been produced. The rope-pump, motor and PV panel models are based on the governing 
equations outlined in Section 2, with assumptions leading to simplifications to the PV panel and 

battery equations outlined in Sections 5.2 and 5.6. The wind turbine was modelled by directly 
uploading results from the turbine characterisation testing into the computer program.  

The capital cost of the system was identified as the key differentiating requirement from the PDS, 
the program inputs were, therefore, chosen as not only the independent local parameters such as 

head and local weather data but also parameters which would determine the size of the system such 
as pipe diameter and number of solar panels. Again based on the PDS the water volume flow rate 

and daily and hourly volume of water lifted was selected as the system output.  
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6 MODEL EMPIRICAL TEST REGIME, RESULTS & ANALYSIS (A. B., J. R.) 
In this section, the tests that were carried out to assess the accuracy of the complete system 
computer model are outlined, and the results of the testing, indicating the accuracy of the computer 

model, discussed.  

6.1 Experimental Methodology 
All tests were carried out on the test rig, with an 8 meter head and the smaller pipe diameter of 

18.8mm. Testing comprised of two stages: for stage 1 the rig was run for a full day in the direct drive 
PV panel (A1) configuration. Two RSM 75 Shell Solar PV panels were used as inputs and were 

connected in parallel and placed outside in Bristol in an un-shaded location. Voltage and flow-rate 
were measured every 10 minutes and flow-rates were compared with those predicted by the 

computer program using weather data collected on the test day by Bristol City Council [72].  

The local weather conditions did not permit a test regime that would cover the full range of powers 

available from the PV panel and turbine as predicted with the weather data for Bristol and Malawi 
and so in stage 2. Therefore, the rig was tested using power inputs predicted by the computer model 

for best and worst case months in Malawi. For systems A1 and A2 the power was supplied to the 
pump at constant voltages. The batteries in systems B1-3 were supplied with constant current, 
simulating a range of charging powers at the battery terminal voltage. Flow-rates achieved were 

compared with those predicted by the computer program. The test procedure can be summarised as 
follows: 

• Computer model used to estimate ‘average day’ monthly power available for best and worse 
case scenarios in Malawi for each system configuration.   

• Power supply unit (PSU) used as an input to the rest of the rig, replicating the current and 
voltage found in step 1. 

• Test system configurations A1-2 and B1-3 tested using the current and voltage inputs from 

the PSU. Torque and water flow-rates measured, with five repetitions for each test. 

6.2 Results 
Figure 73 shows the measured flow-rates from stage 1, plotted against the flow-rates predicted by 

the computer model. The irradiation and air temperature as measured by Bristol City Council at the 
weather station on the Create Centre Roof [72] is shown in Figure 74. 



81 
 

 
Figure 73: Graph of flow-rate vs. time for full day direct drive testing with solar panel 

 

Figure 74: Insolation and air temperature as measured on the test day by Bristol City Council at the weather station on 
Create Centre roof. (Data from [72]) 

Figure 75 shows measured and predicted flow-rates for maximum and minimum voltages predicted 

for direct drive system configurations. PV panel voltages were derived from Malawian weather data, 
and turbine results were derived from Bristolian weather data as it is predicted that the wind 

velocity in Malawi is too low for the wind turbine to produce power. The error bars represent one 
standard deviation, with calculations including the Bessel’s correction factor. 
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Figure 75: Measured and predicted flow-rates for maximum and minimum predicted voltages 

Figure 75 shows the flow-rates for the whole range of predicted PVP charging currents in both 

Bristol and Lilongwe. 

 
Figure 76: Measured and Predicted Flow-rates for predicted battery charging currents 
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6.3 Discussion of Errors 
Predicted and measured results from stage 1 show a good correlation with discrepancies in the 

region of 2%. The pump clearly ‘cuts in’ later than predicted by the computer model and measured 
flow-rates are lower than predicted in the morning. It is proposed that the main cause of this 

discrepancy is the shading caused by a building 4 meters to the East of the panel. The shading had a 
clear effect prior to 10.00am as there was no direct radiation on the panel and the building will have 
continued to reduce the diffuse radiation on the panel, with the greatest effect in the morning.    

An additional cause of discrepancy for stage 1 testing was the use of weather data collected from 
the Create Centre roof, approximately 2km from the test location. This will have lead to random 

discrepancies due to local conditions such as cloud cover.  

The results from stage 2 for systems A1 and A2 show a systematic error of approximately 0.01l/s, 

greater than those predicted. This represents an error of approximately 6-7%. Standard deviation of 
results in all cases was close to an order of magnitude less than the errors recorded at under 

0.003l/s and so the discrepancy is most likely to have been caused by slightly incorrect empirical 
parameters derived from the characterisation stage. This may have been due to the fact that the 

pump was disassembled and re-assembled between the characterisation and testing phases. For 
example if the bottom guide was slightly worse positioned for the characterisation stage, a higher 

guide friction constant would have been selected, and used in the program, than was in reality 
occurring during the test phase, leading to an underestimation of the flow rate by the computer 

program. Errors could also have been caused by an experimental error in the measuring of the flow-
rate. As this was done by eye, it could have been caused by consistently inaccurate reading of the 
flow measuring device. This may have occurred as a result of bubbles forming on the surface of the 

liquid in the flow measuring device, which made it difficult to judge exactly when the vessel was full.  

Stage 2 results for systems B1-3 show a trend of increased flow-rate with increased charging current, 

apparent from the positive gradient of both sets of results. The measured flow-rates were less than 
predicted and had errors between 3.8-7%. As the direct drive measured flow rates were higher than 

predicted this represents an error of between and 9.5-13.9% due to the inclusion of the batteries in 
the system. It is thought that the lower flow-rates are a result of the batteries not performing 

perfectly as predicted by the computer program. The computer program assumes the use of a brand 
new battery that has not been taken to a low depth of discharge as the batteries used had been 

during the characterisation stage. It also assumes that both batteries have exactly the same state of 
charge, the two batteries used in series in testing had terminal voltages of 12.7v and 12.6v 

respectively, indicating differing states of charge, therefore the test did not start with full battery 
capacity.  

 



84 
 

6.4 Summary 
A comparison of the computer model results and measured data for Bristol conditions showed the 

direct drive PV panel computer model to be accurate to within 2%, with the discrepancy attributed 
to local insolation conditions differing slightly from those used in the simulation.  

The small systematic errors of 6-7% in the results for the direct drive data sets are likely to have 
compounded from empirical constants derived in the pump and motor characterisation regimes not 

having held perfectly for the test regime due to the disassembling and reassembling of the pump, 
and from experimental errors when measuring the flow rate.   

Differences between the measured and predicted results for systems including the battery were 

accounted for because of incorrect predictions of the characteristics of the battery due to 
insufficient data on the ELECSOL batteries and inaccurate state of charge estimates. 
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7 SIMULATION 
In this chapter, the results of the computer program are discussed and the suitability of each system 
configuration considered. Suggestions are made for the most suitable system configuration for use 

in a number of situations.  

7.1 Power Source Suitability Analysis (J.R.) 

7.1.1 Photovoltaic Panel 
As discussed in Section 3, the matching of the required voltage or current to the PV panel I-V curve is 
important to ensure that the system is economically and energy efficient. Two 75W RSM-75 Shell 
Solar PV panels were made available to the group and were used in the practical and computer 

model testing phases. For the direct drive systems, the two PV panels were connected in parallel. 
The resulting I-V curves for the ambient temperatures stated in the PDS, 𝑇𝑎 (oC), and insolation levels 

expected to occur in Lilongwe, 𝐺 (W/m2), are shown in Figure 77, along with the average current 
required by the motor. It is clear that for direct drive systems, the PV module will be in use far from 

its 𝑃𝑀𝑃 for much of the day.  

 

Figure 77: Graph showing direct drive component matching between PV panel and motor (using two PV panels in 
parallel). Note that 𝑰𝒐𝒄 varies linearly with irradiation 

An assessment of the economic suitability of PV module wattage for the studied rope-pump is 

shown in Figure 78. For this test, the computer program was used to predict the water available 
from a rope-pump powered by a solar module with a varying number of solar cells in parallel. The 

number of panels in series was fixed at one, as this ensured that the voltage output would be 
between approximately 17V and 23V for all insolation conditions (Figure 77), a range within which 

optimum rope velocities are achieved as discussed in Section 2.1.2. RSM-75 solar panels are 
comprised of 36 solar cells in series, therefore where fractions of solar panels are simulated, this 
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represents an increase in the 𝐼𝑂𝐶 of the module by the given fraction.  To achieve what is 
represented by a part panel, in practise, a different solar panel would need to be used.  

Figure 78, produced using costing values from Section 7.3.2, shows that economically, the optimum 

number of 75W solar panels in parallel for this rope-pump is 2, consequently, all further direct drive 
simulations tests are carried out assuming a solar module consisting of 2 RSM-75 solar panels in 

parallel.  

 
Figure 78: Variation in price per litre of water for number of PV panels in parallel for a 10m head and 18.8mm diameter 

rising-main 

For systems B1-3, the two solar panels were used in series. Figure 79 shows the predicted I-V curves 
of the PV module with the maximum, minimum and rated terminal voltages of the battery. The 

system is near perfectly matched for conditions of 𝐸=1000W/m2 and 𝑇𝑎=50oC. While these 
conditions are unlikely to occur in Malawi, they represent the extremes that the pump is required to 

work in, and ensure that the battery will charge at the maximum possible current in all conditions.  

 
Figure 79: Graph showing component matching between PV panel and battery (using two PV panels in series) 
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7.1.2 Wind Turbine 
It is concluded that the Piggot wind turbine is unsuitable for use in Malawi due to the consistently 
low wind speeds experienced in the country of <2.5m/s. Figure 80 shows that for direct drive wind 

turbine systems, the voltages obtained are significantly lower than for battery systems, as the 
current requirement of the pump means that the turbine is not being used at its rated voltage for a 
given wind speed. When a battery is included in the system, the wind turbine operates closer to its 

rated voltage and is therefore more efficient.  

 

Figure 80: Matching of I-V curves of the Piggott wind turbine with the direct drive and battery pump systems 

7.2 Suitability for Specific Locations (J.R., A.B) 
The computer program was used to estimate the maximum volumes of water that could be pumped 
by each system in Bristol, England and in Lilongwe, Malawi. Results are shown in Figure 81 

(Lilongwe) and Figure 82 (Bristol). System definitions are recapped below in Table 8. 
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Figure 81: Estimated daily volume of water from rope-pump in Lilongwe 

 
Figure 82: Estimated daily volume of water for rope-pump in Bristol 

Table 8: Reminder of system definitions 
System  Battery PV panel Wind turbine 
A1 
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The results highlight the consistently high levels of irradiation and low wind speeds in Lilongwe 
compared to varying irradiation and high wind speeds in Bristol. Wind speeds in Lilongwe are lower 

than the cut in wind speeds for the tested turbine and so configurations A2 and B2 lift no water.  

The larger water volumes pumped with the B configurations in both locations demonstrate an 
advantage of including a battery in the system. The battery allows the system to collect energy from 

the solar panel for all irradiation conditions, rather than only having the ability to pump when the 
instantaneous energy available is high enough; this leads to 40% greater volume pumped per annum 

in Lilongwe. The battery’s stable terminal voltage ensures a stabilised charging current from the 
power generated by the PV panel, when system components are matched correctly this maximises 

the potential energy available from the sun. Seasons still affect the quantity of water that can be 
pumped at different times during the year, unless the battery capacity was dramatically increased 
beyond the 30 hours in the simulated system.  

The results in Figure 82 show that system B3 offers little benefit over a single input battery system. 

This is due to the high power available during the summer months leading to charging currents 
which exceed the maximum charging current.  If system B3 were sited in a location of more 

moderate irradiation and wind speeds, the benefits of this system could become apparent.  

7.3 Life Cycle Analysis (J. R.) 
In order to allow for a $/m3 lifted analysis, the whole lifecycle costs of each system were analysed. 
Lifecycle cost analyses are carried out over a 15 year period as stated in the PDS. Costs are 

summarised in Table 9 and discussion of suggested pricing is provided below.  

Prices stated do not include transportation costs, as these will vary greatly depending on the 

availability of parts in each location.  

Table 9: System lifecycle costs 

 
Capital cost 
for one unit 
[$] 

Number 
of times 

replaced 

Mainten-
ance costs 

[$] 

Total A1 A2 B1 B2 B3 

Solar 

panel 

722* 0 0 722 722 - 722 - 722 

Wind 

turbine 

586 0 300 886 - 886 - 886 886 

Battery 348** 3 0 1044 - - 1044 1044 1044 

Rope-

pump 

120 0 2/m rising-

main 

130 130 130 130 130 130 

Motor 300 0 320 620 620 620 620 620 620 

    Total 1,472 1,636 2,516 2,680 3,402 

*assuming 150W as used throughout report 
**assuming two 85ah batteries  
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7.3.1 Costs 
Photovoltaic panel 

The average retail price per rated watt for photovoltaic panels in March 2009 was $4.78/Watt [73]. 
The majority of solar panels are sold with a 20 year guarantee, and so it is assumed that the 
component will not require replacing in the 15 year lifecycle analysis period. The cost of photovoltaic 

panels shown a general downwards trend (Figure 83).  

 

Figure 83: Trends in the price of PV panels [73] 

Lead acid battery 

Lead acid batteries are a well developed technology and fluctuations in price are mainly due to 
changes in world markets and exchange rates. The average price per watt for 20ah capacity was 

$2.05 in March 2009 [74].  

Battery life can vary considerably depending on application. A rule of thumb applied to deep cycle 
batteries is that a Depth of Discharge (DOD) of 50% should never be exceeded. This was adhered to 

in the simulation, but in the field DOD is difficult to measure without expensive equipment. If a 
system including a battery was chosen it is recommended that it is simulated before use to specify 

the time that the motor can be switched on each day. A timer to provide very basic automation 
would be a worthwhile investment to ensure maximum battery lifetime. Although any extra 

component used to control basic systems like the rope-pump are often found to be points of failure. 
The entire system should be specified so that water demands are always met without the need to 
excessively discharge the batteries. A typical deep cycle battery can provide 2500 cycles before 

failure if not discharged beyond 50% DOD [35], equating to 6.8 years use. 

Rope-pump 

The typical capital cost of the rope-pump has been quoted as between $55-120 [16] depending on 
the location. The rope-pump has a life of over 15 years with the only consumable parts being the 
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rope and pistons which would need replacing once over a 15 year period with a cost of $0.90/m of 
rope or approximately $2/m of rising-main [75]. 

Gear-motor 

The typical cost of a permanent-magnet gear motor rated in the order of 100W is $300 [76]. This is 

for a custom built motor bought individually. There exists significant potential for obtaining a 
permanent-magnet motor that is produced as a component in another mass production system such 
as a coach wind-screen wiper motor. Further research is needed but a ‘Free On Board’ price of $32 

for such a motor was quoted from the Chinese manufacturer ‘Ningbo Longer Engineering & Industry 
Co., Ltd.’ [77]. The cost implications of delivery and the necessary ‘bulk buy’ requirements when 

purchasing from such a source would obviously need further investigation. The brushes would 
typically need replacing every 60 days, if run for 8 hours a day, for a price of $4 [76].  

7.3.2 Lifecycle Analysis Results 
Figure 84 shows the estimated price per cubic meter of water lifted in Lilongwe and Bristol over a 15 
year lifespan. The nominal pumping head of 10m has been used for all of the following analysis in 

accordance with the PDS. 

 
Figure 84: $/m3 of water lifted for each system configuration in Bristol and Lilongwe. Capped at $0.14, where the 

configuration lifted no water. 

It is clear that when wind speeds are sufficient (greater than 3m/s), the wind turbine systems are the 

most cost effective. In Bristol weather conditions systems A2 and B2 lift water at an average cost of 
0.03$/m3 and 0.04$/m3 respectively. However, it should be remembered that neither of these 

systems are predicted to lift any water for the months of August and September and so the systems 
are likely to be considered impractical unless a suitable storage facility can be arranged.  

In Lilongwe, where wind speeds are insufficient for systems A2 and B2, the most cost effective 
systems are the direct drive PV configurations. With the PV panel static, it is estimated that system 
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A1 can lift water at a cost of 0.05$/m3 while if the PV panel is moved constantly to face the sun 
directly, this figure becomes 0.04$/m3. In all cases, the use of a battery in a system increases the 

cost per cubic meter of water lifted despite the increase in delivered volume. In PV powered system 
the addition of a battery increases the cost per m3 by 20% while for a wind turbine driven system, 

the cost per litre is increased by 40%.  

7.4 System Suitability for Lilongwe, Malawi (J.R.) 
In Lilongwe, system A1 is clearly the most cost effective system and in situations where 5,000 l/day 

of water is required, this system should be proposed. For applications in Malawi (assuming a 

constant average water table depth of 10m) where a greater volume of water per day is required, 
the rope-pump would be scaled up by increasing the rising-main diameter. Assuming that the 

voltage is kept constant by using additional PV panels in parallel only, the volume of water delivered 
is directly proportional to the effective cross sectional diameter of the rising-main. The following 
variations in the capital cost of components for A1 systems will therefore occur: 

Rope-pump: negligible increase in cost, consisting only of the price difference between pipes of the 

standard and larger pipe diameter and between pistons of the larger and smaller size.  

Gear-motor: The power rating of a motor has a minimal affect on the cost for sizes of a similar order 
of magnitude. This is because an increased power rating does not add significantly to the size or 
complexity of the motor or gear chain as it is the manufacturing and supply processes, which do not 

vary greatly between motor size that are the main source of expenditure.  

PV module: As shown in Section 7.3.1, PV module cost is directly proportional to rated power. The 
additional power required to power a pump is proportional to the cross sectional area of the rising-

main, as this dictates the required current if the voltage is assumed to be at the constant optimum 
level. The relationship between cross sectional area and required current is linear, with a constant 

base level of current required to overcome friction in the system. The cost per litre of water due to 
the PV array therefore decreases with system capacity. This is due to the decreased relative 

magnitude of the constant current required to overcome frictional losses within the motor-pump 
sub-system. It is therefore predicted that the direct drive PV module system will remain the most 

cost effective as the system is scaled up.  

In order for a rope-pump system to lift 10m3/day of water, the upper limit specified in the PDS, the 

cross sectional area of the rising-main would need to be doubled, resulting in a diameter of 2.5cm. 
For this rising-main diameter, the computer program shows that the use of 3 75W PV panels in 

series is sufficient to lift 10m3/day. Using costs outlined in Table 9, the system cost would therefore 
be US$1,800.   

As stated in the PDS, 3 hours of manual backup per week is considered acceptable. As discussed in 
Section 2.6, it is estimated that human power can be delivered at 150W, assuming that it is provided 

in bursts of no longer than one hour at a time. For the 18.8mm diameter, 8m rising-main rope-
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pump, assuming the pump is operated at the same speed as when connected to a PV module, this 
equates to a water volume of 1.8m3, and the full strength of the individual would not be required. 

1.8m3 represents 35% of the total water delivered on a year averaged day, or 5% of the total water 
delivered on an average week. The use of human power is therefore considered to be appropriate to 

provide the additional power necessary to lift water during low insolation periods.  

7.5 Summary 
The PV module was well matched for Systems A1 and A2 with the two panels in parallel, though it 
was necessary to assume operation of the solar panel at well below the maximum power point for 

much of a day. For the battery systems, B1-3, the PV module was well matched with the two panels 
connected in series. In this configuration, the relatively constant terminal voltage of the battery 

meant that the PV module was operating at its maximum power point for most of a day.   

In locations with high enough wind speeds, the systems utilising wind turbines both lift the greatest 

volumes of water and lift water at the lowest price per litre. Wind speeds in Malawi however were 
found to be too low to operate the tested turbine and so system A1, the direct drive PV panel 

powered system, is suggested. This is because, despite delivering smaller daily volumes of water, its 
price per litre of water lifted is approximately 20% lower than that for a system which includes a 

battery.  
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8 CONCLUSIONS (J. R. & C. W.) 
System requirements were defined; through a review of previous work and a dialogue with the 
industrial contacts of the project a detailed Product Design Specification (PDS) was compiled. The 

key system requirements were identified as a low cost and a minimal demand on limited local 
resources. Work then focussed on meeting these two major requirements together with their 

implications. 

Subsystems were investigated; in order to gain a detailed and accurate understanding of the 

systems, empirical data was collected and combined with theoretical models for the individual 
component subsystems. The dependency of the flow-rate of the rope-pump on head and rising-main 

diameter was empirically confirmed to match an improved version of the model, proposed by Rijs, 
Smulders and Blanken, that had also previously been found to accurately predict the dependency of 

the flow-rate on rope velocity, piston diameter and fixing type.  An analysis of frictional loads and 
energy flows within the rope-pump produced a force model, represented by equation (15). The 

model was found to match the empirical data observed previously by Blanken [21] where velocity 
was taken as the independent variable. The proposed force model was also confirmed by data 

collected from a test rig, where head and rising-main diameter were taken as the independent 
variable up to a value of 8m. The force model requires the friction of the rope through the bottom 

guide to be determined empirically due to its complex and chaotic nature; for a standard guide this 
term has been found to equal between 1N and 5N, where the upper bound should be used if not 

identified for the specific rig in question. This complete model of the rope-pump, enables detailed 
specifications of systems based around the pump to be made, when previously a significant degree 
of trial and error was required. Models of the motor, battery and PV array were also identified and 

supported along with the turbine by empirical observations of their characteristics. A complete and 
accurate model was therefore compiled which could then be coded to form a computer model of 

the whole system. 

Alternative piston manufacturing technique was researched; the rope-pump pistons were 
identified as the key part of the rope-pump, they are the main bottleneck in the supply chain and 

source of inefficiencies that ultimately lead to the main source of pump failure. Research proved the 
feasibility of producing hard wood moulds for the pistons from readily available tools. As the 

technique does not require prohibitive manufacturing tools, it greatly increases the breadth of 
potential manufacturing sites of the modern, efficient and robust pistons. 

A computer model of the rope-pump systems powered by alternative energy sources was 
produced; A MATLAB computer model, able to replicate the complete rope-pump system in direct 

drive or battery configurations, utilising a PV module and/or wind turbine as power inputs was 
produced. The rope-pump and motor computer models are based on the component governing 

equations, with component constant parameters as found in the characterisation stages discussed 
above. The PV panel model is based on the characteristic equations, and only requires inputs which 

are available on standard datasheets as this allows for easy comparison of alternative modules 
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within the system. The wind turbine was modelled by directly uploading results from the turbine 
characterisation testing into the computer program. The program inputs are the independent local 

parameters (such as head and local weather data) and parameters which determine the size of the 
system (such as pipe diameter and number and characteristics of solar panels). This allows for the 

flow rate, and therefore the water volume lifted, to be estimated based on the capital cost available, 
as capital cost was identified as the a key differentiating requirement in the PDS.    

A rigorous test regime showed the flow rates predicted by the computer model to be accurate to 

within 7%. This is considered acceptable considering the unavoidable sources of error which would 
occur were the computer program to be used to size pumps for use in the field. There are 

considered to be two major and unavoidable sources of error: firstly, the variation of local weather 
conditions from the average conditions used as program inputs will lead to the available power 
differing from the predicted values. For example, a decrease in the insolation available by 10% leads 

to a 4% decrease in the volume of water lifted for direct drive PV powered system in Lilongwe. 
Secondly, the empirical values derived for the pump and motor in the characterisation stage will not 

be identical for each rope-pump build. This is particularly true of the friction coefficient over the 
bottom guide, for which an increase from 1N to 10N leads to a 10% decrease in the volume water 

lifted for a head of 10m and an internal rising-main diameter of 18.8mm.  

The utilisation of wind, solar and human power inputs to the system was investigated; the results 
of running the computer model showed that in locations with high enough wind speeds, the system 

configurations utilising the Piggott wind turbine both lift the greatest volume of water and lift water 
at the lowest price per litre over a 15 year life span (estimated at 0.03$/m3 for Bristol conditions 
without a battery). Wind speeds in Lilongwe, however, were found to be too low to operate the 

Piggott turbine, which was found to have a cut in speed of 3m/s. The system which was shown to lift 
water at the lowest cost in Lilongwe was the direct drive PV panel powered system. Despite 

delivering smaller daily volumes of water, the price per litre of water lifted was found to be 
0.05$/m3. 

The use of a battery was generally concluded to be unnecessary. The use of a battery as the primary 

load on the PV module or wind turbine allowed for the efficient matching of the IV curves of the 
power source with the IV curves of the load, leading to an average of 40% more water pumped per 

annum for PV powered systems. However, the inherently short life span of the battery leads to high 
capital and component replacement costs which lead to the cost per litre of water lifted being an 
average of 20% higher for systems utilising a battery than for the direct drive systems. In locations 

where water source reliability is a concern, a reservoir should be used.  

A word of caution should also be noted, the findings of this project are largely limited to the specific 
technical considerations of the system hardware investigated and should only be used as an aid 

when specifying a final installation. Economic, social and environmental factors associated with 
technical hardware will prove to be crucial to the success or failure of the final systems. Frequent 
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maintenance and additional control systems required are likely to make the system impractical in 
locations where the necessary resources are unlikely to be available. The importance of a simple 

system, with a minimal demand on local expertise and supply chains and one that is appropriate to 
both the hydrological, geographical and social environment is crucial. A point both stressed by 

industrial contacts and made clear through a literature review of similar systems in developing 
countries. The computer program results should therefore be used only as a guide when considering 

the systems investigated above, amongst a range of other designs that should include a simple hand-
pump.  

8.1 Future Work  
Based on the findings of the project, the possibility of integrating an electric wind turbine with a 

rope-pump may be given greater investigation. The use of a vertical axis wind turbines may offer a 
promising alternative but one that was beyond the scope of this project. Where winds permit the 

use of a wind turbine, a mechanical direct-drive turbine may require less maintenance and cost, an 
option that was beyond the scope of this project. 

There is large amount of potential for the alternative piston manufacturing technique developed 
during this project, which unlike current methods does not require a lathe. Investigation into the 
possibility of using the moulds with an injection moulding device is needed together with a rigorous 

investigation into the durability of the pistons produced. 

There is potential for the computer program to be used by individuals and companies charged with 

the design and distribution of rope-pump systems. For this to be possible, the program would need 
to be loaded with weather data for a wide range of locations, and with power curves for a selection 

of available wind turbines. The process of selecting a PV module could also be improved if the 
program were linked to an available database of PV modules, such as that compiled by Sandia [78], 

removing the need to input a large amount of data from datasheets. The program would be of most 
use in the early system design stages, to carry out feasibility studies for a number of system 

configurations. Thus allowing the user to determine the most suitable system for the location, which 
could then be designed in detail, with consideration given to the realities of component sourcing and 

maintenance. 

The modular nature of the program makes it possible to add additional ‘modules’. Any component 

which can be fully characterised could be added. A potentially suitable module would be a small 
grain mill: an item commonly used in developing countries which requires large amounts of man 
power to operate and has the potential to be powered by alternative sources. There is also potential 

for adding additional power source modules to the program, for example, a diesel engine. 

Further work could also be carried out to assess the accuracy of the computer program beyond that 

suggested by the test regime. This could be achieved by carrying out the test regime of the program 
for the full range of empirical constants measured during the component characterisation stages, 

rather than just the average values. 



97 
 

There has been considerable interest in the solar-rope-pump since its conception in 2007 by Lambert 
[8]. As a result of the findings of this project, a comprehensive manufacturing guide will be drawn up 

for the direct-drive solar system which will include the interactive software detailed above. In 
September this information will be used by a student from the Sustainable Energy Department at 

Mzuzu University in Malawi. Solar-Aid, a UK based solar power charity who have supported the 
solar-rope-pump project from its inception, have a trustee, Maxon Chitawo, who is the head of the 

department. The student will then 

• Source all the parts and fix more accurate costs to them 

• Construct a full range of systems 

• Carry out complete quality control tests of the systems 

• Add any improvements as they see fit 

• Carry out a comprehensive comparative cost-benefit analysis of the pump and its competition.  

The final design would then be ready for manufacture and installation by April 2010. Interest in 

funding installations has already been expressed and budget proposals put forward.  
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APPENDIX A 
Engineering Drawings of Pistons 

 
Figure 85: Engineering drawings of small piston (not to quoted scale) 

 
Figure 86: Engineering drawing of large piston (not to quoted scale) 
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APPENDIX B 
Weather Overview 

Table 10: Weather data sources 
Data Location  Reference 
Irradiation UK, Malawi [79] 
Air Temperature  UK [79] 
Air Temperature  Malawi [80] 
Wind velocity  UK [81] 
Wind velocity Malawi [82] 

Irradiation and Air Temperature: Bristol 

 
Figure 87: Global horizontal irradiation in Lilongwe for months with the most and least irradiation 

Irradiation and Air Temperature: Lilongwe 

 
Figure 88: Global horizontal irradiation in Bristol for months with the most and least irradiation 

Wind Velocity: Bristol and Lilongwe 
Table 11: Monthly average wind velocities in Bristol and Lilongwe (m/s) 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Lilongwe 1.4 1.4 1.4 1.7 1.7 1.7 1.9 2.2 2.5 2.5 2.5 1.7 
Bristol 5.7 5.7 6.2 5.7 5.7 5.1 5.1 4.6 4.6 5.7 5.1 5.7 
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