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Abstract 
 

The focus of this research was on Sub-Saharan Africa where a large portion of the poorer 

population is unable to receive their daily dietary supply, have a shortage of water and are 

frequently hit by famines. While being rich in energy resources, they are poor in energy 

supply. This research studies a system that has a potential to make use of the local resources 

efficiently, be of low-cost, utilise renewable energy and generate income in the region. 

To narrow down the research criteria, emphasis has been put on independent remote rural 

farms in the SubτSaharan Africa region. These farms are small scale and based on FAO 

statistics suggesting the average small farm size in the Sub-Saharan African region to be 1 

hectare of land area. A literature review has been conducted to identify the various solar 

powered irrigation technologies and techniques that can be implemented. These are mainly 

in the form of solar photovoltaic (PV) technology and solar thermal technologies.   

Based on the literature the most effective PV and solar thermal systems are presented for the 

irrigation of a small scare remote rural. Solar thermal technology for water pumping is lacking 

when compared to PV powered water pumping technologies especially in small scale 

operations. However, with the possibility of local production, low investment cost, easy 

maintenance and lower carbon footprint, solar thermal water pumping technologies have 

shown to be able to overcome the shortcomings of the PV technology that has stopped 

widespread use of the technology for irrigation applications in the region. 

Experimental Analysis of a low temperature differential Stirling engine, EMSE, was conducted 

to map the temperature and pressure profile.  Modifications made to the EMSE adversely 

affected the performance of the EMSE and a combination experimental scenario was utilised 

to validate the computational analysis of the Stirling Engine. The indicated work output 

remained consistent across the various scenarios to which the Stirling Engine was subjected, 

showing a threshold pressure based on the geometry and the construction of the engine. Low 

cost focus of the study is the AchillesΩ heel of the project. For an effective Stirling system, 

tighter tolerance is paramount but, very expensive to achieve. 
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Chapter 1  

Introduction 

1.1. Introduction 

The global population is increasing, as a result of this, the demand for food, and in turn 

farming and irrigation is increasing as well. However, there is a severe lack of resources which 

mainly affects the poorer population of the world. In addition to this, there is also the issue 

of global warming which is a matter of international importance, it is not only necessary to 

produce more but to do so in a manner that protects the environment. This creates a need 

for the development of sustainable technologies that can be implemented to utilise the 

readily available local resources to drive the cost of the irrigation systems down. 

The Sub-Saharan African region is marred by issues related to food, water and even though 

the region is rich in renewable energy resources, the supply is poor [1].  

The Statistics presented by the FAO (Fig.  1-1) about the Sub-Saharan African region suggests 

that there is an adequate supply of food in the region with and average dietary supply of 110% 

[2]. However, 26% of the population still suffered from food insecurity issues. The reason for 

this is the dependency of many nations in the region on imported food, with almost 1/3 of 

the basic grains being imported [2]. As a result of this, the cost of the food is high making it 

unaffordable to the poorer population. This is clear from the GDP statistics provided showing 

the GDP of Sub-Saharan Africa to be just shy of US$ 4,000 per capita [2].  

 
Fig.  1-1: a) Average Dietary energy supply b) GDP per capita of the population in Africa [2] 
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To overcome the cost of food, it has been suggested to produce the food locally. This will 

drive down the cost of food. However, that may not be as simple due the water issue. 

Agriculture accounts for almost 70% of water use globally [3]. Securing the water in the Sub-

Saharan African region for irrigation will be a difficult task considering there is a shortage of 

drinking water in the region. The water supply in the Sub-Saharan Africa region is inconsistent 

and often contaminated. The main water resources are surface water from open holes dug in 

sandy or dry river beds and these few wells are far and wide requiring people to travel many 

miles to obtain their supply of water. In addition to this, the Sub-Saharan Africa region is 

affected by long dry spells, just in February of 2017, the FAO declared Famine in Sudan and 

northern Nigeria which will affect over 30 million people [4]. All the above lead to 319 million 

people in the Sub-Saharan Africa region being without access to improved drinking water 

sources [5]. 

 

Fig.  1-2: Ground water Resource in Africa [3] 

There is, however, an abundant reserve of ground water (Fig.  1-2) in the region but only 10% 

is currently harvested  [6].  The issue here is, to harvest the ground water, energy is required. 

This cost of harvesting the ground reserves are very high. Not only is the initial investment 

high for purchasing generators and pumps but also the ongoing inflation in fuel costs leads to 

a consistent increase in operational and maintenance costs which are too high for the local 

population to instigate development [7]. 

The Sub-Saharan African region is very rich in energy resources but poor in its supply. The 

general population in the region uses bioenergy as fuel which includes fuelwood (animal 

waste and refuse), and charcoal. Almost 60% of the population to not have access to 

electricity [1]. Recently, however, there has been an increase in the demand and use of coal, 
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gas and oil with the help of governmental subsidies. While there are subsidies for using 

renewable technology, conventional fossil fuel technology is much more readily available and 

much cheaper and thus the preferred option (Fig.  1-3).  

a)  

b)  

Fig.  1-3: a) Sub-Saharan Africa primary energy mix by sub-region                                                                
b) Installed grid-based capacity by type and sub-region [1] 

Energy use is a matter of global importance and with effects of global warming being realised 

across the entire world, a conscience effort needs to be made to utilise renewable energy. 

However, the sub-Saharan African region is very much underdeveloped and to force them to 

implement costly renewable energy technologies would be inappropriate. The need is then 

to offer renewable energy at a low-cost than what is presently available.  

Sub-Saharan Africa receives over 2000 kWh of global solar radiation annually, much greater 

than that received by the top countries implementing solar energy in the world [8]. Severe 

draught, lack of rain and long dry spells provides the opportunity for the utilisation of solar 

power in Sub-Saharan Africa, with both solar thermal and Photovoltaic (PV) technologies [3]. 
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1.2. Research Aim and Objective 

The aim of this research is to develop an independent, portable, low-cost solar powered 

irrigation system that assists in establishing a sustainable water-food-security nexus in 

developing nations. Stirling Engine powered irrigation technology, identified as the potential 

technology for this purpose, has been studied analytically as well as experimentally and 

compared to existing research to provide a better understanding of the technology. This 

research offers a larger data set and establishes key insights into low-cost Stirling engines that 

helps identify areas where the analysis and technology fails at addressing the viability of the 

technology. Finally, the study identifies key focus areas to meet the expectations of the 

research. 

1.3. Research Methodology 

Literature review will be utilized to establish the solar powered technology that will be 

investigated. Based on the Literature review, the solar powered technology will be analysed 

using Computational Fluid Dynamics (CFD) Modelling. The CFD model will then be validated 

using experimentation work. The key geometrical components of the system will be indicated 

and the performance optimised. Fig.  1-4 displays the project methodology. 

 
Fig.  1-4: Research Methodology 
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Chapter 2   

Literature Review 

2.1. Introduction 

The following section contains review of literature containing various Solar powered 

technologies including solar photovoltaic (PV) and solar thermal technologies. While there is 

numerous researches on PV and Solar thermal technologies, the focus on this review is to 

study the implementation of the technology in irrigation. 

A detailed Literature review has been published by the author and has been provided in 

Appendix 5. 

2.2. PV Technologies 

PV irrigation systems use PV panels to produce electricity from solar energy which is then 

used in conjunction with an electric motor to drive a pump. Fig.  2-1 depicts a typical PV 

irrigation set up. This system can be further enhanced depending on the output requirement, 

charge regulation based on the requirement of the pump (AC / DC) as well as the 

incorporation of a battery to counter the fluctuation of solar irradiation available throughout 

the day or even for irrigation at night, when lower water losses and higher irrigation 

uniformity is observed [9]. 

 

Fig.  2-1: Schematic of a simple PV irrigation set up for groundwater retrieval [10] 
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The water outlet from the irrigation system (depicted in Fig.  2-1) can be used either directly 

for irrigation or can be used to fill up a water storage tank. An advantage of the water storage 

tank is that it can be a substitute of the battery system, wherein the potential energy of the 

stored water can be utilised for drip irrigation.   

Photovoltaic systems are generally very simple to implement, and an adequately designed 

system is efficient and can compete with other fossil fuel driven systems when operational 

and maintenance costs are considered. However, the initial investment is high and is one of 

the major issues making the technology inaccessible to the demographic in the Sub-Saharan 

Africa region [11].   

While PV systems are easier to maintain than most other renewable energy systems, there 

are lots of factors that limit its use including, inconsistent solar irradiation, expensive tracking 

systems, reduction in efficiency due to overheating of panel systems, lower output due to 

energy conversion and one of the major issues identified in recent times is the large 

environmental impact in the production of PV panels [11ς13]. Fig.  2-2 shows a systematic 

diagram of an irrigation system designed using PV panels. 

 

Fig.  2-2: Schematic diagram of micro-irrigation system powered by solar PV [14] 

A decrease in the cost of PV technology has meant many rural developments have been keen 

on utilising the technology. Because of this, a great amount of research has been conducted 

on solar PV technologies for water pumping in the recent years so much so that photovoltaic 

irrigation systems have become synonymous with solar-powered irrigation. 
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Multi-Junction PV panels are the most efficient form of PV panels but the environmental 

impact of these panels are higher than that of other renewable energy sources [12,15]. Table 

2-1 shows the efficiencies of various PV cell types. Cadmium telluride cells are a better option 

with a module efficiency of 19.1%, with the least greenhouse gas emissions and quickest 

payback period [15,16]. In terms of cost, PV systems fare better in the lifetime cost analysis 

when compared to diesel [12,16,17]. The initial investment cost for PV panels are however 

too high in comparison to Diesel and other renewable energy systems such as solar thermal 

and wind [12]. However, a PV system can have a payback period of under 6 years [16], which 

is unmatched by other types of irrigation solutions in remote rural areas. 

Table 2-1: PV cell efficiency at 25°C and 1000 W/m2 [18] 

PV Cell Materials type Efficiency (%)  PV Cell Materials type Efficiency (%) 

Silicon   Dye mini module 10.7±0.4 

Si (crystalline) 26.3±0.5  Thin-film chalcogenide  

Si (multi-crystalline) 21.3±0.6  CIGS (cell) 21.0±0.6 

Si (thin-film 

minimodule) 

10.5±0.3  CIGS (minimodule) 18.7± 0.6 

IIIςV cells   CdTe(cell) 21.0 ±0.4 

GaAs (thin film) 28.8±0.9  Multi-junction devices  

GaAs (multi crystalline) 18.4±0.5  Five-Junction Cell 

(bonded) 

38.8±1.2 

InP (crystalline) 22.1±0.7  InGaP/GaAs/InGaAs 37.9±1.2 

Dye sensitised   a-Si/nc-Si/nc-Si (thin film) 14.0±0.4 

Dye 11.9±0.4  Si (amorphous) 10.2±0.3 
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Based on research by R. López-Luque et al. [19], to irrigate 1 hectare of land less than 1 kW 

power is required and in such cases where the power system required is less than 5 kW, the 

DC motor system is preferred over AC motors. The study further indicates that permanent 

magnet DC motors provide the highest efficiency, torque and fastest response in comparison 

to other DC systems. The Positive displacement pump is shown to be beneficial for higher 

heads while for lower heads the diaphragm pump is better suited both providing efficiencies 

of 70% [13,16,20,21].  

The use of battery is subject to the location and type of irrigation requirement, the costs of 

the systems also vary likewise. While an overhead tank may suffice in certain scenarios, others 

demand the use of battery for on demand use of electricity and a more consistent electricity 

supply [20,21]. Research by D. H. Muhsen et al. [11], on the other hand, proposed an 

aluminium foil reflector to boost  the solar radiation.  

The Power output and costs associated with PV systems vary depending on the irrigation 

scenarios [13,14,22ς26]. To optimise the design of the PV system and the associated costs, it 

is important to understand the requirements of the crop by performing site surveys and 

analysing the working conditions. Considering the high solar potential in sub Saharan Africa 

and a case for drip irrigation, Fig.  2-3 shows the proposed solution for retrieving underground 

water for irrigation. The system provides 13.65% over all theoretical performance efficiency. 

 
Fig.  2-3: Schematic of proposed PV water pumping system for remote rural areas of Sub-

Saharan Africa [27] 

Drawback of PV technologies include, the degradation of power of PV cells due to long term 

exposure is 0.8% per year [28]. At the elevated temperatures and humidity expected in sub-

Saharan Africa the issue may be more prevalent. To compensate for this more intelligent 

system may have to be incorporated which will further increase the cost. Another issue with 

t± ǘŜŎƘƴƻƭƻƎȅ ƛǎ ǘƘŀǘ ƛǘΩǎ ƳŀƴǳŦŀŎǘǳǊŜ ǇǊƻŎŜǎǎ ǇƻǎŜǎ ŀ ƘƛƎƘŜǊ ǘƘǊŜŀǘ ǘƻ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ƛƴ 

comparison to other Renewable Energy Technologies and about 4 times more harmful than 
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Nuclear technology [12]. Table 2-2 enlists the environmental impact of different PV cell types. 

Using batteries and the transportation further elevate the carbon footprint of the technology. 

Finally, accumulation of dust is another issue associated with PV technology.  

Table 2-2: Environmental impact of different types of PV cell types [12] 

Type of cell Energy payback 

time* (Years) 

Greenhouse Gas emissions 

(g-CO2-eq./kW h) 

Lifetime 

(years) 

Mono crystalline 2.5 50 N/A 

Multi crystalline 2.0 43 N/A 

Cadmium telluride 1.5 48 20 

Copper Indium selenide 2.8 95 20 

Amorphous silicon 3.2 34.3 20 

*  Energy payback = energy used for manufacture and set up divided by energy produced. 

The data from the reviews have been compiled and presented as per tabularised in Table 2-3. 

The Table focuses on the irrigation requirement of the system (including flowrate and 

pumping head), The PV module and power of the system utilised to meet the requirement, 

the area of the farm land and the cost of the technology. 
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Table 2-3: Review summary of Solar PV water pumping 

Author Location Function Flowrate head PV Panels 
Power 

Out Avg 

Batt

-ery 

Farm 

Size 
Cost 

Deveci 

[20] 

Turkey Trees 

2 hr 

irrigation 

610 l/h 1m 2 x 10Wp 132 Wh Yes - $582 

Investment 

Campana 

[22] 

Mongolia 

China 

Alfaalfa 50 m³/ha 40m 

(TDH) 

- 2.9 kWp - - min - $0.8 

/Wp 

max - $2.0 

/Wp 

Campana 

[23] 

Mongolia 

China 

Alfaalfa 3.9 m³/h 5m 6 x 0.96 kWp - - - $2 /Wp 

López-

Luque [19] 

Almeira 

Spain 

Olive 

Trees 

2 m³/h 40m - 150 W/ha - 250 

trees  

/ha 

$2.14 /Wp 

   

60m 

 

250 W/ha 

  

    

80m 

 

300 W/ha 

   

Chandel 

[16] 

- Orchard 3.4 - 3.8 

l/h 

- - 900 Wp - - - 

 Madina 

Saudi 

Arabia 

- 22 m³/day - 24 Modules 

8 series 3 

parallel 

- - - - 

 Gunung-

kidul 

India 

water 

Supply 

0.4 - 0.9 

l/s 

1400

m 

32 PV Panels 3200 Wp - - - 

 Spain Orchard 161 

m³/day 

- - 6 kWp - 10 ha - 

 Algeria - 60 m³/day 14.5m - - - - $0.04/m³ 

Chandel 

[28,29] 

Himachal 

Pradesh 

India 

Test 5500 l/h - 12 mono-C-

Si  

PV modules 

396 Wp Yes - - 

Kumar 

[14] 

Hyderabad 

India 

- 900 l/h 4.5m 1.44 m² 148 W Yes 2 ha $410 

(full 

system) 

Hossain 

[24] 

Dhaka 

Bangladesh 

Brinjal 100 l/min 33.5m 1050 Panels 1440 W Yes 520 

m² 

$5660 

 

Tomato 

  

with 

tracking 

  

520 

m² 

 

  

Wheat 

     

496 

m² 

 

  

Rice 

     

220 

m² 

 

¢ŀōƭŜ ŎƻƴǘƛƴǳŜŘΧ 
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Author Location Function Flowrate head PV Panels 
Power 

Out Avg 

Batt

-ery 

Farm 

Size 
Cost 

Bengh-

anem [30] 

Saudi 

Arabia 

Test - 50m - 

80m 

PV array of 

24 mono 

crystalline 

solar cells 

(8S x 3P) 

1800 Wp No - - 

Treephak 

[21] 

Thailand Rice 15 m³/h 3.9m 250W x 6 - 

AC 

1500 W No 0.5 

ha 

$2800 

     

250 W x 4 - 

DC 

1000 W No 0.5 

ha 

$2000 

     

295 W x 4 - 

AC 

1180 W Yes 0.5 

ha 

$2800 

     

295 W x 3 - 

DC 

885 W Yes 0.5 

ha 

$2200 

Yahyaoui 

[25] 

Brazil Tomato 200 m³/h - - 10 - 10000 

W 

Yes 10 ha - 

Reca [26] Almeira 

Spain 

Tomato 60000 l/h 40m - 600 W/ha No 1.9 

ha 

$2.14 /Wp 

Jones [17] Jordan Desalinat

ion 

4000 -  

15000 

m³/ha/yr 

25-

100m 

- 245 W Yes 4-10 

ha 

$1.25-

$4.30 /W 

Sontake 

[13] 

Nigeria - 20 m³/day - 60 WP x 28 - Yes - - 

 Germany Portable 

water 

- 5-

125m 

90 nos 180 kWp - - - 

 Bushland 

Texas 

- 2-8 l/min 3-70m - 160 W - - - 

 - - 10-165 l/h 10-

16m 

2x45W - - - - 

 - - 40 m³/day 10m - 300-500 

Wp 

- - - 

Setiawan 

et al. [23] 

Indone-

sia 

Portable 

Water 

0.2 ς 0.9 

l/s 

218 m 32 x 100 Wp  3200 Wp no - - 

Muhsen 

[11] 

Saudi 

Arabia 

- 600 l/h 50m - 0.98 kWp - - - 

 Egypt - 150 

m³/day 

30 - 6.048 

kWp 

- - - 

 Algeria - 6 m³/day - (4S×3P), 

(3S×4P)  

BP Saturn 

- - - - 

¢ŀōƭŜ /ƻƴǘƛƴǳŜŘΧ 
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Author Location Function Flowrate head PV Panels 
Power 

Out Avg 

Batt

-ery 

Farm 

Size 
Cost 

Muhsen 

[11] 

Kairouan 

Tunisia 

- 6.5ς30 

m³/day 

65-

112 m 

- 2.1 kWp - - - 

 Ghardaia 

Algeria 

- 4-6 

m³/day 

19-35 

m 

- - - - - 

 Madina 

Saudi 

Arabia 

- < 22 

m³/day 

80 m (6S×3P), 

(12S×2P), 

(8S×3P), 

(6S×4P) ×75 

Wp 

- - - - 

 Oran 

Algeria 

- 6-65 l/m 0.6 -

11 m 

- 1.5 kWp - - - 

 Tall 

Hassan 

Jordan 

- 45 m³/day 105 m - 5.9 kWp - - - 

 Greece - 20 m³/day 30 m (2S×6P) ×51 

Wp 

- - - - 

 Turkey - 18 m³/day 20 m 2 x 230 Wp - - - - 

 

  

52 m³/day 

 

8 x 200 Wp 

    

 New 

Delhi 

India 

- 38 m³/day 5 m 4S x 5P - - - - 

 Purwodad 

Indonesia 

- 1.44-3.24 

m³/h 

218.3

4 m 

8S x 4P 3.2 kWp - - - 

 Louata 

Tunisia 

- 7.7-14.7 

m³/day 

65 m 14S x 3P 2.1 kWp - - - 

 Madina 

Saudi 

Arabia 

- Җ оо 

m³/day 

50-80 

m 

8S x 3P 1.8 kWp - - - 

 Bejaia 

Algeria 

- 43.66 -  

27.91 

l/min 

11 m 6S x 3P 990Wp - - - 

 Nigeria - 10-30 

m³/day 

40 m - 840-2520 

Wp 

- - - 

Tiwari and 

Kalamkar 

[31] 

India Domestic 

Use 

20232 L/d 

23317 L/d 

24374 L/d 

22130 L/d 

 3S X2P 

4S X 2P 

5S X 2P 

7S 

850 

1000 

1020 

1040 

No - - 

¢ŀōƭŜ ŎƻƴǘƛƴǳŜǎΧ 
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Author Location Function Flowrate head PV Panels 
Power 

Out Avg 

Batt

-ery 

Farm 

Size 
Cost 

Kabalci 

[32] 

Turkey Vineyard 400 m3/d 100 m 245 Wp 

Panels 

connected 

((2P) X S) X2 

2000 

Wp 

Yes - - 

Sarkar 

[33] 

Bangladesh Farm 

land* 

128 m3/d 

373 m3/d 

740 m3/d 

645 m3/d 

300 m3/d 

12.8 m 

9.71 m 

16 m 

14.6 m 

35 m 

Poly-

crystalline Si 

3.5 kW 

4 kW 

7.5 kW 

11 kW 

7.5 kW 

Yes - $ 1800 / kW 

* Only the Lowest and Highest range values have been identified in the table out of 108 

installations 

2.3. Solar Thermal Systems 

Solar thermal systems obtain thermal energy from the sun via a solar collector or a solar 

concentrated surface. The energy is then transferred via a fluid or directly to either a Rankine, 

Brayton or Stirling Cycle engine which then converts the thermal energy into mechanical 

work. The mechanical work produced can be used directly to power pumps, converted to 

electrical energy for storage, or for powering an electrical pump. Fig.  2-4 shows a schematic 

of a solar thermal powered irrigation system. Direct utilisation of the mechanical power is 

desired; however, solar thermal technologies require consistent, direct solar irradiation to 

function adequately in the absence of such storage system may be required to be 

implemented. Storage of thermal energy is a much more difficult proposition when compared 

to the storage of electrical output.  

 
Fig.  2-4: A typical Rankine cycle solar thermal pumping system [12] 

There are two types of solar thermal irrigation systems conventional technologies that use 

the Rankine cycle and unconventional systems that use vapour cycle liquid pistons or metal 

hydride systems to produce mechanical / electrical output [34].  
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Conventional systems are much larger and more complex in comparison to unconventional 

systems but is the most widely tested solar thermal systems [12]. Conventional systems 

require high investment costs, maintenance costs and have very low efficiencies (around 1%) 

ŀƴŘ ƘŜƴŎŜ ŀǊŜƴΩǘ ŎƻƴǎƛŘŜǊŜŘ ŦƻǊ ǿƛŘŜ ǎŎŀƭŜ ǳǎŜ ŦƻǊ ƛǊǊƛƎŀǘƛƻƴ[13]. Instead conventional solar 

thermal irrigation may be undertaken in conjunction with desalination, or power generation 

[11,34]. Standalone, conventional systems are large, expensive and immobile in comparison 

to PV. Fig.  2-5 Shows a solar powered organic Rankine system. 

 
Fig.  2-5: Solar Powered Organic Rankine Cycle system [35] 

Unconventional technologies include Stirling Engine systems, Two stroke piston systems 

which are similar to Stirling systems [36,37] and metal hydride systems. Unconventional solar 

thermal technologies, generally have low pumping potential except for metal hydride systems 

that have flow of up to 2000 litres with a flat plate collector of just 1m2 area. However, metal 

hydrides are expensive and not easily accessible in remote locations [12,34,38].  

Stirling engines, are low cost systems, compact and easy to manufacture. Stirling engine 

irrigation systems are studied for low temperature operations 60 °C ς 95 °C [34,39,40].  Due 

to the flexibility of Stirling systems in accommodating various heat sources and with the 

possibility of using better solar concentration techniques, higher temperature differences 

may be obtained which in turn will ensure a larger output from the system[34,37]. Fig.  2-6 

shows a schematic of a Stirling cycle thermal powered irrigation system.  
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Fig.  2-6: Solar Powered Low Temperature differential Stirling pump [40] 

A Stirling engine produces mechanical work by utilising cyclic compression and expansion of 

a working fluid (air, helium, hydrogen, nitrogen)[41] operating at different temperatures and 

enclosed in a fixed space [42]. The Stirling Engine can achieve the closest efficiency to the 

ideal Carnot cycle when compared to any other engines [43]. The efficiency of Stirling Engines 

are calculated to be between 30-40% for maximum operating temperatures up to 923-1073K 

at operating rates between 2000 ς 4000 rpm [44].  

Liquid pistons are a variation of free piston Stirling engines in which the solid pistons are 

replaced with liquid to allow lower levels of friction and air tightness, see Fig.  2-7 the fluidyne 

pump is an example of such a system where air is heated and cooled and causes a U-shape 

liquid column to oscillate and thus cause lifting and suction. In the laboratory, the fluidyne 

systems have been able to provide up to 3kW of power at a temperature difference of 95°C 

and pressure of 160kPa and giving 2m3/h pump capacity [39].  

 
Fig.  2-7: Liquid piston pump design using diaphragms [34] 
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The final unconventional method discussed in the paper was using the metal hydride. In this 

system, metal hydride is subjected to heat causing release of hydrogen, as hydrogen is 

released the pressure is increased pressing down on the piston. Once the piston reaches the 

bottom of the cylinder, the metal hydride is then cooled, lowering the pressure and leading 

to the absorption of hydrogen. The system studied worked on the basis of heating and cooling 

of the metal hydride that could be controlled by a flat plate collector and the water flow 

generated by the pumping process respectively.  A test on a metal hydride system was 

conducted in Kolkata in 2004 using a 1 m2 flat collector at a tilt angle of 15°. On a clear day, a 

maximum of 2000 litres of water was pumped to a height of 15 m and on a cloudy day 500 

litres of water was pumped. In terms of metal hydride use, on a clear day 240 l/day/kg of 

metal hydride is used while on a cloudy day it is about 60 l/day/kg [38]. The set-up of the 

system is shown in Fig.  2-8. 

 
Fig.  2-8: Metal hydride based solar thermal water pumping system design [38] 

In addition to the above, several novel 2 stroke systems have also been developed, by Kurhe 

et al. [45], Date and Akbarzadeh [36] and Sitranon et al. [37] which also work on a similar 

heating cooling cycle to drive a pumping mechanism. 

The dish type solar concentrator is relatively cheap and the most commonly used solar 

concentration system used capable of providing concentration up to 500 °C with a single axis 

tracker. Table 2-4 enlists different concentrator systems. Based on this system, cheaper and 

easier to manufacture concentration technologies have been designed such as the Linear 

Fresnel Reflector (400 °C concentration) [46]. Hence, the dish system is a good baseline for 

concentration technology that can be implemented with solar thermal irrigation systems. 

Local construction will further reduce the cost as well as carbon footprint of the system. 
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Table 2-4: Range of temperature and ratio of concentration of various solar thermal systems 

[46] 

Technology T [°C] Concentration 

Ratio 

Tracking 

type 

Air Collector 0-50 1 - 

Pool Collector 0-50 1 - 

Reflector Collector 50-90 - - 

Solar Pond 70-90 1 - 

Solar Chimney 20-80 1 - 

Flat Plate collector 30-100 1 - 

Advanced Flat Plate Collector 80-150 1 - 

Combined heat and power solar Collector 80-150 8-80 1-axis 

Evacuated Tube Collector 90-200 1 - 

Compound parabolic collector 70-240 1-5 - 

Linear Fresnel Reflector 100-400 8-80 1-axis 

Parabolic trough 70-400 8-80 1-axis 

Heliostat field + Central Receiver 500-800 600-1000 2-axis 

Dish Concentrators 500-1200 800-8000 2-axis 
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The ease and accessibility of Stirling systems make it a viable option for testing and 

innovation. SUNORBIT, a company from Germany, have produced a concentrated solar 

system using the Stirling cycle capable of 500 Watts, 10 m head, 80,000 L/day known as the 

SUNPULSE [47], see Fig.  2-9. 

 
Fig.  2-9: (a) Solar Stirling Water pump with dish [48] (b) SUNPULSE Stirling System [49] 

¢ƘŜ ǎȅǎǘŜƳ ǳǎŜǎ ŀ ŦƻƭŘŀōƭŜ ŘƛǎƘ ŎƻƴŎŜƴǘǊŀǘƻǊ ǿƛǘƘ ŀ ƘŜŀǘ ǎǘƻǊŀƎŜ ǇƻǿŜǊƛƴƎ ŀ ʴ-type Stirling 

engine. The pump has been tested across Europe, Africa, Asia and Australia and is estimated 

to cost US$ 2,500. Tested by TÜV labs, the system is shown to meet the World Bank target of 

water cost for rural areas of 6 cents/m3. As per tests, the system designed can provide 2.4 

cents/m3. Even though the technology is commercially available, it lacks formal research and 

analysis. The closest system to this was demonstrated by Jokar H, Tavakolpour-Saleh AR [40] 

who performed a mathematical analysis using MATLAB to demonstrate the work flow of the 

Stirling Engine.  

Based on the research undertaken solar thermal technologies utilizing the Stirling engine 

provides the opportunity for small scale remote farms usage if the correct infrastructure is 

available for solar power concentration. Solar concentration technology that is cheap, 

effective and portable is essential to produce a feasible system. Parabolic concentrators and 

dish concentrators provide compact solutions; however, they can be expensive to purchase. 

Local alternatives utilising local materials to build concentration systems may be proposed, 

which will reduce the cost as well as carbon footprint of the system.  

Utilising the technology to produce electricity is not viable, hence direct mechanical use for 

pumping is recommended in conjunction with a water storage tank is the optimal solution. 

Fig.  2-10 shows the proposed solution for retrieving underground water for irrigation in Sub 

Saharan Africa. A hybrid system comprising of Stirling pump with mechanical assist from an 

external system may be proposed to assist the displacer similar to work conducted by Jokar 

and Tavakolpour-Saleh [40].  
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Fig.  2-10: Schematic of proposed solar thermal water pumping system for remote rural 
areas of Sub-Saharan Africa [27] 

The data from the reviews of solar thermal technologies have been compiled and presented 

as per tabularised in Table 2-5. The data focuses on the irrigation attributes of the system 

including flowrate and pumping head, the thermal system and power output of the system 

utilised for irrigation and the cost of the technology. The reviews and data reveal a lack of real 

life testing to solar thermal technologies hence farm size data is not available for solar thermal 

technologies for comparison with PV technologies. 
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Table 2-5:  Review summary of solar thermal water pumping technology 

Author Location 
Flow-

rate  
head 

Power 

Cycle 

Collector 

Type 

Temp 

Difference 

(°C) 

Power Out 

Avg 
Cost 

Mahkamov 

[39] 
UK - - Stirling - 70 - 35 20 - 40 W - 

Delgado- 

Torrez [34] 

Paris 

France 
2.2 m³/h - Rankine 

conical 

Reflector 
- - - 

 Paris 

France 
7 l/min 3 m Rankine 

Parabolic 

9.2 m² 
- - - 

 Pasadena 

US 

5.3 

m³/min 
3.6 m Rankine 

Truncated 

cone 

10m dia top 

4.5m dia 

bottom 

- 7.35 - 

 
- - - Rankine Flat Plate - 14.7 kW - 

 Pensilvania 

US 
- - Rankine 

Solar Pond 

11200 m² 
- 2.57 - 

 Pensilvania 

US 

11.3-12 

m³/min 
10 m Rankine 

Wooden 

Boxes 

1000 m² 

- 
10.29ς11.76 

kW 
- 

 Meadi 

Egypt 

27 

m³/min 
- Rankine 

Parabolic 

Trough 

60m x 4m 
 

- 40.42 kW - 

 Mali 

Africa 

11.3 

m³/day 

45.7

m 
Rankine - - - - 

 
- - 4.8 m Ericsson Parabolic - - - 

 Arizona 

US 

38 

m³/min 
- Rankine 

Parabolic  

554 m² 
- - - 

 
New 

Mexico 

US 

2.6 

m³/min 
34 m Rankine 

Parabolic  

622.4 m² 
- - - 

 Guanajuato 

Mexico 

1000 

m³/day 
- Rankine 

Flat Plate 

2499 m² 
- - - 

 Dakar 

Senegal 

8-10 

l/min 

13-14 

m 
Rankine 

Flat Plate 

6 m² 
- - - 

 San Luis 

Mexico 

2.5 

m³/day 
- - - - 25kW - 

 
Various 

30 

m³/day 
20 - 

Flat Plate 

100 m² 
- - - 

 
Mexico - - Rankine 

Parabolic 

Trough 
- 1kW - 



35 

 

Author Location Flow-rate  head 
Power 

Cycle 

Collector 

Type 

Temp 

Difference 

(°C) 

Power Out 

Avg 
Cost 

Delgado- 

Torrez [34] 

Arizona 

US 
- - Rankine 

Parabolic 

Trough 

2140 m² 

- - - 

 
Egypt - - Rankine 

Flat Plate 

384 m² 
- 10 kW - 

 
- 

14.61 

l/min 
3 m Rankine 

4 x Flat Plate 

1 m² each 
- - - 

 
India 

6.5 

m³/day 
11.2 m Rankine 

Flat Plate 

7 m² 
- - - 

 
India - - Rankine 

6 x Parabolic 

9m dia 
- 

20 kW 

(500 °C 

Steam) 

- 

 
Iran 

20 

m³/day 
- Rankine Flat Plate - - - 

 
India 2 m³/day 6 m 

Organic 

Rankine 
Parabolic - - - 

 
UK 

0.5 - 2 

m³/h 
- 

Liquid  

Piston 
- 

MAX Temp: 

95 
0.8-3 kW - 

 Kolkata 

India 
240 l/day 15 m 

Metal 

Hydride 

Flat Plate 

1 m² 
22-62 - - 

Lakew [50] - - - Rankine - 

80 

(plus 60°C 

Low 

level heat 

source 

2800 - 3750 

kW 
- 

Tchanche 

[46] 
UK - - 

Organic 

Rankine 
- 55 1.47 kW $ 30,000 

 Sendai 

Japan 

0.016 

kg/s 
- - 

 
- 350W - 

Date [36] Australia 
140 

m³/day 
35 m 

2 Stroke 

Liquid 

Piston 

Solar Pond 

5200 m² 
- - - 

Kurhe [45] India 20 L/hr 5 m 

2 Stroke 

Diaphragm 

pump 

Flat plate 

Collector 
50-60 - - 

Baral [35] 
Busan 

South Korea 
- - 

Organic 

Rankine 

Evacuated 

Tubes 
65-95 

0.4 kW - 1.38 

kW 
$ 25,800 

Jokar [40] Iran 0.125 l/s 1.5 m Stirling 

Flat Plate 

Reflector 

2x1m 

100 1-2 W - 
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Author Location Flow-rate  head 
Power 

Cycle 

Collector 

Type 

Temp 

Difference 

(°C) 

Power Out 

Avg 
Cost 

Baral [51] Nepal 

2190-

11100 

m³/year 

150 m 
Organic 

Rankine 

Evacuated 

Tubes 

150-200 m² 

60-100 1-5 kW 

$13,000           

(1 kW) 

$66,900 (5 

kW) 

Sitranon 

[37] 
Thailand 60-95 l/h 2-6 m 

Liquid  

Piston 
- 70 - - 

Moonsri 

[52] 
Thailand 

192.2ς

218.8  

l/day 

1-5 m 
Liquid  

Piston 
Flat Plate 42.9ς46.7 - - 

Bataineh 

[53] 
Jordan - - Rankine 

Parabolic 

Trough 

526 m² 
 

- 30 kW $0.075/kWh 

 

2.4. Summary 

PV powered water pumping technologies are well developed, easily accessible and require 

almost no maintenance over the course of the lifetime of the technology. Studies suggest that 

the best way to optimise the cost and design of the PV powered system is to understand the 

requirements of the crop and perform extensive site survey to analyse the working conditions 

of the system. This is seen in relation to the use of a battery system where cost savings have 

been achieved in certain scenarios without using the battery while in other applications it was 

found that a battery in fact reduces costs.  

While the cost of PV system, over the course of its lifetime, is much lower in comparison to 

diesel powered systems, the initial investment cost is much higher and often too much to 

bare for small scale rural farmers. Furthermore, if the purpose of solar panels is to reduce the 

impact on the environment, it falls short due to a substantial carbon footprint because of the 

manufacturing and transportation impacts of the technology.  

This study identifies that there is a huge potential for solar thermal technology to meet the 

requirements of the small scale rural farmer by using a solar thermal water pumping system 

but the research on these systems are minimal, there is very few data available on the 

feasibility of these technologies especially for small scale purposes.  

In terms of efficiency, solar thermal pumping systems can provide a maximum measured 

efficiency of 3% in comparison to 6% from photovoltaics. But the efficƛŜƴŎȅ ǎƘƻǳƭŘƴΩǘ ōŜ ǘƘŜ 
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main priority in the selection of the appropriate technology, especially since the source is 

renewable. The main factors hence are a functional technology with low cost, local production 

capable and having low impact on the environment.  

A locally produced solar thermal system would be more cost effective and environmentally 

friendly in comparison to PV panels, as far as initial investments are concerned for remote 

area irrigation. The issue with regards to solar thermal powered technologies is that, the 

amount of research undertaken on these irrigation systems is very low.  

Based on the literature review, a Stirling pump system powered by a dish type solar 

concentrator may provide the necessary pump work to meet the requirements of the region. 

While there is a commercial system that matches this description is available there is no 

formal research material available on the unit and the cost of the system is high. Similar 

Stirling systems have been identified but require further development and analysis as in its 

present state they are unable to provide viable output. 

The review of the existing literature and research covered solar PV and solar thermal powered 

irrigation systems. The review highlighted the prospects of utilising solar thermal technology, 

namely Stirling engine, for providing low-cost, portable technology that can be locally 

manufactured to provide income, food and energy security in developing nations. The 

following research gaps have been identified: 

¶ While there is a commercial Stirling pump available, there is no formal research and 

analysis undertaken on the system. 

¶ The cost of the SUNPULSE system is high considering the GDP of the region. Hence, a 

more affordable technology is required that will make the construction of the Stirling 

pump cheaper.  

¶ More accurate multi-dimensional analysis of Stirling pumps is required, to analyse and 

optimise key geometrical components for the pump system.  

This work will utilise simulation techniques to evaluate the possibility of using a low cose, low 

temperature differential Stirling Engine model as a Stirling pump. Several numerical modes 

for the analysis of Stirling engines have been developed. However, one-dimensional 

mathematical models, demonstrated in the literature reviews, fall short of analysing the 
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working process. These short-comings can be partially overcome utilising more complex 

multi-dimensional analysis.  

Computational Fluid Dynamics (CFD) modelling has shown to produce better accuracy [54] in 

demonstrating the working of Stirling engines and shall be utilised to simulate Stirling pumps. 

CFD modelling of Stirling engines is further discussed in Chapter 3. 

In order to develop the Stirling pump, the following work will be carried out: 

¶ Develop CFD model for Stirling pump based on models prepared for Stirling engines 

as demonstrated by Wen Lih-Chen et al. [55ς57] 

¶ Validation of CFD techniques using experimental methods similar to work conducted 

by Jokar and Tavakolpour-Saleh [40] and Kato [58] 

¶ Assess the viability of the Stirling system to meet the requirements of small-scale 

independent farmers in the Sub-Saharan African Region. 
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Chapter 3  

Background Theory 

3.1. Introduction 

The following section contains a framework of concepts and theories that will be utilised in 

this research work demonstrating the irrigation requirement, describing the Stirling engine 

systems and providing an insight into the analysis of Stirling engines using CFD. 

In order to determine the irrigation requirement FAO statistics has been utilised to obtain the 

size of a typical farmland in sub-Saharan Africa and determine the flowrate required for the 

irrigation of the land. The source of water and the environmental impact of the water 

extraction is also discussed. 

Background research has been carried out to summarize the different Stirling systems and 

determine which system is most likely to provide a suitable cost-effective solution for 

irrigation. Key research has been identified in order to build on the research towards 

obtaining a cost-effective solution for irrigation. 

This section also provides background research on Analytical methods for the analysis of 

Stirling Engines focusing mainly on CFD as a tool in the analysis of the Stirling engine.  

3.2. Irrigation 

Presently the ground water reserves in shallow aquifers (under 50m depth) of Sub-Saharan 

Africa are a result of water collection for 20-70 years, hence are expected to withstand short 

term fluctuation of climate [59]. However, the resources are vastly underused presently, and 

the introduction of irrigation may stretch the capacities of the reserves. This entails a 

conscious effort that must be made to use the water resource responsibly.  

The purpose of this research is not only to provide a pumping solution, but to also ensure the 

best practice for irrigation is incorporated. Hence, the drip irrigation method is considered to 

calculate the water flow requirements. 
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Fig.  3-1: A typical Drip irrigation set-up [60] 

In the drip irrigation method, water from a storage tank is transported through a network of 

narrow pipes, valves and emitters to drip directly onto the root of the plats or on to the soil 

surface. Drip-irrigation also helps in controlling the amount of fertilizers used as, the fertiliser 

can be mixed with the water in the storage tank [61]. See a typical Drip irrigation arrangement 

in Fig.  3-1. 

Drip irrigation is one of the most efficient methods of watering crops. Its field application 

efficiency can be as high as 90% compared to 60ς80% for sprinkler and 50ς60% for surface 

irrigation [62]. Drip irrigation method also have the lowest rate of soil evaporation of 7-10% 

of total water loss compared to 30% seen for fully wetted row crop irrigation methods [62].  

Drip irrigation systems have already been implemented in regions of southern Africa for small-

scale farmers. These systems generally use a reservoir ranging from 10ς15 L bucket to 200-

300L fuel drum reservoirs. Placed at a height of 1-2 m above the ground, the reservoirs can 

irrigate a small vegetable garden from 50 m2 area up to 250-500 m2 area. Presently the 

systems have not seen much success mainly due to the lack of access of water sources and 

improper implementation due to lack of proper education regarding the technology 

transferred to the farmers. The energy cost for the above systems are generally US$ 500 to 

US$ 700 per hectare which is just the labour cost associated with refilling the reservoirs [63]. 
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For the purpose of this study, a 1 hectare land space is considered for irrigation based on the 

FAO statistics pertaining to small farm size in Sub-Saharan African region. The small farms are 

categorized between 0-10 hectares. The largest farm size seen in Niger with 6 hectares with 

an average of 2 hectares being the largest among the small farms. The smallest farms, 

however, average close to 0.01 hectares thus bringing the overall average small farm size to 

1 hectare. See Table 3-1 for Farm size data presented by the FAO. 

The amount of water required to irrigate 1 hectare of land depends on the type of soil, the 

type of crop that will be harvested, the growth stage and the climate of the location. The 

Stirling pump design will be based on the worst-case scenario [11]. Since most of the imports 

in the region are for grains, crops in this criterion will be considered for the water requirement 

calculations. This may include rice, barley, lentils and wheat to name a few.   

Table 3-1 Small Farm Size, Sub-Saharan Africa [64] 

Small Farms 

Country min max avg 

Kenya 0.04 1.2 0.47 

Ethiopia 0 2.3 1.01 

Malawi 0.004 0.91 0.46 

Niger 0.0002 6 2.63 

Nigeria 0.00002 2.22 0.6 

Tanzania 0.001 2.2 0.9 

Uganda 0.004 1.6 0.7 

Average 0.01 2.35 0.97 

 

There are 6 steps to the calculation of irrigation water requirement: 

¶ Step 1: Determine the reference crop evapotranspiration 

¶ Step 2: Determine the crop factors 



42 

¶ Step 3: Calculate the crop water need 

¶ Step 4: Determine the effective rainfall 

¶ Step 5: Calculate the irrigation water need 

¶ Step 6: Calculate the volume of water required 

Reference crop evapotranspiration (ETo), expressed in mm/day is the amount of water 

needed by the various crops to grow optimally. For the ETo the worst-case scenario presents 

a hot, dry, windy and sunny day.  Based on estimates provided by the FAO, in an arid location 

with temperatures above 25 °C the water needs in peak periods is 10mm/day for grains.  

The Crop factor (Kc) is the relationship between the reference grass crop and the crop being 

grown. For Grains such as Barley, oats and wheat the crop factor is highest in the Mid-Season 

measuring 1.15, while that of lentil is 1.1. Rice has the highest Kc value of 1.35 also during its 

mid-season. Rice is a very water intensive crop and hence is not being considered.  

The crop water needed (ET crop) is ETo x Kc. Considering the crop factor for barley, oats and 

wheat, the ET crop value is 10 x 1.15 = 11.5 mm/day. Considering a dry day during the peak 

cultivation period, the effective rainfall (Pe) is set to zero, the irrigation water requirement 

hence remains, ET crop ς Pe = 11.5 mm/day. For 1 hectare (10,000 m2) land space, the volume 

of water required = 10,000 (m2) x 0.0115 (m/day) = 115 m3/day = 115,000 litres of water per 

day. The Stirling engine is expected to work throughout the sunlight hours of the day. With a 

minimum of 6 hours of useable sunlight [65], the Stirling engine needs to be capable of a 

flowrate of 5.35 litres per second.  

The amount of hydraulic power (ὖ in kW) required to generate this flowrate can be 

calculated using the formula: 

ὖ
ή”ὫὬ

σȢφ ρπ 

Where, ΨqΩ is the flowrate (19.26 m3/h), Ψ”Ω is the density of water (considered to be 1000 

kg/m3), ΨgΩ is the acceleration due to gravity (estimated as 9.81 m/s2) and ΨhΩ is the differential 

head considered to be 20m to allow transportation of the water from the underground 

reserve to a above ground tank to facilitate drip irrigation. Given the values, the power 
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required from the Stirling pump is 1.1 kW. Considering a pump efficiency of 60%, the Shaft 

power (ὖ in kW) can be calculated using the formula: 

ὖ
ὖ
– 

Where, – is the pump efficiency. Thus, the Shaft power is 1.75 kW. Using 7 x 250 W 

commercially available solar panels PV technology can be used to generate the necessary 

power to run a pump. This arrangement will require approximately 11.2 m2 for the panel 

installation area and would cost up to $3,800 (USD) [66]. For solar thermal engine considering 

the example of the Sun Pulse system, with a hot side temperature of 150°C and a cold side 

temperature of 40°C, a mechanical efficiency of 13% is obtained. Using a 4 bar pressure 

loaded engine at 2 bar pressure, the Sun Pulse can provide an output of 2 kW at an estimated 

price of $ 2,000 (USD) [67][47]. 

Both Solar PV irrigation [39] as well as solar thermal technologies using Rankine cycle systems 

[34] and in one case a theoretical set-up of 2-stroke date cycle systems [36] have been capable 

of achieving this target. The commercially produced SUNPULSE Stirling system is capable of 

3.7 l/s at a 10 m head [47]. While attaining 5.3 litres per second is the preliminary goal, the 

target may be modified based on the capability of the Stirling engine based on the design that 

will be evaluated using Computational Fluid Dynamics. 
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3.3. Stirling Engine 

The Stirling Engine is based on the Stirling cycle. This cycle consists of four main processes, 

Compression at constant temperature (T), Heat addition at constant volume (V), Expansion at 

constant temperature and constant volume heat removal [44], represented in Fig.  3-2. 

 

Fig.  3-2: Pressure (P) ς Volume (V) and Temperature (T) ς Entropy (S) diagram for Stirling 
Engine [44] 

The Stirling engine consists of a hot side, a cold side and a regenerator. On the hot side, a heat 

exchanger obtains heat from a source, which can either be utilising fuel consumption or 

irradiative heat from the sun. The cold side, depending on the application, could either be 

exposed to atmospheric temperatures, a cold wall, or other liquid cooled systems.  

The higher the difference in temperatures between the hot and cold sides, the better the 

efficiency of the system. The Regenerator is an area of heat storage that is generally 

connected between the hot and cold sides of the engine. This regenerator retains the heat 

that may otherwise have been lost to the surrounding environment and the space is also used 

to allow the working fluid to go from the cold side to the hot and vice versa.  

There are Three major configurations of the Stirling Engines, Alpha, Beta and Gamma type: 

3.3.1. Alpha Stirling Engine 

An alpha configuration Stirling Engine consists of two pistons contained in a hot and cold 

cylinder that are joined to a crankshaft at 90° phase angle to each other [44]. The cylinders 

are connected to each other with a Regenerator and the working Fluid is generally a gas. Fig.  

3-3 depicts a simple alpha configuration schematic.  
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The Alpha Stirling Engines provide the highest power to volume conversion among the various 

types of Stirling Engines, however, durability of the seals of piston against the hot cylinder 

due to the requirement of close fit tolerance often creates technical problems [43].  

 

Fig.  3-3: Alpha Stirling Engine Schematic 

3.3.2. Beta Stirling Engine 

The Beta configuration Stirling Engine utilizes a displacer in conjunction with a power piston 

within one cylinder. The working fluid is navigated from the hot space to the cold space with 

the help of the displacer across the location of heat application, the regenerator and the cold 

workspace.  The cold space houses the power piston which is used to compress the working 

fluid when the displacer brings the fluid to the cold workspace and expands when the fluid is 

taken to the heat application region [68]. Fig.  3-4 shows the schematic of a simple beta 

configuration.  

 

Fig.  3-4: Beta Stirling Engine Schematic 
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The Beta configuration has a compact set up and assists in eliminating the issue with the 

durability of the seal as faced in the alpha configuration in the hot workspace. However, 

because of the compact nature of the configuration, the surface area at the heat application 

is limited affecting the heat transfer from the source, leading to lower efficiency [43]. 

3.3.3. Gamma Stirling Engine 

The functioning of the Gamma configuration Stirling Engine is similar to that of the Beta type 

Stirling Engine, however, in this configuration the power piston is mounted in a separate 

cylinder. This allows complete isolation of the power piston from the thermal reservoir. The 

Displacer can then be designed to a larger size to provide more swept area than both the 

alpha and beta configurations [69]. See Fig.  3-5 for schematic of a gamma configuration 

Stirling Engine. 

A single Crankshaft connects the power piston and the displacer enabling the piston to 

compress as well as expand the working fluid. In this double acting piston arrangement, the 

gamma configuration Stirling Engine can provide the maximum possible mechanical 

efficiency, so long as the unit is designed vertically to reduce the friction due to bushing [70]. 

Since a higher mechanical efficiency is desirable for pumping systems, The Gamma Stirling 

Engine seems to be the most likely choice of Stirling engine to further investigate. 

Furthermore, the simplicity of the design of the gamma configuration has enabled wide range 

of research encompassing low temperature systems such as the Free Piston Stirling Engine.  

 

Fig.  3-5: Gamma Stirling Engine Schematic 
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3.3.4. Free Piston Stirling Engine 

In a free piston Stirling engine, the power piston for a gamma type Stirling Engine is 

substituted with a free piston, a liquid piston or a diaphragm. Using a liquid piston or 

diaphragm drastically reduces the friction losses in the system, further improving the 

efficiency. There is no conƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ άǇƛǎǘƻƴέ ŀƴŘ ŘƛǎǇƭŀŎŜǊ Ǿƛŀ ŀ ŦƭȅǿƘŜŜƭ ƘŜƴŎŜ 

the mechanical work generated can be used as a pump [49]. Fig.  3-6 shows the schematic of 

a free piston Stirling engine. In this case Gravity is used to generate the compression stroke. 

There is no separate regenerator in the system, the narrow gap between the displacer and 

the cylinder containing it, act as the displacer. 

 

Fig.  3-6: Free Piston Stirling Engine Schematic 

The gamma type free piston Stirling pump is one of the simplest Stirling pumps in terms of 

construction and has been considered as the focus of this PhD thesis. To design an effective 

system, the irrigation requirement will be calculated based on the irrigation requirements the 

pump will be designed using CFD analysis. Concentrated solar thermal energy will be used as 

the heat source for the system and a liquid piston will provide the pump work required to 

pump water from the underground reserve to the storage tank. This system will be similar to 

the work done by Jokar and Tavakopour [40] (Fig.  2-6).  
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3.4. CFD Analysis of Stirling Engines 

The analysis of Stirling Engine includes the complicated processes of heat and mass transfer 

due to the geometrical effects of the various multi-dimensional components of the engine. 

While Numerical methods have implemented to define the workings of the engine, an 

accurate representation of the performance is yet to be obtained. In such cases, advanced 

simulation approaches using CFD models can assist in mapping the geometrical features to 

accurately predict the heat and mass transfer of the system.  

The first instance of successful application of 3D simulation of Stirling Engine is attributed to 

K. Mahkamov[54] in 2006. In his work, he developed a prototype of an alpha type biomass 

Stirling engine based on mathematical analysis. Upon testing the power output of the system 

was appreciably lower than that predicted. This prompted the use of advanced 3D CFD 

analysis which provided numerical results that closely replicate the experimental data. 

With the application of CFD becoming more common in recent times, with CFD software 

becoming more accessible to researchers, numerous studies have been conducted covering 

both 2D and 3D simulations of Stirling engines. Due to the cyclic nature of the system, 

transient analysis is performed on a compressible fluid performing under the rules of the ideal 

gas. 

Simulations made using 2D modelling are generally compiled within a short period of time 

when compared to 3D models. However, due to the non-uniform distribution temperature in 

Stirling Engines, the rate of heat transfer is not accurate. The same goes for fluid flow analysis 

in the Stirling engine.  For both these parameters the geometry of the models need to be well 

defined and calls for a more complex 3D model analysis [71ς73]. 

Both laminar and turbulent models for CFD analysis have been presented. To facilitate laminar 

flow conditions in the system the model prepared are very small [55ς57,71,72,74,75]. Once 

again this is done to reduce the computational time and for the simulation of the Stirling 

engine but does not accurately represent the experimental parameters with which the results 

are compared. Furthermore, using a laminar flow model makes it difficult to obtain 

convergence as no unsteady term has been considered [76]. For an accurate representation 

of the fluid in the engine, turbulent modelling is required. In the research carried out, the k-

epsilon turbulent model has been implemented for the analysis of the engine [54,73,76ς79].  
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A number of softwares have been utilised for the production of the CFD models. Most of the 

early models were prepared using in-house softwares. While the principle of softwares are 

the same, accessibility is the major factor determining the use of software. Among the 

software used include, USTREAM mesh [56,57,71,74,75,80], FORTRAN77 [76,78], COMSOL 

Multiphysics [72,81] and ANSYS FLUENT [73,77,79,82].  

In the context of this research, the desired Stirling pump system is required to have simple 

construction.  Analysis by Wen-Lih Chen et al. [55,57] demonstrates a simple geometry while 

lacking detailed modelling of the regenerator and using laminar flow modelling and thus 

provides a baseline for further development. The model developed by Wen-Lih Chen et al. 

will be studied and further developed to demonstrate turbulent flow and a porous medium 

will be set-up in the displacer to demonstrate the regenerator. Subsequently the model will 

be adjusted to develop the Stirling pump system to pump water from an underground water 

reserve to a water storage tank for irrigation. 

3.5. Summary 

Based on FAO statistics and the average land area for a small sized farm in the sub-Saharan 

Africa region is 1 hectare, and based on adverse conditions, the flowrate of water required to 

irrigate this land during the night is 5.35 litres per second, irrigated using drip irrigation 

method during the night time so as to allow maximum retention of liquid in the irrigated land.  

In order to obtain the irrigation role in the most cost-effective way, the gamma type Stirling 

engine model has been selected based on the simplicity of the construction of the systems. 

In particular Free piston systems is the ideal choice since the frictional losses in these systems 

are reduced considerably due to the presence of liquid pistons. 

3D CFD analysis has been identified as the preferred modelling tool for the analysis of the 

Stirling engines with the recent model produced by Weh-Lih Chen identified as being the 

model to be duplicated and thus be used to study the Stirling engine workflow. 
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Chapter 4  

Experimental Results 

4.1. Introduction 

This chapter describes the components, experimental set-up and procedure that was 

implemented to study the working of the Educational Model Stirling Engine (EMSE); and the 

full-scale experimental results obtained using the Engine. The experimental investigation was 

undertaken to determine the temperatures achieved at the bottom and top surfaces of the 

displacer of the Stirling engine, the pressure recorded at the top section of the displacer 

chamber and the rotational speed of the Stirling engine. The temperature and the rotational 

speeds were utilised to set up the modelling parameters of the fluid analysis (CFD) using 

ANSYS Fluent. The resultant pressure from the model is then used to compare with the value 

recorded in the experiment to validate the model.  

The Experiments utilised a low temperature differential (LTD) educational model Stirling 

engine (EMSE). Both qualitative and quantitative data analysis was carried out to determine 

the work done of the engine by measuring the pressure in the displacer cylinder and 

estimating the volume change in the cylinder based on the rotational speed of the Stirling 

Engine. A detailed experimental procedure has been established for the testing of the 

pressure and thermal properties of the Stirling engine. 

°This chapter also outlines the devices used for data acquisition that were used for taking the 

measurements and recording the data captured. The DSA3217 Pressure Scanner was used to 

capture the pressure data connected to a laptop with the Scanivalve data logging software in 

order to record time-dependant pressure measurements. An Omega HH804 resistance 

temperature detector thermometer coupled with two self-adhesive thermocouples was used 

to collect and record time-dependant temperature measurements. A high-speed thermal 

camera was also used to visualise the temperature distribution across the displacer of the 

Stirling Engine. 
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Finally, the bottom surface of the EMSE has been set to reference temperatures to obtain 

specific temperature differences; between 293 -333 K between the two ends of the displacer 

chamber. This range of values have been selected to obtain a range of temperature 

differences to validate the working of the Stirling Engine simulation model and obtain a 

definitive model for preforming design analysis of low-cost Stirling engines.  

4.2. Overview of low-cost, LTD Stirling engine 

The Stirling Engine utilised for the analysis is a low-temperature, gamma-type Stirling Engine 

often used for model making and generates miniscule amounts of energy in the order of 0.1-

0.5 Watts, however, these systems are relatively cheaper to manufacture compared to Alpha 

and Beta type engines, functional and thus selected for further analysis for the development 

of the irrigation system. The two areas of interest for monitoring and recording is the piston 

and the displacer. A heating plate was used to generate a temperature difference between 

the bottom and top engine surfaces and to ensure consistent supply of heat being applied to 

the engine. The temperature was monitored using temperature gauges. 

The purchased Educational Model Stirling Engine (EMSE) consists of two air-tight cylinders 

stacked on top of each other, the larger cylinder at the bottom is the displacer cylinder and 

the smaller cylinder on top being the piston cylinder. The displacer cylinder houses a displacer 

which allows for an annulus between itself and the displacer cylinder while the piston cylinder 

houses a piston fitting tight against the walls of the cylinder. The piston and the displacer are 

connected at 90 degrees to a flywheel. Air tightness is a crucial factor in ensuring the 

functionality of the engine and was the issue that was faced when building the models. A see-

through displacer cylinder was implemented to clearly visualise the functioning of the engine. 

Air is the working fluid used in the Stirling engine. 

The EMSE model is a lightweight engine weighing 300 g made of thin glass and stainless-steel 

components measuring a total height of 120 mm and a base circumference of 100mm. the 

engine is rated to a maximum speed of 180-200 rpm and the minimum temperature 

difference for it to function is 293 K. The piston of the engine comprises of two glass cylinders 

nestled within each other, while the displacer cylinder (similar to the built models) is made of 

foam material.  
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The EMSE is expected to be run on boiling water and is not meant to be exposed to direct 

flames, hence, the experimental temperature shall not exceed 373 K. Fig.  4-1 shows the 

Educational model Stirling engine. The dimensions of the engine are provided as per Fig.  4-2. 

 

Fig.  4-1: Educational model Stirling engine (EMSE) 

 

Fig.  4-2 : EMSE dimensions 
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4.2.1. Kato Experiment  

Yoshitaka Kato [83] designed, built and tested on a Low temperature differential, gamma-

type Stirling Engine and presented indicated diagrams of Pressure-volume. Varying the heat 

source temperature between 75 to 95 degrees Celsius with air as the working fluid and no 

separate regenerator. ²ƘƛƭŜ ǘƘŜ ŜȄŀŎǘ ŘƛƳŜƴǎƛƻƴǎ ƻŦ ǘƘŜ ŜƴƎƛƴŜ ǘŜǎǘŜŘ ƛǎ ŘƛŦŦŜǊŜƴǘΣ YŀǘƻΩǎ 

system is similar to the experiment undertaken in this research work and has been utilised to 

compare the relationships between the results obtained. Fig.  4-3 shows the Kato apparatus. 

 

Fig.  4-3: Kato Experiment set-up [83] 

Kato created two scenarios, one where the cold side temperature was controlled (Series C) 

and the other where the cold side temperature was not controlled (Series N). He noticed that 

for both the cases of controlled and uncontrolled cold side temperatures, the indicated work 

maintained an upward trajectory in relation to the hot side temperature. There were no 

differences identified in the indicated work on the basis of control or non-control of the cold 

side temperature. The cycle speeds observed were decreasing as the temperature in the hot 

side was increased. This was unexpected as the cycle speed is expected to increase as the 

temperature increases, unless components of the engine deformed somehow due to the 

increase in temperature leading to higher friction. The experimental findings for cycle speed 

and indicated work as obtained by Kato is demonstrated in Fig.  4-4. 
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Fig.  4-4: YŀǘƻΩǎ ŜȄǇŜǊƛƳŜƴǘŀƭ ŦƛƴŘƛƴƎǎ [58] 

In most cases, there is no marked difference in the P-V diagram of the tested engines. Kato 

has provided only one cycle of the engine operation. Fig.  4-5 demonstrates the P-V diagram 

demonstrating the indicated work done by the Stirling Engine tested by Kato. 

 

Fig.  4-5: Indicated Diagrams of experiments conducted by Kato showing both series N and 
Series C results [58] 
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4.3. Experimental Equipment 

4.3.1. Heating Plate 

To provide heat to the Stirling engine the MAPLELAB ceramic hotplate / stirrer range SHC-1 

was used. The device can generate heat from 293 K to 773 K and contains a feedback control 

ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ǘƘŜ ǇƭŀǘŜ ŘƻŜǎƴΩǘ ƻǾŜǊƘŜŀǘΦ ¢ƘŜǊŜ ƛǎ ŀ Řƛŀƭ ŦƻǊ ŎƻƴǘǊƻƭƭƛƴƎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ 

the plate. The stirring function is not used for the device. Fig. 4-6 shows the hotplate. 

 

Fig. 4-6: MAPLELAB ceramic hotplate / stirrer 

The Maple ceramic hotplate is not calibrated, as a result, the EMSE was placed on a raised 

platform to allow a more controlled heat transfer to the bottom of the engine. Due to the 

small size of the EMSE and the requirement of the device to remain air tight, the temperature 

measurements are taken on the outer surfaces of the top and bottom plates of the engine 

and a single hole has been drilled on the top surface for the measurement of the pressure in 

the displacer chamber. The piston of the EMSE is made of glass and is very fragile, a trial hole 

on the measurement device caused the piston cylinder to shatter.  

4.3.2. Pico Tech Thermocouple and Logger 

The temperature on the top and bottom surfaces were measured using type K, fibreglass 

insulated and exposed tip thermocouples and were recorded using USB TC-08 Thermocouple 

Data Logger. The measurement range of the device is between 240 K to 623 K with a 
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resolution of 0.001 K, temperature accuracy of Sum of ±0.2% of reading and ±0.5 K and 

voltage accuracy of the Sum of ±0.2% of reading and ±10 µV. The maximum temperature 

during the testing was expected to reach 373 K based on the specifications of the EMSE, the 

error limits can be set to ±0.5 K. In total, 6 thermocouples were used for the testing. 2 

Thermocouples were mounted on the top plate and two at the bottom and a Further two 

thermocouples were placed inside the displacer cylinder; one curved to the top to take the 

temperature reading of the top section inside the displacer cylinder and the other curved 

towards the bottom to take measurements of the bottom section of the displacer cylinder. 

The thermocouples connected to the EMSE were SE001 Thermocouple made from Nickel 

Chrome/Nickel Aluminium (NiCr/NiAl) from Pico Tech with tolerances established to be 73 to 

+313 K: ±1.5 K or ±T x 0.004 as per IEC 60584-2:1993 / BS EN 60584-1:2013 under Tolerance 

class 1. An uncertainty of ±1.5 K was added to the error range. Thus, the total uncertainty in 

the temperature reading was established to be ±2.0 K. Fig. 4-7 shows the USB TC-08 data 

logger and the probe attachments. 

    

Fig. 4-7: Temperature logger and Thermocouple set-up 

The USB TC-08 Thermocouple Data Logger was connected to a laptop to record the 

temperature data using the proprietary data logging software PicoLog 6 which is a real-time 

data collection and display software. Temperature was recorded ever 100 ms. The data can 

then be exported as clipboard image, PDF and CSV. A typical reading of the Stirling Engine 

system is represented in Fig. 4-8. 

Internal 

Thermocouple 

Set-up 
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Fig. 4-8: Typical Thermal data 

4.3.3. Resistance Temperature Detector (RTD) Thermometer 

For the initial temperature measurements, the temperatures on the top and bottom surfaces 

of the EMSE was measured using thermocouples and recorded on the Omega HH804 

resistance temperature detector (RTD) thermometer. The measurement range of the device 

is between 73 K to 1023 K with a resolution of 0.1K and an accuracy of ±(0.05% reading + 0.2 

K). The maximum temperature during the testing was expected to reach 373 K based on the 

specifications of the EMSE, the error limits can be set to ±0.25 K. The surface mounted, self-

adhesive thermocouples connected to the device were PT100, SA1-RTD spec also from Omega 

and calibrated to between ±0.15 K at 273 K and ±0.35 K at 373 K DIN Class A. Since generally 

higher temperatures were being considered, an uncertainty of ±0.35 K was added to the error 

range. Thus, the total uncertainty in the temperature reading was established to be ±0.65 K. 

2 readings @bottom Plate 

Temperature difference 

2 readings @top Plate 
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The standard tolerances for Temperature and resistance of the self-adhesive backing for 

targeted Class A sensor elements on curved and flat surfaces are shown in Table 4-1. The IEC-

751/BS EN6075м мффс ǎǘŀƴŘŀǊŘ ǘƻƭŜǊŀƴŎŜǎ ŦƻǊ tǘ млл ʍ w¢5 ŜƭŜƳŜƴǘǎΦ  

Table 4-1: RTD Tolerance chart 

in K ±K ҕʍ 

73 0.55 0.24 

173 0.35 0.14 

273 0.15 0.06 

373 0.35 0.13 

473 0.55 0.2 

 

The Omega HH804 device was connected to a laptop to record the temperature data using 

the proprietary data logging software for the HH800 series of products. Fig. 4-9 shows the 

Omega HH804 RTD thermometer and PT 100 probe.   

 

Fig. 4-9: Omega HH804 RTD thermometer with PT 100 probes connected to EMSE 

4.3.4. Pressure Scanner 

The Pressure in the displacer chamber is measured using the Scanivalve DSA 3217 Pressure 

Scanner. The device contains 16 transducer pins for individual reference pressure monitoring 

with an outer diameter of 1.6 mm. plastic tubing of 1.4 mm ID was purchased and formed a 

connection between the device pin and the single hole drilled on the top plate of the EMSE. 

The software records the Pressure value of all the 16 ports and the reference values required 

for calibration of the transducers. At low pressure recordings, the accuracy of the transducer 

is ±0.12%. Fig. 4-10 shows the Scanivalve DSA 3217 Pressure Scanner. 
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Fig. 4-10: DSA3217 Pressure Scanner with port 1 connected to EMSE 

The temperature working range of the scanner is 273 K to 333 K. Which is another reason why 

the pressure measurement is only carried out on the top surface of the EMSE displacer 

cylinder and not the bottom. Based on initial experiments, the temperature of the scanner 

reached a maximum of 307 K with the temperature at the top of the displacer cylinder 

reaching a maximum of 314 K. The temperature at the bottom of the displacer cylinder 

reached in excess of 373 K in some cases. The Maximum thermal error at this scale is ±0.001% 

of the fill scale/K. Since the value is very small, no temperature compensation has been is 

considered for the analysis. 

The recording from the scanner saved using the Scanivalve proprietary software DSALink4. 

The DSA unit transfers data to the DSALink4 unit using an ethernet cable. The scan settings 

are applied to obtain a pressure recording in psi every 0.016 seconds taking 62.5 readings 

every second. The system was then calibrated using the CALZ button on the software. 

Calibration is carried out before each recording. The DSALink4 interface is demonstrated in 

Fig. 4-11. 
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Fig. 4-11: DSALink 4 pressure data acquisition software 

4.3.5. Thermal Imaging Camera  

The FLIR T650sc thermal imaging camera was utilised to visualise the temperature flow inside 

the displacer of the Stirling engine. The camera is capable of high-resolution video recording 

and the recoding of temperature from a distance. The camera is adept to an accuracy of ±1 K 

or ±1% of temperature reading of an object within 278 K to 393 K which is a suitable range 

for the experiment. For uncertainty calculations, ±1 K error range was considered for the 

calculations. 

While relatively accurate, recordings using the FLIR thermal imaging camera produced files of 

size 1-2 GB and required a lot of storage space. Since more accurate measurements were 

possible using the RTD thermometers and no appreciable information was obtained using the 

visual recordings, only two recordings were taken using the thermal imaging camera. Fig. 4-12 

shows the FLIR T650sc Thermal Imaging camera. 

Transducer pins 

Recalibration 

Pressure Readings 

Real Time Pressure Readings 
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Fig. 4-12: FLIR T650sc Thermal Imaging camera 

A demo version of FLIR Research Studio software was used to record the data on the 

computer at the rate of 30 readings per second. The software allows to analyse on both live 

and recorded data. Also allows flexible selection of temperature range to highlight the 

principal area of interest. The video captured and the data recorded can be exported from 

the software in MPEG4 and CSV formats.  

4.4. Experimental Set-up 

The tests were conducted in a closed Worksop at the owned by Free running Building at the 

Advanced Manufacturing Park, part of the Advanced Manufacturing and Research Centre 

(AMRC) of the University of Sheffield. The workshop maintained a room temperature of 

between 293 K and 297 K ensuring adequate conditions for the testing of the EMSE. The 

setting of the experiment is as Fig. 4-13. 

 

Fig. 4-13: thermocouple and transducer set-up 
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A 2mm hole is drilled on the top plate using a pillar drill by restricting the drive of the pillar 

drill such that it doesn't affect the displacer in the cylinder. After the hole has been drilled, a 

2mm tube is forced into the hole and the connection is sealed using milliput epoxy resin. The 

epoxy resin ensures that a solid connection is formed and allows for reasonable mobility of 

the engine. The other end of the 2mm tube is connected to pin 1 of the pressure scanner. 

Then 4 thermocouples are then connected on the top and bottom surfaces of the displacer 

cylinder (two on top, two at the bottom). The thermocouples are secured with electric tape. 

In order to stop the thermocouple wire at the bottom of the displacer cylinder the engine 

from touching the top surface of the heating plate, the wires need to be carefully guided along 

the base of the EMSE which is raised above the heater plate with the screw nuts securing the 

EMSE. The top thermocouples were connected to port 5 and 6 of the TC-08 logger, the bottom 

thermocouples were connected to ports 5 and 6 and the internal thermocouples were 

connected to ports 1 and 8. 

It was ensured that all the engine mechanisms are functioning smoothly, there was no sliding 

noise as the displacer shaft oscillates through the top plate sealing the displacer, similarly it 

was ensured that there no such noise when the piston oscillates in the piston cylinder. This 

may be a result of growing friction at the contact points. In the case of such noises being 

observed, the areas were lubricated with pencil lead as per directed by the engine 

manufacturer. No oil-based lubricants could be used on the EMSE. 

To calibrate the heating plate, an initial temperature analysis test was performed to assess 

the bottom surface temperature of the displacer chamber corresponding to the temperature 

as indicated on the heating plate. The heating plate dial is then marked to make the setting 

of the temperature quicker and so that there are no changes made to the set-up during the 

recording and all the changes that are recorded are because of the operation of the EMSE.  

4.5. Experimental Procedure 

Before starting off the recording process, it was ensured that the temperature of the top and 

bottom surfaces of the displacer chamber of the Stirling engine are similar and at the 

equilibrium temperature as expected at room temperature. In this case that temperature was 

between 293 K to 297 K. Between a resting time of 2 hours was required to allow for the 
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equipment to reach said equilibrium temperature. The DSALink 4 software is Calibrated by 

initiating the CALZ button. 

The Heating plate is turned on, and the dial is set on the heating plate. Simultaneously, the 

recoding of the pressure scanner and the PICO TC-08 logger is initiated. This procedure is not 

time sensitive. The temperature of the system is allowed to rise and once the temperature 

difference between the top and bottom of the displacer cylinder has crossed 293 K, the 

flywheel of the Stirling engine is given a clockwise push to start the engine.  

The thermal camera was utilised (initially) instead of the temperature probes to record the 

temperatures established at the top and bottom surfaces of the EMSE and in doing so provide 

a visual representation of the working process of the Stirling engine. Before initiating the 

heating plate, the camera is focused on the EMSE and two location identifying the top and 

bottom surfaces of the EMSE were mapped out in the FLIR research studio software. The 

recording is initiated, simultaneously with the heating plate and the pressure scanner. 

As the temperature at the bottom surface reaches a desired based on the calibration of the 

heating plate. The engine was allowed to run for at least 10 minutes to let the engine stabilise 

between two temperature points across the top and bottom of the displacer chamber. 

After 30 minutes of captured data, the heating plate is turned off and the recordings stopped 

to allow the engine to cool down and return to the equilibrium temperature. The recordings 

taken in this time allows for a stabilisation period after which the temperatures at the 

extremes of the displacer chambers have reached a no fluctuation point. Thus, obtaining a 

steady state based on which transient numerical analysis will be based upon.  

Upon reaching this steady state, a video camera (smartphone camera) was used to record the 

working of the EMSE. This was done to measure the rotational speed of the EMSE at the 

stabilised differential temperatures. The Computational analysis will use the values of the top 

and bottom surface temperature and the rotational speed of the EMSE to generate a model. 

The pressure generated in the model will then be compared with the pressure recorded to 

validate the computational model. 
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The experiment is repeated to obtain recordings at a various temperature points of the 

bottom surface of the EMSE as well as different conditions of the EMSE. The conditions 

included: 

1. New EMSE ς These include testing of newly purchased EMSE model 

2. Inspected EMSE ς This includes testing of models that were opened, a hole has been 

drilled at the top of the EMSE and connected to a transducer to record the pressure. 

3. Drilled EMSE ς Holes were drilled into the displacer cylinder of this model for 

recording internal temperature data, however, no probes were placed 

4. Probed EMSE ς EMSE system including internal temperature recording with probes 

Bottom surface temperatures were set between 313 K and 373 K. The results were then 

analysed and presented and compared to CFD analysis data to validate the CFD analysis. 

4.6. Temperature Calibration 

This section of the chapter describes how the temperature calibration is carried out on the 

recorded temperature readings taken from the test equipment used for conducting the 

experimental work. The difference in temperature between the top and the bottom surface 

of the Stirling Engine was monitored in order to determine the stabilisation period and thus 

indicate the stabilised time. Only the readings in the stabilised time will be considered for 

establishing the CFD parameters. The total recording time for the experiments spanned close 

to 30 minutes. Within 15 minutes, Stabilisation for most of the experiments was achieved, 

however, for a few of the experiments the EMSE was allowed to run to see if there are any 

changes in the stabilisation if the experiment would continue. Since the experimentation 

begins with both the top surface and the bottom surface at the same temperature requiring 

achieving the test temperature, the stabilisation time for each experiment is different. The 

temperature at the bottom surface of the engine begins to increase in temperature almost 

instantaneously with the temperature at the top surface increasing more gradually as seen in 

all the cases investigated. demonstrates the time dependent temperature readings recorded 

by the TC-08 logger for the different experimental scenarios. Fig. 4-14 shows the three regions 

of experiment including the stabilisation period, the region of data analysis and the shutdown 

for a typical EMSE. The shutdown procedure is not recorded for all the test recordings. Just 
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one of the tests was recorded in such manner for the purpose of demonstrating the three 

phases of the Test. 

 

Fig. 4-14: Typical temperature graph of EMSE test 

The stabilised temperature for the top and bottom surfaces of the Stirling engine is used to 

set-up the temperature profile of the computational analysis of the engine. The temperature 

Data for analysis 
Stabilisation 

period 
Shutdown 
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profiles of the four different test scenarios; new EMSE, Inspected EMSE, Drilled EMSE and 

Probed EMSE are similar to the graph shown in Fig. 4-14. However, for the probed EMSE two 

other graph lines will be included to demonstrate the temperature recordings inside the 

displacer cylinder as per shown in Fig. 4-15. 

°  

Fig. 4-15: Typical recorded data for inspected EMSE 

Based on the pressure stabilisation only 10 seconds of the temperature data will be analysed. 

2 readings on the bottom surface of EMSE 

Internal bottom side temperature reading  

Internal top side temperature reading  

2 readings on the top surface of EMSE 

External Temperature difference 

Internal Temperature difference 
Data for analysis 
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4.6.1. Impact of Sensor Location and Response Time 

In order to minimise intrusion onto the Stirling engine cylinder, 2 incisions have been made 

into the Stirling cylinder to measure the temperature one focusing on the top section of the 

Stirling Engine and the other focusing on the bottom section of the Stirling engine. Ideally 

more sensors were needed to obtain a larger coverage on the space, however, drilling holes 

into the cylinder is not ideal and therefore, a cylinder built to incorporate probes would be 

better suited for the study. The Feasibility of the number of intrusions and its impact on the 

performance of the engine is also not known and requires further investigation. 

The conversion time of 100 - 200 ms from the data logger is a suitable response time for the 

experiment as an instantaneous time is not required for the purpose of the project, rather a 

stabilised temperature is more essential. 
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4.7. Temperature Visualisation  

In this phase the temperature flow inside the displacer of the Stirling engine is visualised using 

a FLIR thermal recording camera. The average temperatures in two different regions were 

measured as shown in Fig. 4-16. The thermal camera was positioned such that it was able to 

clearly focus on the Stirling Engine. 

The thermal gradient of the temperature has been visualised for an EMSE working scenario 

between 338K hot area and 310 cold area. The temperature data was recorded for one hour 

from the start when the hot plate was turned on, all the way to the end of the test. A gradual 

increase in the displacer chamber was identified as is indicated in Fig. 4-17. as per obtained 

from the image generated by the thermal imaging software, FLIR research studio. The full 

recording has been attached in the form of supplementary material. 

 

Fig. 4-16: Thermal image capture and interpretation. 
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a. Start of test ɲT = -0.02 K b. 5min into test ɲT = 35.5 K 

  

c. 10Ƴƛƴ ƛƴǘƻ ǘŜǎǘ ɲT = 35.4 K d. 20min into test ɲT = 35.4 K 

  

e. 30min (heat off) ɲT = 35.4 K f. 40min ɲT = 35.4 K 

Fig. 4-17: Thermal flow visualisation of EMSE operation. 

Temperature data has also been captured using the thermal camera and has been presented 

as per shown in Fig. 4-18. This graph demonstrates relation between the temperature at the 

hot area and the cold area as obtained from the thermal imaging camera (TIC) and is 

compared against the thermocouple (Thermo) data for a similar temperature scenario. 

The comparison demonstrates that there is an agreement between the temperatures in the 

two different scenarios. The temperature reading from the thermal imaging camera is based 

on a locked area that is set (see Fig. 4-16). The Heat plate is first allowed to reach the desired 

heating temperature and then the EMSE is placed on the heat plate for the thermal 

conduction to take place. This is the reason why the temperature is shown to rise faster in 

the Thermal imaging camera when compared to the thermocouple reading where the 

thermocouple is attached to the EMSE. As the test time progresses, the hot temperatures 

overlap. There is a slight difference in the temperature in the cold region which can be 
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attributed to difference in environmental conditions and further difference in the 

experimental set up for the two experiments. 

 

Fig. 4-18: Thermal Imaging Camera (TIC) temperature data compared to similar test 
scenario using thermocouple (Thermo) 

Due to the agreement identified in the data between the thermal imaging camera and the 

data recorded using the thermocouple, it has been decided that thermo couples will be used 

for the remainder of the tests. Reducing the cost of the experiment. Furthermore, a more 

accurate measurement can be taken from inside the EMSE using the thermocouple when 

compared to the thermal imaging camera which measures the outer surfaces only. 

4.8. Pressure Recording 

This section of the chapter describes how the pressure recording was carried out on the 

recorded pressure data. Among the four sets of pressure data taken (for new, inspected, 

drilled and probed EMSE test scenarios), no pressure was recorded for the new EMSE. For the 

other types of tests performed, the pressure data is collected throughout the entire test time 

period. For analysis the pressure data was collected from the time period when the 

temperature was stabilised. The pressure data that has been collected oscillates at varying 

frequencies across the time period of the test. This is because the rotational speed of the 

engine is not consistent throughout the course of the test.  10 seconds of pressure data is 
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ŎŀǇǘǳǊŜŘ ŦǊƻƳ ǘƘŜ άŘŀǘŀ ŦƻǊ ŀƴŀƭȅǎƛǎέ ǊŜƎƛƻƴ ōŀǎŜŘ ƻƴ ǘƘŜ ƛƴǾŜǊǎŜ ƻŦ ǘƘŜ ǾƻƭǳƳŜ ŎƘŀƴƎŜǎ ǘƘŀǘ 

have been calculated based on a set rotational speed of the EMSE. The rotational speed is set 

based on the frequency depicted in the recordings of the pressure data. Fig. 4-19 depicts a 

typical scenario of pressure calibration based on inverse volume and frequency calculations 

based on the oscillating frequency of the recorded pressure data. 

 

Fig. 4-19: Typical pressure calibration based on volume change calculation 

4.8.1. Impact of Sensor Location and Response Time 

In order to minimise intrusion onto the Stirling engine cylinder, 1 incision has been made into 

the Stirling cylinder to measure the pressure inside the cylinder. Ideally more sensors were 

needed to obtain a larger coverage on the space, however, drilling holes into the cylinder is 

not ideal and therefore, a cylinder built to incorporate probes would be better suited for the 

study. The Feasibility of the number of intrusions and its impact on the performance of the 

engine is also not known and requires further investigation. 

The scan rate of 500 Hz from the data logger is a suitable response time for the experiment 

and assists in obtaining instantaneous pressure in order to map the full Stirling cycle.  
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4.9. Rotational speed of the Stirling Engine 

In this section, a relation between the rotational speed and the temperatures associated with 

the functioning of the Stirling engine are investigated. For the new EMSE, the rotational 

speeds of the Stirling engine were recorded based on video recording of the working of the 

Stirling engine. In order to record this data, the video play speed was reduced to 0.25 times 

of actual speed using VLC media player based on the video timeline and the rotation of the 

engine the values were recorded. VLC player addon Time V3.2 was used to obtain an accurate 

recording of the time to 1000th millisecond. The error factor for time is considered to be 0.25 

milliseconds since the time jumps were larger than the smallest measurable time unit. For 

recording the number of rotations, the error consideration is ±0.25 rotations. The rotational 

speeds of the new EMSE at various operating temperatures are as represented in Table 4-2. 

Table 4-2: Rotational speeds for new EMSE 

Test Th (K) Tc (K) ɲT Rpm 

21C_A 315.9 295.3 20.6 48 

21C 317.8 297.0 20.8 42 

27C_B 338.1 310.7 27.4 90 

28C_B 335.0 307.4 27.6 90 

31C_A 327.1 296.0 31.2 90 

31C 338.1 306.8 31.2 87 

39C 347.0 308.3 38.7 126 

48C_A 347.1 299.0 48.1 156 

48C 361.0 312.9 48.2 172.5 

59C 376.1 316.6 59.5 196.5 

62C_A 364.9 302.9 62.0 222 
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The temperature data for the new EMSE was obtained using Omega HH804 resistance 

temperature detector (RTD) thermometer with PT 100 probes and the data was logged using 

the Omega proprietary software.  

For the Inspected EMSE, drilled EMSE and probed EMSE the rotational speeds are first 

recorded using the video method as described above, then the reading is fine tuned based on 

the frequency of the oscillations the pressure reading. This is done because, upon opening up 

the EMSE for inspection the rotational speed across the length of the tests were observed to 

be more uneven. In order to accurately record the rotational speed for the set pressure and 

temperature data the rotational speed had to be fined tuned to the data set. The rotational 

speeds of the inspected EMSE, drilled EMSE and probed EMSE are as per represented in    

Table 4-3,  

Table 4-3: Rotational speeds for Inspected EMSE 

Test Th (K) Tc (K) ɲT Rpm 

E6 343.5 309.5 34 118.1 

E5 349.5 312 37.5 137.9 

E4 350 311 39 101.8 

E19 347.8 307.8 40 99.6 

E20 348 308 40 90.1 

E21 347.3 307.2 40.1 122.8 

E17 348 307.8 40.3 101.9 

E18 348.3 308 40.3 92.2 

E24 352 310.5 41.5 123.6 

E25 352.3 310.5 41.8 126.3 

E26 352.5 310.6 41.9 127 

E23 352 309.8 42.3 112.4 
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E22 352.8 309.5 43.3 128.1 

E13 357 310 47 130 

E14 357 310 47 120.4 

E16 357 310 47 129 

E12 357 309.5 47.5 121.1 

E15 356.8 309 47.8 124 

E7 362 314 48 142.8 

E8 363 312 51 149 

Error! Not a valid bookmark self-reference. and Table 4-5 respectively. One of the earliest 

observations was that after inspection of the EMSE, it was unable to perform at lower 

temperature differences.   

Table 4-4: Rotational speeds for drilled EMSE 

Test Th (K) Tc (K) ɲT Rpm 

H12 349 310.1 38.9 106.1 

H13 348.3 308.8 39.5 116.1 

H14 348.8 309.7 39.1 111.6 

H7 351.9 311 41 122 

H5 353.6 311.4 42.2 128.3 

H6 352.6 309.8 42.8 116.1 

H11 354.8 311.5 43.3 138.1 

H8 362.9 314.4 48.5 141.1 

H9 362.1 313.4 48.8 157.7 

H10 362 313.3 48.8 157.6 
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Table 4-5: Rotational speeds for probed EMSE 

Test Th (K) Tc (K) ɲT Rpm 

HO14 341.6 307.3 34.3 62.1 

HO9 344.7 307.3 37.4 69.9 

HO10 344.7 307 37.7 66.2 

HO12 352.7 310.4 42.3 75.2 

HO13 352.8 310.1 42.6 73 

HO11 352.4 309.6 42.8 70.9 

HO2 361.1 311.9 49.2 62.7 

HO3 362 312.4 49.6 72.8 

HO4 361.3 311.5 49.8 69.8 

HO15 363 312 51 78.5 

 

The rotational speeds recorded were mapped against the temperature of the bottom surface 

of the EMSE (Th). While the rotational speed of the EMSE fluctuates for the inspected EMSE 

and subsequent modified EMSE, a general trendline can be observed between the values of 

the various models and the temperature. This trend is represented in Fig. 4-20. 
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Fig. 4-20:  Relation between the rotational speed and bottom surface temperature of 
various EMSE 

As can be seen from the graph, the new EMSE (in general) demonstrates a higher rotational 

speed based on the temperature obtained at the bottom surface of the engine. Upon 

inspection of the engine, several factors could come into play including, the establishment of 

the hole for the pressure recording, tampering of the seal and slight miss alignments could 

occur that would reduce the capability of the engine. The slopes of new EMSE, inspected 

EMSE and the drilled EMSE are similar with a difference of 6% in the slope between the new 

EMSE and the inspected EMSE; and 1% difference in the slopes of the new EMSE and drilled 

EMSE.  

The main difference in the relation comes for the case where the EMSE has been probed. In 

this case, since an external system was introduced inside the displacer chamber of the EMSE 

leading to two more holes that were required to be sealed and in this case the seal needed 

to be a pierced seal unlike the seal for the tubing of the connection to the transducer which 

was a protruding connection that could be sealed off better. As a result of this, the difference 
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between the slope of the new EMSE and the probed EMSE is 93%. The slope is slight (0.1983) 

and there is slight increase of rotational speed recorded with increase in the temperature. 

Unlike the results presented by Kato[58], the results obtained in this experiment is more in 

tune with the expectations for the relation between the rotational speed and temperature to 

which the Stirling engine is subjected to. 

4.10. Temperature difference across Displacer Cylinder 

In this section the heat transfer between the bottom (Th) and top (Tc) surfaces of the EMSE 

are investigated. This is done in order to observe if a definite relationship can be obtained 

between the top and bottom surfaces of the EMSE. The bottom surface of the displacer 

cylinder of the EMSE is subjected to heat from the heating plate which then heats up the top 

surface which is exposed to atmosphere as the engine runs. The general trend observed in 

this scenario is that, there is a definite separation between the two extremes of the cylinder 

that is consistently maintained as the EMSE functions after it has reached the stabilised 

position.  

In order to make a fair judgement of the relation between the top and bottom surfaces of the 

EMSE, all tests are initiated with both the top and bottom surfaces at similar temperatures, 

at least within 5 K of each other. After inspection it was noticed that at lower temperatures 

the modified EMSEs ŘƛŘƴΩǘ ǊǳƴΦ, unlike the case with new EMSE tests. The new EMSE 

functioned for plate temperature differences between 20 K and 40 K, however, after 

inspection the EMSE failed to maintain continuous function at these temperatures. This may 

be attributed to the reduction in the sealing capabilities of the engine, alignment of the 

components and the increase in friction in the EMSE system. 

The relation between the temperature of the hot surface and the cold surface is indicated in 

Fig. 4-21Fig. 4-21. 
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Fig. 4-21: Temperature difference across displacer cylinder 

 From the data, a general, linear trend is observed for all the EMSE case scenarios. In hot 

surface temperature range between 340 K and 365 K where all the EMSE were functioning, 

the linear expression derived from a standard linear trendline conforms to within 0.65% error 

and has a R² value of 0.75. Fig. 4-22 demonstrates the cumulative graph showing a linear 

relation between all four stages of EMSE function for hot surface temperature between 338 

K and 373 K.  

 

Fig. 4-22 Cumulative temperature profile of EMSE 

Unlike The rotational speeds that showed a significant amount of deviation among the various 
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more general linear trend. This indicates that the thermal transmission is not significantly 

affected due to the modifications made on the EMSE. Thermal transmission is solely based on 

the geometry of the Stirling engine. 

For the inspected EMSE tests, temperature probes were installed inside the EMSE. Since it 

has been concluded that the temperature profile depends largely on the geometry of the 

Stirling engine, that temperatures recoded inside the Stirling Engine can be used to compare 

with the CFD data for validation. Since the top and bottom surfaces of the EMSE are made of 

an even layer of steel, there is a clear relation between the inside and outside of the EMSE. A 

graphical representation of the temperatures has been presented. Fig. 4-23 shows the 

relation between the temperatures of the inside and outer surface of the hot surface of the 

inspected EMSE and Fig. 4-24 shows the relation between the temperatures of the inside and 

outer surface of the cold side of the inspected EMSE. 

 

Fig. 4-23: Temperature relation at the hot end of the inspected EMSE 
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Fig. 4-24: Temperature relation at the cold end of the inspected EMSE 

4.11. Stirling Cycle Analysis 

In this section the pressure recording is mapped against the volume of the Stirling engine. In 

order to map the pressure against the volume, first the volume is calculated based on the 

engine cycle speed at which the pressure has been recorded. Using motion dynamics as per 

established by Wen Lih Chen, The displacement of the Piston (zp) and displacer (zd) are 

represented below [56]: 

◑▬Ᵽ  ■╬ ►▼░▪Ᵽ ■  ►╬▫▼Ᵽ  ■   (Equation 1) 

◑▀♫  ■╬ ►▼░▪♫ ■  ►╬▫▼♫  ■  ■▀   (Equation 2) 

The Velocities of the Piston (wp) and displacer (wd) are represented below [56]: 

◌▬Ᵽ  ►ⱷ╬▫▼Ᵽ 
►ⱷ╬▫▼Ᵽ▼░▪Ᵽ

■  ►╬▫▼Ᵽ

quation 3) 

◌▀♫  ►ⱷ╬▫▼♫ 
►ⱷ╬▫▼♫▼░▪♫

■  ►╬▫▼♫

Equation 4) 

Where, 

¶ — is the starting crank angle determining the position of the power pistons 

¶  ‍ — ωπ determining the position of the displacer. The piston and displacer are 

at 90° phase angle to each other.  

¶ The rest of the factors are as described as per Error! Reference source not found. 

40

42

44

46

48

50

52

33 34 35 36 37 38 39 40

T
e
m

p
e
ra

tu
re

 a
t 

th
e
 c

o
ld

 e
n

d
 in

si
d

e
 t

h
e
 

E
M

S
E

 (°C
)

Temperature on the outer surface at the cold end (°C)



81 

The calculations are based on the crank angle of the engine, hence a reference list is created 

for each temperature scenario considering the a 10 degree change in crank angle. Two 

adjustments were made to ensure correlation between the experimental results and the 

calculated results. Firstly, since I did not have the means to continually measure the crank 

angle of the engine during the experimentation, the experimental results are then matched 

with the generated list by traversing the timeline of the experiment in order for the pressure 

recording from the experiment to match the inverse of the volume profile based on the 

calculated list. Secondly, the speed of rotation of the calculated list was adjusted to match 

the speed as per the experimental result. Adjusting the two factors assisted in obtaining two 

sets of graphs (experimental results and calculated results) overlapped and showed 

agreement. 

It was observed that the cycle speed is not maintained at a constant rate throughout the 

length of the test. In some cases, the difference in the cycle speed is much larger than in other 

cases demonstrating over 20% deviation in the P-V cycle. Fig. 4- demonstrates two graphs to 

highlight the types of deviations observed during the testing of the inspected EMSEs. E7 test 

showed a maximum deviation of 7% while E10 showed a maximum deviation of 21%. A 

fluctuating system is much more difficult to model, as such this decision while provides a 

means to relate the results, it has high levels of error. Unfortunately, with LTD Stirling engines 

this is to be expected and thus only estimations can be expected for such models and is not a 

true depiction of the actual working of the engine due to the high error margins. 

 

Fig. 4-25 Highlighting the difference in cycle speed across the test period 
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In order to obtain an average reading from the graph, a wave form equation was utilised to 

maintain a constant cycle speed and closely matching the P-V components. The cosine wave 

function to determine the Pressure is, 

ὖ ὖ ὥ ὧέί ὝὊ  (Equation 5) 

Where, 

ὖ  is the corrected pressure 

ὖ  is the average pressure recorded 

ὥ is the amplitude (ὥ = maximum pressure recorded ς average pressure recorded) 

ὸ = time step of experiment 

Ὕ is the time period, and 

ὝὊ is the Time factor that is adjusted to match the experimental results 

The averaged P-V diagrams demonstrating the indicated work is presented for inspected 

EMSE (Fig. 4-26), drilled EMSE (Fig. 4-27) and probed EMSE (Fig. 4-28).  
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Fig. 4-26: Indicated work diagrams of Inspected EMSEs 
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Fig. 4-27: Indicated work diagrams of drilled EMSEs 
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Fig. 4-28: Indicated work diagrams of Probed EMSEs 

As demonstrated in Fig. 4-26, Fig. 4-27 and Fig. 4-28, there is no discernible differences that 

can be proposed between the inspected EMSE and the drilled EMSE with the Probed EMSE 
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showing the same cycle but with higher pressures recorded. This leads to conclude that as 

the rotational speed showed considerable decrease for the probed EMSE, that has led to the 

EMSE requiring to do more work and thus leading to an increase in pressure inside the EMSE.  

Further comparison can be made using the work done analysis obtained from the area under 

the P-V Graph as represented in Fig. 4-29. The indicated work remains consistent across the 

various temperature differences the EMSE is subjected to in each case. As modifications are 

made on the EMSE, the indicated work increases This is clearly observed as the inspected 

EMSE demonstrates a much lower indicated work value when compared to the drilled and 

probed EMSE. The probed EMSE demonstrates slightly higher indicated work than the drilled 

EMSEs. 

The work done is expected to decrease as the temperature difference increases. However, 

the modified EMSEs produce a different result. This may be due the excess strain on the 

system due to the various modifications first reducing the air tightness and then further 

adding friction to the system with the introduction of probes for measurement. 

 

Fig. 4-29: Work Done vs Temperature difference of modified EMSE 

Comparing with the results obtained by Kato[58], there is a much larger sample size of results 

presented in this research across a larger range of temperature. The general trend is better 

visualised in the results demonstrated in this work in comparison to the results demonstrated 

by Kato. 
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4.12. Summary 

Research conducted by Kato [58] indicates contradicting results when compared to the results 

presented in this chapter. Considering a larger sample size presented here in comparison to 

Kato, the general trends established in this work offers a clearer insight into the working 

relationships of low cost, low temperature differential Stirling engines.  Furthermore, Kato 

results indicate only one cycle of the engine operation for indicated work with no explanation 

or consideration of the cycle speed fluctuations observed especially for a simple, low cost 

engine build. This research demonstrates that up to 20% fluctuation in cycle speed is observed 

after stabilisation of the operation of the engine and to average the indicated work a wave 

function has been used to obtain a best fit cyclical indicated diagram. 

The EMSE demonstrated directly proportional relationship between the rotational speed of 

the engine when compared to the increasing temperature of the hot surface. This contradicts 

the Kato findings where the relationship is inversely proportional. The P-V diagram is shown 

to have a similar cyclical pattern for all the tests conducted in both the Kato Indicated 

diagrams and the diagrams presented in this chapter. However, while Kato results 

demonstrated a general rise in indicated work as the hot side temperature was increased, the 

results in this chapter demonstrated more consistent indicated work across the various 

testing temperatures. 

The rotational speeds obtained from the results of the inspected EMSE test has been utilised 

to develop CFD models. The temperature profiles and the indicated work diagrams have been 

used for verification of the CFD models as demonstrated in Chapter 5. The temperature 

profiles are a better set of result for the verification since the pressure is heavily impacted 

due to the various modification undertaken on the EMSE. 
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Chapter 5  

Computational Analysis 

5.1. Introduction 

The analysis of Stirling Engine includes the complicated processes of heat and mass transfer 

due to the geometrical effects of the various multi-dimensional components of the engine. 

While Numerical methods have been implemented to define the workings of the engine, an 

accurate representation of the performance is yet to be obtained. In such cases, advanced 

simulation approaches using CFD models can assist in mapping the geometrical features to 

accurately predict the heat and mass transfer of the system. Utilising transient Computational 

Fluid Dynamics (CFD) modelling, a small-scale LTD Stirling engine was simulated 

demonstrating the internal workings of the engine. The CFD analysis in the form of 

temperature profiles show the initiation and normal operation of the Stirling Engine. 

In order to create an accurate model, first, an existing verified research work was replicated. 

The model developed, was then used as the benchmark that is then modified to match the 

Educational Model Stirling Engine (EMSE) design. For the purpose of the study, the verified 

research work that was simulated is done by Wen Lih-Chen et al. [56]. They developed a 

Three-Dimensional CFD model simulating compressible flow to study the heat transfer 

characteristics of a gamma type Stirling engine containing two pistons.  

While the authors of the verified simulation used an inhouse modelling software, ANSYS 16.1 

simulation software will be used for preparing the model for this CFD analysis. Preparing the 

Stirling pump model is extremely complex, as it includes moving parts such as the piston and 

displacer with changing volumes. Moving meshes need to be set-up and codes are required 

to be established to simulate the motion of the piston and displacer. To assist in the learning 

process to model the moving mesh, first, a 2D model was created followed by a 3D model.  

Upon finalising the model parameters of the Wen Lih-Chen model, the parameters were 

Implemented on the EMSE and the results obtained from the CFD analysis were compared 

against the results obtained from the experimental study presented In Chapter 4.  
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5.2. Stirling Engine Simulation Study 

The design of the Stirling being studied is based on the experiment and numerical analysis by 

Wen-Lih Chen et al. [55,57], however, the dimensions of the model have been scaled down 

to half of the experimental model to retain a laminar flow inside the engine by reducing the 

Reynolds number. Furthermore, no regenerator has been added to the simulation of the 

system. The narrow gap between the displacer and the inner wall of the cylinder will act as 

the regenerative channel between the compression and expansion chambers.  

The Stirling system studied is a gamma type Stirling Engine with two power pistons. The 

pistons and displacer are connected to a crank shaft. The pistons are at a 90-degree phase 

angle to the displacer. The CFD model developed only considers half the size of the original 

experimented research work to ensure laminar flow in the Stirling engine Fig. 5-1 shows the 

dimensions of the Stirling engine that has been derived from the original experimentation 

work and numerical analysis by Wen Lih Chen et al. 

  

Fig. 5-1: Dimensions of Stirling engine derived from experiment 
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5.2.1. Motion Dynamics 

The displacement of the Piston (zp) and displacer (zd) are represented below [56]: 

◑▬Ᵽ  ■╬ ►▼░▪Ᵽ ■  ►╬▫▼Ᵽ  ■   (Equation 6) 

◑▀♫  ■╬ ►▼░▪♫ ■  ►╬▫▼♫  ■  ■▀   (Equation 7) 

The Velocities of the Piston (wp) and displacer (wd) are represented below [56]: 

◌▬Ᵽ  ►ⱷ╬▫▼Ᵽ 
►ⱷ╬▫▼Ᵽ▼░▪Ᵽ

■  ►╬▫▼Ᵽ

quation 8) 

◌▀♫  ►ⱷ╬▫▼♫ 
►ⱷ╬▫▼♫▼░▪♫

■  ►╬▫▼♫

Equation 9) 

Where, 

Á — is the starting crank angle determining the position of the power pistons 

Á  ‍ — ωπ determining the position of the displacer. The piston and displacer are at 

90 degree phase angle to each other. 

Á The rest of the factors are as described as per Fig. 5-1 

5.2.2. Modelling Parameters 

Wen-Lih Chen et al. has made the following assumptions: 

Á The fluid viscosity of all materials is constant  

Á Thermal properties of all materials are constant,  

Á Air is the working gas with properties defined by the ideal gas equation of state 

Á gas constant = 287.0 J/KgK 

Á Mechanical friction effects are ignored  

Á Thermal radiation effects are ignored.  

Á 3D Transient model  

Á Laminar Flow 

Á Flow is modelled using compressible Navier-Strokes equations  

Á Heat Transfer is modelled using the Energy Equation  
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Á viscous dissipation effect has not been included 

Pressure-based SIMPLEC finite volume code is used to conduct the simulation on the 

USTREAM platform. The dynamic mesh method implemented involves the changing of the 

geometry of the cells by expanding or compressing the volumes. In Ansys 16.1 this 

corresponds to smoothing and remeshing technique.  

The following Boundary conditions have been implemented: 

Á u, v and w are velocity components in x, y and z directions respectively. TL is the 

Temperature at the cold surface, TH is the Temperature at the Hot surface,  ̒is the phase 

angle as per described in section 5.2.1. 

Á Engine Rotation speed, ̟ = -120 rpm (clockwise) 

Á Initial Conditions: 

=̒0°C, u=v=w=0, p=101.0 kPa, T= TL 

At the Hot End (z=0): 

u=v=w=0, T= TH = 400 K 

Á At the Cold End (z=lc1-lc2): 

u=v=w=0, T= TL = 300 K 

Á Surface of displacer (adiabatic): 

u=v=0, w=wd, π (n is the direction normal to the wall of displacer) 

Á Surface of Power Piston (adiabatic): 

u=v=0, w=wd, π 

Á Lateral wall of the displacer cylinder: 

u=v=w=0, Ὕ 4 4 4  

Since the design of the engine is symmetrical only a quarter of the engine will be simulated. 

Three grids were tested using three different time-step intervals with three time-step number 

cycles as per shown in Table 5-1. Four cycles were programmed to make the solution periodic. 

The paper discusses the solution obtained with the 110,569 grid at a time-step cycle of 200 

times per cycle. 
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Table 5-1: Grid Set-up 

Grid (number of cells) Time-step Intervals (sec) Time-Step / Cycle 

80,566 ςȢυ ρπs 200 

110,569 ρȢφφχρπs 300 

141,438 ρȢςυρπs 400 

 

5.2.3. Result and Validation 

The variations of the temperature within the Stirling engine is shown in Fig. 5-2 

 

Fig. 5-2: Temperature contours across the whole engine at 10 different crank angles [56] 

The variations of total (Vt), expansion chamber (Ve), and compression chamber (Vc) volumes 

versus crank angle over an engine cycle is as per mapped in Fig. 5-3. 
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Fig. 5-3: Volume variation versus crank angle [56] 

The USTREAM code is validated using an adiabatic cycle of the Stirling engine obtained from 

the simulation. The pressure average - Volume (Pavg ς V) graph of the engine cycle is mapped 

against the adiabatic relation between pressure and volume, PV1.4 = C, where C is constant. 

The relationship indicates that the USTREAM code results fit the relation, as shown in Fig. 5-4. 

 

Fig. 5-4: USTREAM code validation [56] 
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5.3. Simulation Replication 

The results obtained by Wen-Lih Chen et al. will be replicated using ANSYS 16.1 FLUENT 

simulation software. A 2D model will be first utilised to simply understand the moving mesh 

modelling in ANSYS. This model will then be translated into the 3D model. In order to simulate 

the motion of the displacer and piston, the motion dynamics was modelled using a user 

defined function (UDF) in C-programming using equations 1-4. The whole programme is 

presented in Appendix A. The C-programme takes up a lot of the computing power and makes 

the simulation very slow, hence based on the equations, profiles dictating the motion of the 

displacer were created. The profiles are a text file defining parameters of time and velocity as 

indicated in Appendix B.  

5.3.1. 2D model 

A central cross-section has been modelled using the values listed in Fig. 5-1 in geometry 

modeller and mesh was produced using the mesh modeller of ANSYS 16.1 see Fig. 5-5.  

 

Fig. 5-5: 2D Model Geometry and Mesh 

The geometry is separated into 6 sections, 2 pistons, a compression chamber, expansion 

chamber and the annulus of between the displacer and the inner surface of the Stirling engine 

shell. The sections were created to obtain an even quadrilateral mesh across the entirety of 

the Stirling cross-section. The interfaces of the intersections are grouped to ensure the entire 

model is considered as one continuous section for the CFD analysis. The Mesh is prepared 
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using Face Meshing using the quadrilaterals method and the face size has been set to 0.5mm. 

All the cell zones have been set to fluid, with a relevance factor of 100, Relevance centre to 

fine, high smoothing, slow transition and fine span angle. The statistics are as shown in Table 

5-2. 

Table 5-2: Mesh Statistics 2D model 

Nodes 16158 Max 1.0415 

Elements 15378 Average 1.0139 

Mesh Metric Aspect Ratio Standard Deviation 5.6778e-003 

Min 1.   

 

In FLUENT, the CFD model is then set-up in Transient mode, Laminar flow and the energy 

equation is turned on. In the material Properties, air is set as an Ideal gas, and boundary 

conditions are set for the Hot edge at the bottom at 400 K and the cold edge at the top 

including the pistons as 300 K as per noted in section 5.2.2. The UDF and the profiles for the 

piston and the displacer motion are then loaded using the FLUENT define function.  

There are three types of dynamic mesh methods, Smoothing, Layering and Remeshing. The 

method used by Wen-Lih Chen et al. utilised smoothing and remeshing, however, using this 

method on ANSYS produced negative volumes and the simulation crashed. Hence, the 

layering method was used to conduct the simulation. The layering methods involves the 

adding and/or deleting cells to change the volume of the computational domain. A ratio based 

Layering method was implemented with a split and collapse factor of 0.2. The dynamic mesh 

zones have been defined by three parameters, rigid body, stationary body and deforming 

body. Fig. 5-6 shows how each dynamic zone has been defined. The piston edges are assigned 

as pressure outlets. 
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Fig. 5-6: Dynamic Mesh Zone Set-ǳǇΣ ŀƭƭ ƻǘƘŜǊ ȊƻƴŜǎ όƴƻǘ ƛƴŘƛŎŀǘŜŘύ ŀǊŜ ǎŜǘ ǘƻ ΨŘŜŦƻǊƳƛƴƎΩ 

The time-step size utilised was 0.001733908 seconds with 576 steps dictating the number of 

steps required to complete 4 complete cycles of the Stirling engine. A maximum 20 iterations 

were set with a report being saved every 4 iterations. The mesh motion defined by both the 

UDF and the profile, returned the same results as per shown in Fig. 5-7. Using the UDF, the 

solution calculation took 30 minutes while with the profile it took 15 minutes. 

 

Fig. 5-7: Temperature contours in the Stirling Engine at different crank angles, 2D model 

Rigid Body 

Rigid Body 

Rigid Body 

Stationary 

Stationary 



98 

The motion of the piston and displacer are different when compared to the simulation by 

Wen-Lih Chen et al. because crank rotation is modelled clockwise (-120 rpm) while for this 

work, the rotation has been modelled in counter-clockwise direction (120 rpm). The 

Temperature profile however does seem similar to that of the model prepared by Wen-Lih 

Chen et al. However, the temperature modelling has not yet been performed on this model. 

This moving mesh model is then transferred to a 3D model, which will feature more zones 

that will require to be set-up during the dynamic modelling. 2D Simulation has been used to 

compare against 3D simulation for temperature profile analysis 

5.3.2. 3D Model 

The quarter section of the engine as seen in Wen-Lih Chen et al. is modelled using the 

geometry modeller in ANSYS using the dimensions in Fig. 5-1. Just like the 2D model, there 

are 4 major segments to the 3D model including, the compression chamber, the expansion 

chamber, the annulus and the piston. Only one piston is shown since only a quarter of the 

engine is modelled. The geometry has been further divided into 34 bodies, in order to 

generate a sweeping uniform quadrilateral mesh. The bodies are grouped so that they 

interact with the adjacent bodies for which the interfaces are set-up automatically by the 

ANSYS modeller. Since all the sections are connected, the mesh flows through from one body 

to the other, as such to maintain the uniformity. The segments created ensure this uniformity 

is maintained. See Fig. 5-8. 

 

Fig. 5-8: 3D Geometrical model of Stirling Engine 
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The meshing for the 3D model is more complicated when compared to that of the 2D model, 

and has been generated manually. The number of divisions for each of the 34 bodies have 

been set so as to provide an even height of 0.5 mm for each element volume. The widths of 

volumes have been set in order to have a uniform mesh flow across the axis of the geometry. 

The constraint to the size of the mesh for the width is relaxed as the geometry is not 

symmetrical. Thus, the sweeping mesh grows from one end to the other. Fig. 5-9 shows the 

generated mesh. All the cell zones have been set to fluid, with a relevance factor of 100, 

advanced size function is set on curvature, relevance centre is set to fine, high smoothing, 

slow transition and fine span angle. The statistics are as shown in Table 5-3. 

  

Fig. 5-9: 3D Model mesh generation 

Table 5-3: Mesh Statistics 3D Model 

Nodes 173090 Average 5.17476227272727 

Elements 158400 Standard Deviation 5.2136092539616 

Mesh Metric 

Min 

Aspect Ratio 

1.25 

Minimum Orthogonal 

Quality1 

7.20906e-01 

Max 18.631 Maximum Ortho Skew2 2.79094e-01 

1 Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality. 

2 Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality. 
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Named sections have been created to combine the bodies of the major chambers to make 

the set-up of the dynamic mesh easier. This way the dynamic mesh properties can be assigned 

collectively to the 5 bodies that encompass the piston chamber, the 13 bodies of the 

compression and expansion chambers and the three bodies of the annulus. All the cut faces 

ƛƴ ǘƘŜ Ψ-ȄΩ ŀƴŘ ΨȊΩ ŘƛǊŜŎǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ǎŜǘ ŀǎ ǎȅƳƳŜǘǊȅ ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ ƳƻŘŜƭ ƛǎ ŀ ǎŜƎƳŜƴǘ 

of the complete engine. The mesh quality reading shows high  

In FLUENT, the CFD model is set-up in Transient mode, Laminar flow and the energy equation 

is turned on. In the material Properties, air is set as an Ideal gas, and boundary conditions are 

set for the Hot surface at the bottom at 400 K and the cold surface at the top including the 

pistons as 300K as per noted in section 5.2.2. The profiles for the piston and the displacer 

motion are then loaded using the FLUENT define function. 

Like in the 2D model, the smoothing and remeshing model was attempted for the 3D model 

as well, however, similar to the 2D model the moving mesh failed due to the creation of 

negative volumes and hence the layering method was implemented. The layering of the 3D 

model is essentially the same as that of the 2D model. A ratio based Layering method was 

implemented with a split and collapse factor of 0.2.  

The Dynamic mesh zones associated with the annulus are all set as rigid bodies, the bottom 

surface of the expansion chamber and the top surface of the compression chamber are set as 

stationary. The top of the pistons is set as rigid bodies and so is the top and bottom surfaces 

of the Expansion chamber and compression chamber respectively. All other zones have been 

set to deformation. The surface of the piston has been set as a pressure outlet. 

The time-step size utilised was 0.001733908 seconds with 576 steps dictating the number of 

steps required to complete 4 complete cycles of the Stirling engine. A maximum 20 iterations 

were set with a report being saved every 4 iterations. The results obtained however were the 

same as per shown in Fig. 5-10. 
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Fig. 5-10: Temperature contours in the Stirling Engine at different crank angles, 3D model 

The 3D mesh motion has been generated and it is similar to that produced by Wen-Lih Chen 

et al. The only difference is that the crank rotation has been set in the anti-clockwise direction 

in this model compared to the model by Wen-Lih Chen et al. The temperature modelling has 

not been set-up in the model and hence does not produce the results shown in the original 

work. The Pressure profile obtained for the Stirling engine simulation indicates a max and 

minimum pressure of 6.5 Pa and -6.5 Pa respectively. There is an issue with the calculation 

since the initial pressure of the Stirling engine was set to 101 kPa. Both the temperature and 

pressure set-up needs to be further studied as the values for both these parameters are 

incorrect. This will require further development of the UDF and or creation of temperature 

profiles based on the boundary condition defined in section 5.2.2. 

The chart for the volume variation and crank angle is demonstrated below in Fig. 5-11. The 

Graph obtained is a mirror image of the work by Wen-Lih Chen et al. since the rotation is 

considered as anti-clockwise, instead of clockwise as considered in the original work. The 

minimum and maximum values of the Total volume as obtained from the CFD analysis are: 
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1.34 x 10-4 m3 (2700) and 1.75 x 10-4 m3 (900) respectively. This provides a compression ratio 

of 1.31. 

 

Fig. 5-11: Variation of volume against Crank angle in the compression and expansion 

chambers 

The values obtained using the profile are similar to that generated by the original work by 

Wen-Lih Chen with minimum and maximum values of the Total volume as obtained from the 

CFD analysis are: 1.586 x 10-4 m3 (900) and 1.979 x 10-4 m3 (900) respectively with a 

compression ratio of 1.248.  The model parameters have been utilised to study the EMSE. 

5.4. EMSE Simulation Study 

The Educational Model Stirling Engine (EMSE) experimented on and discussed in Chapter 4 

has been modelled to verify the CFD model presented in section  in section 5.3.2. The 

dimensions for the EMSE are as provided in Fig.  4-2. The model generated in Design modeler 

contains the displacer chamber and piston Chamber with the location for the piston chamber 

translated to the center of the geometry, to simplify the meshing process. The translation of 

the location of the piston chamber does not affect the working process of the model. To 

further assist with the meshing the geometry has been divided into 35 parts of the fluid 

portion of the singular model body. Fig. 5-12 shows he EMSE model geometry prepared. 
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Fig. 5-12 EMSE Geometry model 

5.4.1. Mesh Quality 

Using the Fluent solver, Mesh was generated with a relevance factor of 100, using on 

curvature size functions, fine relevance centre, high smoothing and slow transition. To 

determine the appropriate size of the mesh, different size of meshes were created and the 

properties of the meshes including, minimum orthogonality quality, maximum orthogonal 

skew and maximum aspect ratios were noted. Fig. 5-13 shows the values obtained from the 

meshes. Minimum orthogonal quality ranges from 0 to 1, where values close to 0 correspond 

to low quality. Maximum ortho skew ranges from 0 to 1, where values close to 1 correspond 

to low quality.  Lower the maximum aspect ratio, the better the Mesh.  

 

Fig. 5-13: Mesh Statistics based on various EMSE mesh sizes 

Based on the data represented in Fig. 5-13, there is a minor difference in the minimum 

orthogonality quality and maximum orthogonal skew values from the mesh generated. These 
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values are seen to be tending to better quality as the mesh size increases. The maximum 

aspect ratio on the other hand shows better values for 0.5 mm mesh than the others. The 

maximum size of all the mesh edges have hence been specified as 0.5 mm. Leaving the rest 

of the parameters as the default value, the mesh generated is shown in Fig. 5-14. 

The Mesh generated contains 430,624 nodes and 397,972 elements with maximum Aspect 

ratio 3.17428, minimum orthogonal quality is 0.745581 and maximum ortho skew is 0. 

254419.  

 

Fig. 5-14: EMSE 3D mesh of the model 

Named sections were created to combine the bodies of the major chambers to make the set-

up of the dynamic mesh. This method allows the dynamic mesh properties could be assigned 

collectively to the 5 bodies that encompass the piston chamber, the 13 bodies of the 

compression and 13 bodies making up expansion chambers and the 4 bodies of the annulus. 

The entire EMSE model is used for the simulation.  

5.4.2. Boundary Conditions 

The double precession Fluent solver working in transient mode was used to solve the model. 

The energy model was set up to calculate the enthalpy of the material and the flow of the 

fluids was set to standard k-epsilon model with standard wall functions. The material 

properties have been set up based on the materials that will be used to build the prototype. 

The materials and their properties have been listed in Table 5-4. 

The boundary conditions based on the materials above was assigned to the walls. The outer 

wall of the expansion chamber was set to 400 K, while the operating temperature was set to 

300 K (default room temperature). The pressure-velocity coupling scheme utilized was the 

SIMPLE scheme with an operating pressure of 101325 pascal. 
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Table 5-4: Material Properties for Stirling engine model 

Material 
Density 

(kg/m3) 

Specific 

Heat 

(j/kg-K) 

Thermal 

Conductivity 

(W/m-K) 

Air* (Fluid) Ideal 1006.43 0.0242 

Brass [84] (Solid) ς Piston 8860 380 233 

Copper* (Solid) ς Piston Cylinder 8978 381 387.6 

Polystyrene [85] (Solid) - Displacer 1502 1995 0.161 

Glass 2250 780 1.15 

Acrylic [86] (Solid) ς Displacer Cylinder 1160 1485 0.195 

Aluminium* (Solid) ς Top and Bottom of Displacer 

Cylinder 

2719 871 202.4 

* Default material properties listed on ANSYS 16.1 

The motion of the piston and displacer was simulated using a dynamic mesh generated by a 

User Defined Function (UDF) developed with C-Programming. The programme was 

formulated based on the motion dynamics equations of the piston and displacer. Fig. 5-15 

shows how each dynamic zone had been defined. 

 

 



106 

 

 

 

Fig. 5-15: Dynamic Mesh Set-up of EMSE 

The piston and displacer are connected to a crank shaft. The pistons are at a 90-degree phase 

angle to the displacer. The motion of the power piston (zp) and displacer (zd) are dictated by 

the equations presented in section 5.2.1. Based on the dimensions of the Stirling Engine, the 

dynamic motion of the engine can be represented in graphical form as shown in Negative 

velocity indicates direction of movement. The graphical representation shown in Fig. 5-16 is 

for two full rotations of the crank shaft i.e. 720°. 

  

Fig. 5-16: Sample of Displacement and velocity profiles for piston and displacer of EMSE 

The dynamic mesh method implemented involves the deleting and adding of cells from the 

mesh. In Ansys 16.1 this corresponds to the layering technique.  

Over all 5 scenarios have been chosen for simulation based on the tests conducted in Chapter 

4. These are Testing scenarios E6, E9, E16, E17 and E23 chosen to offer a range of temperature 
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difference between the displacer cylinder. Furthermore, the inspected EMSE tests have been 

considered for the CFD analysis because this is the closest to the original status of the EMSE. 

Further modifications to the EMSE added extra losses to the system.  

Based on the rotational speeds recorded in the above scenarios, the time step sizes have been 

calculated so as to ensure no negative volumes are created during the dynamic simulation 

process. Each time step allowed a maximum 500 iterations to allow for convergence. Results 

are gathered every 2 time-steps which is equivalent to 10° crank shaft rotation. This set up 

allows of 20 cycles of the engine. This allows the simulation to achieve a stabilisation stage. 

Table 5-5 lists the time steps size and number of timesteps required for 40 cycles. 

Table 5-5 time step size and number of time steps for CFD analysis 

Test number (Simulation reference) Time Step Size Number of Time Steps 

E06 (S06) 0.007056167 1419 

E09 (S09) 0.005889282 1699 

E16 (S16) 0.006459948 1549 

E17 (S17) 0.008177952 1225 

E23 (S23) 0.007413998 1350 

 

5.5. Simulation Stabilisation 

As the bottom of the Stirling Engine heats up, the temperature increases in the expansion 

chamber. An initial impetus is needed on the engine at this point to get it started. As the 

displacer moves up, the air in the expansion chamber expands and in turn compresses the air 

in the compression chamber. At the same time the piston is also pushed up due to the 

crankshaft motion and hence the Stirling engine cycle has been initiated. Test scenario E6 has 

been used to demonstrate the stabilisation process. 

Fig. 5-17 demonstrates the first cycle of the Stirling engine from 0° crank rotation to 360°. As 

expected from the simulation, the air expands in the expansion chamber. We see a clear 

separation in the temperatures of the expansion chamber and the compression chamber. 
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There is some leakage of heat from the expansion chamber into the compression chamber 

through the gap between the displacer and the engine wall. This is also expected as the gap 

is expected to function as a regenerating channel working as a bridge between the chambers 

and temporarily storing heat. It has been observed that after 12 strokes the temperature 

profile stabilises. This is further elaborated in Fig. 5-18 where the average temperatures at 

180-degree crank angle and 360 degree crank angles is seen to be consistent for both the hot 

chamber and cold chamber throughout the entirety of the simulation process after 12 strokes 

of CFD simulation. 

From the graph it can be observed that once the Engine has stabilised, a difference is 

maintained in the temperature between the expansion and the compression chamber. The 

results show an average difference of 27 K between at the expansion and compression 

chambers at 180° crank angle and this difference is maintained at 360° crank angle. 
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Fig. 5-17: Starting engine cycle of the Stirling Engine ς 0° to 360°. 

  

Fig. 5-18: Graphs showing how the engine goes from start to achieve stabilisation 

The CFD results showing the temperature profiles for a stabilised engine function can thus be 

mapped as per Fig. 5-19 from 0° crank angle to 360° crank angle.  
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Fig. 5-19: Engine Cycle once stabilisation has been achieved. 

Clear separation is seen between the temperature profiles of the expansion chamber and 

compression chamber further reinforcing the values represented above. The only region of 

ƳƛȄƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛǎ ǘƘŜ ƎŀǇΣ ƘƻǿŜǾŜǊΣ ǎƛƴŎŜ ǘƘŜ ƎŀǇ ƛǎ ǎƳŀƭƭ ƛǘ ŘƻŜǎƴΩǘ ŀƭƭƻǿ for total 

mixing between the expansion and compression chambers. This can be further improved by 

implementation of heat exchangers in the gap to act as a regenerator. This will allow for 

better temporary heat retaining at both the expansion and compression chambers. 
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5.6. Temperature Profile 

The temperature profile recorded for the probed EMSE is compared to the Temperature 

profiles obtained using the CFD analysis.  The CFD model has been developed based on the 

hot surface temperature,  cold surface temperature and rotational speeds of the inspected 

EMSE test results, however, for the validation of the CFD model, the internal temperatures of 

the probed EMSE with a similar temperature profile has been used. The temperature profile 

in the probed EMSE is expected to have suffered a small losses when compared to the 

temperature profile inside an inspected EMSE due to the various modifications subjected 

onto the EMSE compared to the pressure inside the EMSE and frictional factor. Three such 

comparisons have been identified for the validation of the CFD results, including, S06 

compared against HO10 (Scenario 1), S23 against HO13 (Scenario 2) and S09 against HO04 

(Scenario 3). 2D CFD models were also generated for the above scenarios for comparison. 

Temperature recording is observed at two locations of the CFD simulation. One at the top 

section of the displacer (Temp [1]), 0.018m from the bottom and the other 0.002 m from the 

bottom at the bottom section of the displacer (Temp [2]) as per shown in Fig. 5-20. The 

average of the temperature reading across one rotation is obtained and compared against 

the experimental results. The location of the points is as per measurements taken of the 

probes positioned inside of the displacer cylinder. 

 

Fig. 5-20: Temperature measurement locations from CFD results 

The comparison between experimental results and the results obtained from the 2D and 3D 

CFD analyses are represented in Fig. 5-21. 

Temp [1] 

Temp [2] 



112 

 

Fig. 5-21: comparison between experimental and CFD results 

It can be seen that both 2D and 3D CFD analysis produce similar temperature profiles based 

on the measurements of Temp [1] and Temp [2]. 

As has been established previously, the testing scenarios are different to the actual CFD 

analysis. The EMSE tested is not large enough to accommodate a lot of modifications neither 

are Stirling engines very consistent in their operation. Therefore, for this study the 

relationships between the functional parameters of the EMSE are put into focus rather than 

the exact figures. 

The Temperatures obtained from the CFD analysis are seen to be higher than those obtained 

from the experiments. There is, however, better agreement with the temperature on the cold 

side of the displacer chamber when compared to the hot side of the displacer chamber. The 

CFD Analysis in the hot section of the displacer chamber produces a maximum error of +1.3% 

when compared to +1% maximum error at the cold side. The slightly lower temperature may 

be a result of bleeding connection joints in the experiments which is reducing the 

temperatures associated with the EMSE.  

The best way to negate the errors associated with the minor leaks would be to design and 

build an EMSE keeping in mind the experimental requirements and ensuring probe locations 

can be securely sealed without interfering EMSE operation. The higher the temperature the 

better the agreement between the experimental results and the CFD analysis.  
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With the low levels of error, it can be established that the temperature profile obtained from 

the CFD analysis is a valid representation of the EMSE temperature profile with an error 

percentage of ±1.3%. 

At lower temperatures the difference between the top and bottom sections inside the 

displacer chamber demonstrates smaller differences in temperature. This difference keeps 

increasing as the temperature tends higher. This demonstrates that while there is no 

regenerator in the EMSE, the gap between the displacer and the displacer cylinder possess a 

regenerative property which ensures re cycling of heat in the system.  

The relationship between the temperatures at the top and bottom sections of the inside of 

the displacer chamber is further visualised as per Fig. 5-22. 

 

Fig. 5-22: Comparison of the Temperatures inside the displacer chamber 

At any given point, there is a linear relationship between the temperatures at the top and 

bottom of the inside of the displacer. This relationship is consistent across all the 

temperatures that the EMSE has been subjected to. This is expected since the annulus 

between the displacer and the displacer cylinder does not change, neither does the stroke 

length. The cold side temperature remains fairly consistent (fluctuating within 2.5%) 

throughout the scenarios that have been analysed. However, the hot side shows a larger 

difference across the scenarios. Thus, as per the current setting of the EMSE, very little heat 

seeps into the cold side of the displacer. 
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5.6.1. Temperature flow inside the displacer chamber 

To understand how the temperature flows inside the displacer chamber of the EMSE, the 

stroke and displacer diameter of the EMSE has been modified and studied with the help of 

CFD and noting the temperatures at the location points Temp[1] and Temp[2] of the new 

models as per indicated in Fig. 5-20.  

Taking Simulation S23 as the base simulation the temperature profiles for two modifications 

have been analysed. The first case considering the size of the stroke (scenario T1 and T2) and 

the second case being the size of the displacer, namely the diameter (scenario T3 and T4). 

The measured parameters based on the experiments i.e. The hot side temperature, cold side 

temperature and the rotational speed of the EMSE under operation remains the same. The 

modifications are summarized below in Table 5-6. 

Table 5-6: Modified EMSE for CFD study 

Testing Scenario Stroke Displacer Diameter 

S23 4 mm - 

T1 4.2 mm - 

T2 3.8 mm 84 mm 

T3 - 86 mm 

T4 - 82 mm 

 

The change in the size of the stroke of the EMSE demonstrated minor changes in the 

temperature profile inside the displacer chamber. This change in in the temperature profile 

is noticeable as per shown in Fig. 5-23. A larger difference in the profile is identified when the 

stroke length is increased (T1), particularly when the displacer is halfway between the top 

and bottom of the stroke (average deviation of 0.2%). This indicates that for the EMSE, the 

transfer of temperature from the hot side to the cold side is reduced corresponding to a 

better performance of the EMSE, however, this increase is minor and negligible when 

compared to the overall performance of the EMSE. 
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With regards to the reduction of the stroke length (T2), the values are much more comparable 

(average deviation of 0.08%) to the original simulation scenario (S23) and the slope of the 

temperature profile closely matches that of S23. 

 

Fig. 5-23: Temperature profile inside the displacer chamber as a result of changing stroke. 

A clearer indication of change in the performance in the EMSE can be demonstrated by 

changing the displacer diameter due to the larger scope of change. Fig. 5-24 shows the 

temperature profile as a result of the size change of the displacer. 

 

 

Fig. 5-24 Temperature profile inside the displacer chamber as a result of changing 
displacer diameter 
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A smaller displacer (scenario T4) reduces the fluctuation of temperature at the measurement 

points, however, the slope has increased, indicating a larger impact on the temperature at 

the cold side of the displacer cylinder from the hot end of the displacer cylinder. As expected, 

with the increase in the diameter of the displacer (Scenario T3), the transfer of temperature 

from the hot side to the cold side is reduced but this creates larger fluctuation at the 

measurement points.  

The performance is thus better with a smaller annulus as indicated by a smaller slope in the 

temperature profile; however, the machining of the displacer becomes much more critical as 

the annulus decreases and the manufacturing tolerance needs to be reduced. The disorder in 

the cylinder is also seen to be increasing with the reduction in annulus size signified by a larger 

footprint of scenario T3 compared to scenario T4. 

5.7. Pressure Profiles 

The Pressure in the EMSE is obtained from the CFD analysis using a modified Schmidt 

equation. The Schmidt equation follows the isothermal analysis from which the pressure can 

be calculated using the equation:  

ὴ ὲὙ  (Equation 10) 

Where, ᴂὴᴂ  is the pressure in Pascals, ᴂὲᴂ in the number of moles, ᴂὙᴂ is the gas constant with 

a value of 8.314462618 WκόYϊƳƻƭύ, ᴂὠᴂ is the volume of the compression space in m³, ᴂὠᴂ is 

the volume of the expansion space in m³, ᴂὠᴂ is the volume of the rejector in m³, ᴂὠᴂ is the 

volume of the acceptor in m³, ᴂὠᴂ is the volume of the regenerator in m³, ᴂὝᴂ is the 

temperature at the rejector in K, ᴂὝᴂ is the temperature at the acceptor in K and ᴂὝΩ ƛǎ ǘƘŜ 

regenerator  temperature in K calculated using: 

Ὕ
 Ⱦ

  (Equation 11) 

The EMSE does not have a dedicated Regenerator section and the piston housing is connected 

directly with the displacer chamber. With the help of the CFD analysis the temperatures at 

each of the sections (including the compressor section, the expansion section and the 

annulus) are known at every point of the working cycle. Therefore the Schmidt equation is 

modified to: 



117 

ὴ ὲὙ  (Equation 12) 

²ƘŜǊŜΣ Ψὠᴂ is the volume of the working space of the piston chamber in m³Σ Ψὠ Ω ƛǎ ǘƘŜ 

volume of the dead space of the piston chamber in m³, ᴂὠ ᴂ is the volume of the dead space 

ƛƴ ǘƘŜ ŎƻƳǇǊŜǎǎƛƻƴ ŎƘŀƳōŜǊ ƛƴ ƳшΣ Ψὠ ᴂ is the volume of the dead space in the expansion 

chamber in m³, ΨὝᴂ ƛǎ ǘƘŜ ¢ŜƳǇŜǊŀǘǳǊŜ ƛƴ ǘƘŜ Ǉƛǎǘƻƴ ŎƘŀƳōŜǊ ƛƴ YΣ  ΨὝᴂ is the temperature in 

ǘƘŜ ŎƻƳǇǊŜǎǎƛƻƴ ŎƘŀƳōŜǊ ƛƴ Y ŀƴŘ ΨὝᴂ is the temperature in the expansion chamber in K. 

The number of moles is calculated as per the initial conditions of the test with the pressure 

being atmospheric pressure (101325 Pa) and the room temperature (295 K). For each section 

volume (piston, compressor, expansion) the number of moles is calculated using the ideal gas 

law using the equation: 

ὲ   (Equation 13) 

It has been considered that the number of moles does not change during the operation of the 

EMSE. Essentially establishing that there are no leaks in the system. The number of moles in 

each section is summed up to obtain the number of moles used to determine the pressure of 

the EMSE as per Equation 12. 

The pressure profiles thus obtained from the CFD analysis and compared against the 

pressures obtained from the testing of the inspected EMSEs as per presented in section 4.11 

in the form of Stirling cycle analysis. The comparison charts are presented as per Fig. 5-25. 

The CFD analysis does not match the experimental results obtained. For each scenario 

analysed, the computational analysis demonstrates higher pressures and higher indicated 

work when compared to the experimental results. While the pressure profiles generated from 

the experimental results all map similar results regardless of the difference in temperature to 

which the EMSE is subjected. However, the CFD analysis results demonstrate a linear 

relationship where the indicated work, which increases with the increase in the temperature 

to which the EMSE is subjected. 

The graphical comparison of the pressure profiles of the simulated EMSE as per the testing 

scenarios is shown in Fig. 5-26 demonstrating the Stirling cycle on the basis of no leaks in the 

EMSE system.  
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Fig. 5-25:Comparing the Stirling Cycle analysis as obtained by CFD vs Experiments 
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Fig. 5-26: Graph comparing the pressure profiles obtained by CFD analysis of the EMSE 
testing scenarios 

The indicated work for the all the scenarios of inspected EMSE from the experimental results 

is 0.012 J ± 0.01 The consistency in the PV diagram for the experimental results may be 

attributed to leaks in the EMSE displac3e12er which occurs when the displacer chamber 

reaches a certain pressure point. This can be overcome with the help of better sealing and 

more accurate machining of the EMSE. This was also noticed in the Kato [58] experiments.  

The maximum pressure retention capability, and subsequently the indicated work, of a 

Stirling engine will depend on its geometry and the quality of the manufacturing processes. 

Unless highly accurate manufacturing techniques are used ensuring very low tolerances, it is 

always going to be difficult to accurately predict the indicated work of the Stirling engine. As 

a result, it can be established that 3D computational analysis is not an essential tool for the 

designing of a low cost, low temperature Stirling engines such as the EMSE model that has 

been used in this research work.  

Low cost solutions will always have to be physically tested as the error in indicated work is 

very high and differs based on the temperature to which the engine has been subjected.  
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5.8. Summary 

In This chapter the computational analysis of a low cost, low temperature Stirling engine is 

presented. The work follows the parametric analysis presented by Wen Lih Chen [75] and uses 

the technique to simulate and analyse the EMSE.  

The EMSE CFD model developed, utilises a full-scale 3D model in comparison to previous 

models developed ensuring no assumption of symmetry in the model. The model, however, 

lacks in the account of leaks In the EMSE system.  

The temperature profile has been verified using the temperatures measured from the probed 

EMSE showing good agreement with 3D CFD analysis as well as 2D CFD analysis. However, the 

pressure profiles were not verified, because the relations between the pressure readings 

obtained from the experimental results differed greatly from what is obtained from the CFD 

analysis.  

The results demonstrate that while there is minor difference in the temperature profile across 

the displacer chamber even after modifications on the EMSE, the pressures are impacted a 

lot more in comparison. This indicates that the construction of a Stirling engine is very crucial. 

For low cost, low temperature differential Stirling engines such as the EMSE, the materials 

used, the geometry of the engine and create several limitations on the pressure capability. 

Higher quality machining and materials significantly raises the cost of Stirling engines affecting 

the affordability of the pump system that is envisioned for this research work.  

Assessing the pressure retention capabilities requires practical testing. As such, 

computational analysis is not an essential tool for the designing of a low cost, low 

temperature Stirling engine. Furthermore, there is good agreement between the 

temperature profiles generated from both the 2D simulated results as well as the 3D 

simulated results. If CFD analysis is proposed for analysis 2D simulation is sufficient.   
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Chapter 6  

Conclusions 

6.1. Introduction 

This chapter summarises the findings of the research undertaken and provides insight in the 

following areas: 

Á Why a cost focused solution is required to ensure a feasible solution is obtained for 

irrigation in the sub-Saharan Africa region,  

Á Considering a cost-effective EMSE system, a summary of the experimental results and 

findings are presented, to determine the effectiveness of the system and analyse the 

practicality of such a device being used in the real-world scenario. 

Á A summary of the computational analysis and the comparison to the experimental 

results has been presented to identify the accuracy of CFD in analysis of the low-cost 

EMSE.  

Á Identifying key characteristics that can be analysed using CFD, a summary of models 

developed to further improve the efficiency of the EMSE have been presented. 

Á Finally based on the findings of the research, experimentation and analysis a future 

work objective has been set. 

6.2. The need for a cost focused solution 

The vast majority of the sub-Saharan African region is underdeveloped [87]. Severe draught, 

lack of rain and long dry spells means that the people in the region generally have to import 

food from other countries, increasing the cost of food. Almost 1/3 of the basic grains being 

imported [64]. Providing the residents of the region with a means to grow their own food is a 

strategic priority. In order to provide food security in the region, the available resources have 

been reviewed to ensure a sustainable system using suitable renewable technologies. 

Solar thermal technologies provide the opportunity for small scale remote farms usage if the 

correct infrastructure is available for solar power concentration. Solar concentration 

technology that is cheap, effective and portable is essential to produce a feasible system. 
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Parabolic concentrators and dish concentrators provide compact solutions; however, an all-

encompassing system is expensive to purchase. Local alternatives utilising local materials to 

build concentration systems may be proposed, which will reduce the cost as well as carbon 

footprint of the system. This has led to the proposal of using Stirling Engines which are 

compact relative to other forms of solar thermal technologies. Table shows how the solar 

thermal technologies have been compared for the purpose of low cost, irrigation system in 

the Sub-Saharan Africa region based on research by Wazed et. al. [87]. 

The focus of this research was to assist in the development of a Stirling engine system for 

irrigation that was affordable for the demographic in the Sub-Saharan Africa region for the 

empowerment of independent farmers. Hence, the cost of the technology was a major factor 

dictating the type of Stirling systems that have been investigated. This ensured that the 

materials used, and the manufacturing techniques opted for the Stirling Engine Is easily 

accessible to the demographic. 

Table 6-1: Comparing various solar thermal technologies [87] 

Property 
Rankine 

Cycle System 

Stirling 

Engine 

Metal Hydride 

Engine 

Liquid 

Piston Pump 

Size Large Small Small Small 

Locally sourced materials No Yes No No 

Mobility  No Yes Yes Yes 

Cost High Less High Less 

  

Low temperature differential, gamma-type Stirling engine was selected for the investigation 

because of the relative ease of manufacture. However, low cost systems Investigated were 

generally very small in size, such as, that tested by Kato [78] and the EMSE tested in this 

Investigation.  
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6.3. Experimental Results 

Experiments were conducted on a Low temperature differential Education Model Stirring 

Engine (EMSE) to study the working of the engine across the various modification stages to 

internal temperature readings of the EMSE. 

1. Experimental tests were divided into 4 different types including, new EMSE, Inspected 

EMSE, Drilled EMSE and Probed EMSE. Temperature of the outer bottom and top 

surfaces of the displacer chamber and the pressure inside the displacer chamber is 

measured for the Inspected EMSE and drilled EMSE. The Probed EMSE also measures 

the temperatures inside the displacer chamber using two probes, one in the top section 

of the displacer chamber and one in the bottom section of the displacer chamber. Just 

the top and bottom surface temperatures of the new EMSE is measured. The 

temperature ratio between the top and bottom surface of the EMSE remained 

consistent throughout all the testing scenarios within difference percentage of 0.65% 

and R² vale of 0.75; which insists that the modifications on the EMSE does not have any 

impact on the temperature profile. The P-V Diagram and consequently the indicated 

work remains consistent across the individual testing scenarios regardless of the 

temperatures the scenarios are subjected to. However, the work done increases from 

Inspected EMSE to Drilled EMSE by 24% to and from inspected EMSE to Probed EMSE 

respectively by 28%. These results parallel that of Kato [78] indicating a restricting 

pressure capability of the EMSE which depends on the geometry and the quality of 

fabrication of the EMSE. This result is different from theoretical estimations which 

indicate increasing work with increasing temperature difference. 

2. Temperature visualization from a Thermal Imaging showed good agreement for the 

temperature profile across the hot surface of the displacer chamber with a slight 

difference in the values of the temperature at the cold surface of the displacer. The rate 

at which the hot side temperature increases is different when compared between the 

Thermal imaging camera and the thermocouple. Using thermocouples reduces the cost 

of the experiments and also ensures more accurate measurement of temperatures 

inside the EMSE, since thermal imaging cameras only measure the outer surface 

temperatures hence instantaneous temperatures are less accurate. 
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3. Graphing the temperature at the bottom surface of the Stirling Engine to the rotational 

speeds demonstrates a linear relationship the slope of which decreases with 

modifications made to the EMSE. The slope is severely affected on the Probed EMSE 

with a slope of 0.1983 and 95% difference when compared with the new EMSE.  

4. A large discrepancy is apparent between the experimental results of pressure and the 

results obtained using theoretical estimations. The researcher is circumspect of the 

Pressure sensing device with regards to its accuracy. Since due to the pandemic 

validation of the pressure recordings was not possible it is one of the areas where the 

experimental results are wanting. Add to this the high levels of friction and leakages in 

the system due to the low precision construction further added to the issue of 

erroneous results that had to undergo a lot of processing in order to make a comparison 

with the theoretical results. 

6.4. CFD Results 

Computational Analysis of the EMSE is conducted based on the principles demonstrated by 

Wen Lih Chen [56]. A full-scale 3D model was simulated and analysed to negate any symmetry 

related errors. The CFD analysis allows the simulation to run for 10 seconds to allow for 

stabilization period such that the temperatures in the EMSE reaches a stable range and a clear 

separation is observed between the top and bottom surface temperatures. Finally, a 1 second 

time period (9s-10s simulation time) is considered to conduct the analysis. 2D CFD model was 

also generated for experimentation scenarios E06, E09 and E23.  

1. Measuring temperatures at two points on the inner region of the EMSE simulation 

(Temp [1] and Temp [2]) mirroring the experimental scenario, both the 2D and 3D 

simulations show good agreement with the experimental results. With a maximum 

error difference of +1.3% at the hot plate and a maximum of +1% error at the cold 

plate.  

2. At lower temperatures the difference between the top and bottom sections inside the 

displacer chamber demonstrates smaller differences in temperature. This difference 

keeps increasing as the temperature tends higher. This demonstrates that while there 

is no regenerator in the EMSE, the gap between the displacer and the displacer cylinder 

possess a regenerative property which ensures re cycling of heat in the system. 
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3. The temperature profile remained consistent across the change in the stroke length in 

the EMSE. Due to a short displacer height, there was little impact expected, however, 

it is clear that halfway between the stroke a larger variance in temperature values were 

presented due to change in stroke length. Since, larger changes could be administered 

to the displacer diameter a more clear indication of the change in performance of the 

EMSE was identified. A smaller displacer (scenario T4) reduces the fluctuation of 

temperature at the measurement points, however, the slope has increased, indicating 

a larger impact on the temperature at the cold side of the displacer cylinder from the 

hot end of the displacer cylinder. 

4. The CFD analysis does not match the experimental results obtained for the pressure 

readings of the EMSE. the computational analysis demonstrates higher pressures and 

higher indicated work when compared to the experimental results. The indicated work 

for the all the scenarios of inspected EMSE from the experimental results is 0.012 J ± 

0.1.  

5. 3D computational analysis is not necessary in estimating the functioning of a Stirling 

Engine. 2D and 3D analysis both offer good estimation of the temperature profile of 

the EMSE, however, the pressure profile does not match that of the experiments. This 

has been attributed to material and construction factors that limit the pressure 

capabilities of the Stirling Engine which is difficult to quantify. Therefore, while CFD is 

a convenient tool for quickly carrying out the analysis, it is no more accurate than any 

other numerical methods especially for low cost products which feature cheaper 

materials. Low cost Stirling Engines need to be practically tested to accurately evaluate 

ƛǘΩǎ ǇǊƻǇŜǊǘƛŜǎΦ 

6.5. Future Work 

This research was based on the fundamental understanding of the working process of a low-

cost, low temperature differential Stirling engine using a readily available Stirling model. The 

ideal way to more accurately study this would be by custom building Stirling engine models 

of varying geometrical and special features to establish a more solid data base. Furthermore, 

research is required in various types of materials that could be used to build the engine to 

satisfy the low cost while maintain the functionality of the engine. Air tightness is one of the 

major factors that affects the effectivity of the Stirling Engine.  
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Further practical experimentation is required on pump configurations to ensure adequate 

pumping capabilities to meet the irrigation requirements. Analysis of the utilisation of Solar 

power is necessary, whether it used just solar thermal energy or a combination of Solar 

thermal and solar PV or other renewable sources available in the sub-Saharan Africa region. 

Environmental and economic impact study of technology is also an important analysis 

ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƻŘŀȅΩǎ ŎƭƛƳŀǘŜΦ 

 

Fig. 6-1: Conceptual model of the Stirling pump system. 
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Chapter 8  

APPENDICES 

8.1. Appendix 1 ς User Defined Function 

#include  "udf.h"  

#include  "math.h"  

#include  "dynamesh_tools.h"  

 

#define  RADIANS(deg) (M_PI*(deg)/180.0)  

#define  rpm 120 /* clockwise */  

#define  start_angle 0 /* start angle of Piston in degrees */  

#define  lc1 0.2125 /* Crank to bas e of Cylinder */  

 

/* Piston Parameters */  

#define  r1 0.0200 /* Piston Stroke */  

#define  l1 0.0650 /* Piston Connecting Rod */  

#define  l2 0.0225 /* Length of Piston + Piston Rod */  

 

/* Displacer Parameters */  

#define  r2 0.0125 /* Displacer Stroke */  

#define  l3 0.0475 /* Displacer Connecting Rod */  

#define  l4 0.0775 /* Displacer Rod */  

#define  ld 0.0740 /* Displacer Length */  

 

DEFINE_CG_MOTION(piston, dt, vel, omega, time, dtime)  

{  

 real z_piston, angle_p, w_p;  

 

 /* compute current angle at t = time  

 note: crank - rpm is in units of RPM  

 crank - start - angle is in units of degree */  

 angle_p = start_angle + (time * (rpm / 60) * 360);  

 angle_p = RADIANS(angle_p);  
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 /* converting RPM to Radians per sec */  

 w_p = rpm * 2 * M_PI / 60;  

 

 /* compute current  z_piston (=0 at tdc, angle = 0) */  

/* z_piston = L + (A / 2 * (1 -  cos(angle))) -  (sqrt((L * L) -  (((A * A) / 4) * 
(sin(angle) * sin(angle))))); */  

z_piston = lc1 -  (( - r1 * sin(angle_p)) + sqrt((l1*l1) -  
(r1*r1*cos(angle_p)*cos(angle_p))) + l2);  

 

 /* re - set velocities */  

 NV_S(vel, = , 0.0);  

 NV_S(omega, = , 0.0);  

 

 /* compute velocity formula, Motion in Y axis */  

 vel[0] = 0;  

vel[1] = (r1*w_p*cos(angle_p)) -  ((r1*r1*w_p*cos(angle_p)*sin(angle_p)) / 
sqrt((l1*l1) -  (r1*r1*cos(angle_p)*cos(angle_p))));  

 vel[ 2] = 0;  

 

 /* Print Message */  

Message(" \ ntime = %f, piston = %f, angle_p = %f, vel[1] = %f" , time, z_piston, 
(angle_p * 180 / M_PI), vel[1]);  

}  

 

 

 

DEFINE_CG_MOTION(disp, dt, vel, omega, time, dtime)  

{  

 real z_disp, angle_d, w_d;  

 

 /* compute current angle at t = time  

 note: crank - rpm is in units of RPM  

 crank - start - angle is in units of degree */  

 angle_d = start_angle -  90 + (time * (rpm / 60) * 360);  

 angle_d = RADIANS(angle_d);  

 

 /* converting RPM to Radians per sec */  



138 

 w_d = rpm * 2 * M_PI / 60;  

 

 /* compute current z_piston (=0 at tdc, angle = 0) */  

/* z_piston = L + (A / 2 * (1 -  cos(angle))) -  (sqrt((L * L) -  (((A * A) / 4) * 
(sin(angle) * sin(angle))))); */  

z_disp = lc1 -  (( - r2 * sin(angle_d)) + sqrt((l3*l3) -  
(r2*r2*cos(angle_d)*cos(angle_d))) + l4 + ld);  

 

 /* re - set velocities */  

 NV_S(vel, = , 0.0);  

 NV_S(omega, = , 0.0);  

 

 /* compute velocity formula, Motion in Y axis */  

 vel[0] = 0;  

vel[1] = (r2*w_d*cos(angle_d)) -  ((r2*r2*w_d*cos(angle_d)*sin(angle_d)) / 
sqrt((l3*l3) -  (r2*r2*cos(angle_d)*cos(angle_d))));  

 vel[2] = 0;  

 

 /* Print Message */  

Message(" \ ntime = %f, disp = %f, angle_d = %f, vel[1] = %f" , time, z_disp, 
(angle_d * 180 / M_PI), vel[1]);  

}  
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8.2. Appendix 2 ς Profiles 

Using equations 1-4 profiles were created using excel. A Sample of the calculations has been 

shown below: 

 

 

 

 

  

Piston Angle 0

Piston Displacement Displacer Displacement

lc1 0.2125m lc1 0.2125m

r1 0.02m r2 0.0125m

theta 0 deg beta -90 deg

sin theta 0 sin beta -1

cos theta 1 cos beta 0

l1 0.065m l3 0.0475m

l2 0.0225m l4 0.0775m

r1*sin theta 0 ld 0.074m

l1^2 0.004225 r2*sin beta -0.0125

r1^2 0.0004 l3^2 0.00225625

cos theta ^2 1 r2^2 0.00015625

r1^2 x cos theta^2 0.0004 cos beta ^2 0

zp 0.128153416m r2^2 x cos beta ^2 0

zd 0.001m

Piston Velocity Displacer Velocity

r1 0.02m r2 0.0125

omega -12.56637061rad/s omega -12.56637061rad/s

theta 0 deg beta -90 deg

sin beta 0 sin beta -1

cos beta 1 cos beta 0

l1 0.065m l3 0.0475m

r1*omega* cos theta -0.251327412 r2*omega* cos beta 0

r1^2 0.0004 r2^2 0.00015625

r1^2*omega*cos theta*sin theta 0 r2^2*omega*cos beta*sin beta 0

l1^2 0.004225 l3^2 0.00225625

Cos theta ^2 1 Cos beta ^2 0

r1^2 * Cos theta^2 0.0004 r2^2 * Cos beta^2 0

SQRT(l1^2-r1^2*cos theta^2) 0.061846584 SQRT(l3^2-r2^2*cos beta^2) 0.0475

Wp -0.251327412m/s Wd 0 m/s
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8.3. Appendix 3 ς Experimental Temperature Recordings 

8.3.1. Inspected EMSE 
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