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Abstract

The focus of this researchason SubSaharan 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 reearchstudiesa system thahas a potential to makase of the local resources

efficiently, be of lowcost, 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 Sub Saharan Africa region. These farms are small scale and based on FAO
statistics suggesting the average small farm size in theSahlaran African region to be 1
hectare of land area. A literature review has been conducted to identify gmows 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 systmpresented 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 pumtion, low investment cost, easy
maintenance and lower carbon footprint, solar thermal water pumping technolodgge®
shown to be able tamvercome the shortcomings of the PV technology that has stopped

widespread use of the technology for irrigation apptionsin the region

Experimental Analysis of a low temperature differential Stirling engine, EMSE, was conducted
to map the temperature and pressure profildiodifications made to the EMSE adversely
affected the performance of the EMSE and a combamaéxperimental scenario was utilised

to validate the computational analysis of the Stirling Engiftee indicated work output
remained consistent across the various scenarios to which the Stirling Engine was subjected,
showing a threshold pressure basea the geometry and the construction of the engine. Low
cost focus of thestudy is the Ahille<heel of the project. For an effective Stirling system,

tighter tolerance is paramount buvery expensive to achieve.
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Chapter 1

Introduction

1.1. Introduction

The global ppulation 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, theral$® 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 caniim@lemented to utilise the
readily available local resources to drive the cost of the irrigation systems down.

The SubSaharan African region is marred by issues related to food, water and even though
the region is rich in renewable energy resources,shpply is poofl].

The Statistics presented by the FA&&y. 1-1) about the SubSaharan 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 dependncy of many nations in the region on imported food, with almost 1/3 of
the basic grains being importdé]. 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 SuBaharan Africa to be just shy of US$ 4,000 per c§®jita

a) Average dietary energy supply b) GDP per capita (in thousand US$)

Western Africa Western Africa
|
Southern Africa Southern Africa
Middle Africa Middle Africa
|

Eastern Africa Eastern Africa B

Sub-Saharan Africa Sub-Saharan Africa
| I
World World
0 50 100 150 0 5 10 15 20
Percentage USS$ per capita
2014-16 m2010-12 m2000-02 m 1990-92 2014 m 2010 = 2000 m 1990

Fig. 1-1: a) Average Dietary energy supply b) GDP papita 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 glolallySecuring the water in the Sub
Saharan Africanegion for irrigation will be a difficult task considering there is a shortage of
drinking water in the region. The water supply in the Saharan Africa region is inconsistent
and often contaminated. The main water resources are surface water from ogden tHog 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 Skdharan Africa region is
affected by long dry spells, just in February of 2017,FA©® declared Famine in Sudan and
northern Nigeria which will affect over 30 million peoj4g. All the above lead to 319 million
people in the Sutsaharan Africa region being without access to improved drinking water
sourcey5].

Estimated depth to

groundwater Groundwater storage
(mbgl) (ML per sq km)
[ Jo
<1000 ‘./;\
1000 - 10,000 ‘ [
B 10.000- 25,000 £ /
B 25000 - 50.000 % -
Il 5000

Brtish Geological Survey © NERC 2011. All rights reserved
Surtcal geology of Africa, Courtesy of the U.S Geological Survey.

!

L

Fig. 1-2: Ground water Resource in Afrida]

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

is curently harvested[6]. The issue here i®) 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 in@ase in operational and maintenance costs which are too high for the local
population to instigate developmerjt].

The Sb-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 aaress t

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 optidifig. 1-3).

141 Mtoe 56 Mtoe 37 Mtoe 112 ptoe B3 Mtoe 141 Mtoe

100% - Other renewables

Bioenergy

Bl Hydra
Nudear
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Fig. 1-3: a) SubSaharan Africa primary energy mix by suégion
b) Installed gridbased capacity by type and stiegion[1]

Energy use is a matter of global importance and with effects of global warming being realised
across the ente world, a conscience effort needs to be made to utilise renewable energy.
However, the sukaharan 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 lowost than what is presently available.

SubSaharan Africa receives over 2000 kWh of global solar radiation annually, much greater
than that received by the top countries implementing solar energy in the w8ildSevere
draught, lack of rain and long dry spells provides the opportunity for the utilisation of solar
power in SubSaharan Africa, with both solar thermal and Photovoltaic (PV) techiesl¢g).
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1.2. ResearclAim andObijective

The aim of this research is to develop an independent, portable;clust solar powered
irrigation system that assistg establishing a sustainable watkrod-security nexus in
developing nationsStirling Engine powed 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. Th
research offers a largelata set and establishes key insights ilaw-costStirling engines that
helps identify areas wherthe analysis and technology fails at addressing the viability of the
technology.Finally, he study identifies keyocus areas to meet the expectations e
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 (CModelling. The CFD model will then be validated
using experimentation work. The key geometrical components of the system will be indicated
and the performance optimisedkig. 1-4 displays the project methodology.

[ Solar Powered Irrigation ]

v

[ Review of Literature ]

[ CFD Analysis ] Experimental Analysis

I | J
v v
[ Lamma;r Model] [ Turbulert Model] EMSE
v
Grid Verification
¢ Experimental Findings
CFD Findings ]

|

A
[ Validation of Results ]

[ Conclusion ]

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 includingolar photovoltaic (PV) and solar thermal technologile 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 begrublished 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 puniig. 2-1 depicts a typical PV
irrigation set upThis system can be further enhanced depending on the output requirement,
charge regulation based on the requirement tfe 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 observed9].

PV ARRAY
WATER
e

OUTLET

s

ELECTRIC PUMP DRIVE
CABLE SHAFT
UNDERGROUND
WELL
i SUBMERGED
HEH PUMP
L1

Fig. 2-1: Schematic of a simple PV irrigation set up for groundwater retriej0]
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The water outlet from the irrigation system (depictedrig. 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 forrgh 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 inmastment is high and is one of

the major issues making the technology inaccessible to the demographic in th&aBalban

Africa regior11].

While PV systems are easier 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 panfl4¢13]. Fig. 2-2 shows a systematic

diagram of an ingation system designed using PV panels.

INLET
" D‘.-'EF{HEADTHNH
.?H
H p— -é" I ~
DELIVERY FIFE SEDIMENTATION - ‘@1 -
(13 mm o) ‘éﬂf Lo )
T TO MICRO- 4*153 P J
*, EXCESS WATER am IRRIGATION SYSTEM ‘5&1 NS,
(13 mmd) ATTACHMENT /™~ A 7 o
' ——F Ao A e ey
SUCTION FIPE S T L.
g ELE R Y
, 3 2 AT
(13 mm D) = Lo ~/
FARM POND ' FLOW COMTROL VALVE - T E
! 775, PUMP ~g/
\.?____________\':._ ]
) N -
\ / )y 1 BATTERY
l"‘\. ! -
R — INVERTER

CHARGE CONTROL
UNIT [CCU)

Fig. 2-2: Schematic diagram of microrigation system powered by solar PN4]

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 technologiesrfwater pumping in the recent years so much so that photovoltaic
irrigation systems have become synonymous with spawered 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 so{ik2¢l5] Table
2-1shows 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 peod [15,16] In terms of cost, PV systems fare better in the lifetime cost analysis
when compared to esel[12,16,17] The initial investment cost for PV panels are however
too high in comparisoto Diesel and other renewable energy systems such as solar thermal
and wind[12]. However, a PV system can have a payback period of under g ¥8hnshich

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

Table2-1: PV cell efficiency at 25°C and 1000 W/[h8]

PV Cell Materials type Efficiency (%)

PV Cell Materials type Efficiency (%)

Silicon

Si (crystalline) 26.3£0.5

Si (multicrystalline) 21.3+0.6

Si (thinfilm 10.5+0.3
minimodule)

gV cells

GaAs (thin film) 28.8+0.9

GaAs (multi crystalline) 18.4+0.5

InP (crystalline) 22.1+0.7

Dye sensitised

Dye 11.9+0.4

Dyemini module 10.7+0.4

Thinfilm chalcogenide

CIGS (cell) 21.0+0.6
CIGS (minimodule) 18.7£ 0.6
CdTe(cell) 21.0+04

Multi-junction devices
FiveJunction Cell 38.8+1.2
(bonded)

InGaP/GaAs/InGaAs 37.9+1.2

a-Si/neSi/neSi (thin film) 14.0+0.4

Si(amorphous) 10.2+0.3
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Based on research by R. Lopemjue et al[19], to irrigate 1 hectare of land less tharky
power is required and isuch cases where the power system required is less tHai She

DC motor system is preferred over AC motdrse study further indicates that permanent
magnet DC motors provide the highest efficiency, torque and fastest response in comparison
to other DCsystems. 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
demard the use of battery for on demand use of electricity and a more consistent electricity
supply [20,21] Research by D. H. Muhsen et [dl1], on the other hand, proposed an
aluminiumfoil reflector to boostthe solar radiation.

The Power output and costs associated with PV systems vary depending on the irrigation
scenariog§13,14,22;26]. To optimise the degn 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 irrigi@n, Hg. 2-3 shows the proposed solution for retrieving underground
water for irrigation. The system provides 13.65% over all theoretical performance efficiency.

CdTe
P MODULE

POSITIVE DISPLACEMENT PUMP
[FOR HIGH HEADS)
DIPHRAGM PUMP
[FOR LOW HEADS)

oC
MOTOR

PERMANENT
MAGMNET

WATER
SOURCE

Hg. 2-3: Schematic of proposed PV water pumping system for remote rural areas of Sub
Saharan Africd27]

Drawback of PV technologies include, the degradation of power of PV cells due to long term
exposure is 0.8% peegr[28]. At the elevated temperatures and humidity expected in-sub

Saharan Africa the issue may be more prevalent. To compensate for this more intelligen
system may have to be incorporated which will further increase the cost. Another issue with

t+ GSOKy2f23& Aa O(GKFG AGQa YIFydzZFl Ol dzNBE LINR O
comparison to other Renewable Energy Technologies and about 4 timeshaonful than
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Nuclear technologjl2]. Table2-2 enlists the environmental impact of different PV cell types.
Using batteries and the transportati further elevate the carbon footprint of the technology.
Finally, accumulation of dust is another issue associated with PV technology.

Table2-2: Environmental impact of different types of PV cell typg?]

Type of cell Energy paybacl Greenhouse Gas emissior Lifetime
time* (Years) (-CO2eq./kW h) (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 tabularifedleR-3.

The Table focuses on the irrigation requirement of the system (includowydte 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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Table2-3: Review summary of Solar PV watpumping

. . Power Batt Farm
Author Location Function Flowrate head PV Panels . Cost
Out Avg -ery Size
Deveci Turkey Trees 610 I/h im 2 x 10Wp 132 Wh Yes - $582
[20] 2 hr Investment
irrigation
Campana Mongolia Alfaalfa 50 m3/ha  40m - 2.9 kWp - - min - $0.8
[22] China (TDH) /Wp
max - $2.0
/Wp
Campana Mongolia Alfaalfa 3.9 m¥h 5m 6x0.96 kWp - - - $2 /Wp
[23] China
Lopez Almeira Olive 2 m3/h 40m - 150 W/ha - 250  $2.14 /Wp
Luque[19] Spain Trees trees
60m 250 Wiha fha
80m 300 W/ha
Chandel - Orchard 3.4 - 38 - - 900 Wp - - -
[16] I’h
Madina - 22 m3day - 24 Modules - - - -
Saudi 8 series 3
Arabia parallel
Gunung water 0.4 - 09 1400 32PVPanels 3200Wp - - -
kidul Supply I/'s m
India
Spain Orchard 161 - - 6 kWp - 10 ha -
ms3/day
Algeria - 60 m3/day 14.5m - - - - $0.04/m3
Chandel Himachal Test 5500 I/h - 12 moneG 396 Wp Yes - -
[28,29] Pradesh Si
India PV modules
Kumar Hyderabad - 900 I/h 45m 144 m? 148 W Yes 2ha $410
[14] India (full
system)
Hossain Dhaka Brinjal 100 I/min 33.5m 1050 Panels 1440 W Yes 520 $5660
[24] Bangladesh m2
Tomato with 520
tracking m2
Wheat 496
m2
Rice 220
mZ
¢roftS O2y Ay dzsSRX
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i ) Power Batt Farm
Author Location Function Flowrate head PV Panels ) Cost
Out Avg -ery Size
Bengh Saudi Test - 50m - PV array of 1800 Wp No - -
anem[30] Arabia 80m 24 mono
crystalline
solar cells
(8S x 3P)
Treephak Thailand Rice 15 m3/h 39m  250Wx 6- 1500 W No 0.5 $2800
[21] AC ha
250 W x 4 1000 W No 0.5 $2000
DC ha
295 W x 4 1180W Yes 0.5 $2800
AC ha
295 W x 3 885W Yes 0.5 $2200
DC ha
Yahyaoui Brazil Tomato 200 m3/h - - 10-10000 Yes 10ha -
[25] w
Recd26] Almeira  Tomato 60000 I/h  40m - 600 W/ha No 1.9 $2.14 /\Wp
Smin ha
Joneq17] Jordan Desalinat 4000 - 25 - 245 W Yes 4-10 $1.25
ion 15000 100m ha $4.30 /'W
m3/halyr
Sontake Nigeria - 20 m3/day - 60 WP x 28 - Yes - -
(13]
Germany Portable - 5- 90 nos 180 kWp - - -
water 125m
Bushland - 2-8 I/min 3-70m - 160 W - - -
Texas
- - 10165 1/h 10 2x45W - - - -
16m
- - 40 m3/day 10m - 300500 - - -
Wp
Setiawan  Indone Portable 0.2 ¢ 0.9 218 m 32x100Wp 3200Wp no - -
etal [23] sia Water I's
Muhsen Saudi - 600 I/h 50m - 0.98kWp - - -
[11] Arabia
Egypt - 150 30 - 6.048 - - -
m3/day kWp
Algeria - 6 m3/day - (4Sx3P), - - - -
(3Sx4P)
BP Saturn

¢roftS /2yidAydzsSRX
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. . Power Batt Farm
Author Location Function Flowrate head PV Panels . Cost
Out Avg -ery Size

Muhsen Kairouan - 6.5¢30 65 - 2.1 kWp - - -
[11] Tunisia m3/day 112m
Ghardaia - 4-6 1935 - - - - -
Algeria m3/day m
Madina - < 22 80m (6Sx3P), - - - -
Saudi m3/day (125%2P),
Arabia (8S%3P),
(6Sx4P) x7t
Wp
Oran - 6-65 I/m 06 - - 1.5 kWp - - -
Algeria 11m
Tall - 45 m3/day 105m - 59kwp - - -
Hassan
Jordan
Greece - 20 m3/day 30m (2Sx6P) %51 - - - -
Wp
Turkey - 18 m3/day 20m 2x230wWp - - - -
52 m3/day 8 x 200 Wp
New - 38 md/day 5m 4S x 5P - - - -
Delhi
India
Purwodad - 144324 2183 8Sx4P 32kwp - - -
Indonesia m3/h 4m
Louata - 7.7-14.7 65m 14S x 3P 21kwWp - - -
Tunisia ms3/day
Madina - X c 5080 8Sx3P 1.8 kWp - - -
Saudi m3/day m
Arabia
Bejaia - 4366 - 11m 6S x 3P 990Wp - - -
Algeria 27.91
I/min
Nigeria - 10-30 40m - 8402520 - - -
ma3/day Wp
Tiwari and India Domestic 20232 L/d 3S X2P 850 No - -
Kalamkar Use 23317 L/d 4SX2P 1000
[31]
24374 L/d 5S X 2P 1020
22130 L/d 7S 1040

¢roftS O2y (AydzSax



. . Power Batt Farm
Author Location Function Flowrate head PV Panels ) Cost
OutAvg -ery Size

Kabalci Turkey Vineyard 400 n#/d 100m 245Wp 2000 Yes
[32] Panels Wp
connected

((2P) X S) X2

Sarkar Bangladesh Fam 128 nf/d 12.8m Poly 3.5kwW Yes - $1800/kw
[33] land* 373 n¥/d 971m crystalline Si AKW

740 n#/d 16m 7.5kW

645 n#/d 14.6m 11kwW

300 n#/d 35m 7.5kW

* 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 enginehich 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 puRig. 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.

PRIMARY FLUID
SECOMDARY FLUID

Solar

WATER
Radiation I_*_ EXPANDER — pump
BOILER COMDENSER

PUMP
7 L

Fig. 2-4: A typical Rankine cycle solar thermal pumping systgli]

There are two types of solar thermal irrigation systems conventional technologies that use
the Rankine cycle and unconventional systems that usewagycle liquid pistons or metal
hydride systems to produce mechanical / electrical outj34i.
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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 syst¢h®}. Conventional systems

require high investment costs, maintenance costs and havelgergfficiencies (around 1%)

YR KSYyOS | NByQiu 02y aAiRSNBRInskeaddngentiBngl saaOl f S ¢
thermal irrigation may be undertaken in conjunction with desalination, or power generation

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

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

EXFANDER  GENERATOR

COOLING
WATER OUT

CONDEMSER

) Pt

COOLING
STORAGE TANK Pump WATER IM

Fig. 2-5: Solar Powered Organic Rankine Cycle sys{86i

Unconventional technologies include Stirling Engine systems, Two stroke piston systems
which are similar to Stirling systerf86,37]and metal hydride systems. Unconventional solar
thermal technologies, generally have low pumping potential except for metal hydride systems
that haveflow of up to 2000 litres with a flat plate collector of just 1area. However, metal
hydrides are expensive and not easily accessible in remote locqlidrss!,38]

Stirling engines, are low cost systems, compact and easy to n@uarga Stirling engine
irrigation systems are studied for low temperature operations 6@ 96 °(J34,39,40] Due

to the flexibility of Stirling systems in accommodating various heat sources and with the
possibiity of using better solar concentration techniques, higher temperature differences
may be obtained which in turn will ensure a larger output from the sy§3dn37] 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 pur®]
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A Stirling engine produces mechanical work by utilising cyclic compression and expansion of
a working fluid (air, helium, hydrogen, nitrogé#] operating at different temperatures and
enclosed in a fixed spadd2]. The Stirling Engine can achieve the closest efficiency to the
ideal Carnot cycle when compat to any other engineigl3]. The efficiency of Stirling Engines

are calculated to be between 3% for maximum operating temperatures up to 9R373K

at operating rates between 2004000 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,FSge2-7 thefluidyne

pump is an example of such a system where air is heated and cooled and causes@eU
liquid column to oscillate and thus cause lifting and suction. In the laboratoryfjultyne
systems have been able to provide up to 3kWpoiver at a temperature difference of 95°C
and pressure of 160kPa and giving®Zmpump capacityf39].

DIAPHRAGMS

Fig. 2-7: Liquid piston pump design using diaphragni34]
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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 pressiog/n 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 hat 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 andflat collector at a tilt angle of 15°. On a clear day, a
maxmum of 2000 litres of water was pumped to a height ofl&nd 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 I/daj@By The setup of the
system is shown iRig. 2-8.

e u
\I'Q V3 H:O
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I o R T ,

PISTON
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Fig. 2-8: Metal hydride based solar thermal water pumping system des[{§8]

In addition to the above, several novel 2 stroke systems have also been developaahiey
et al.[45], Date and Akbarzad€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 usechpable of providing concentration up %90 °C with a single axis
tracker. Table2-4 enlists different concentrator systems. Based on this system, cheaper and
easig to manufacture concentration technologies have been designed such as the Linear
Fresnel Reflector (400 °C concentratip#f]. Hence, the dish sgam 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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Table2-4: Range of temperature and ratio of concentration of various solar thermal systems
[46]

Technology T [°C] Concentration  Tracking
Ratio 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 powesolar Collector ~ 80-150 8-80 1-axis
Evacuated Tube Collector 90-200 1 -
Compound parabolic collector 70-240 1-5 -
Linear Fresnel Reflector 100400 8-80 1-axis
Parabolic trough 70-400 8-80 1-axis
Heliostat field + Central Receiver 500-800 600-1000 2-axis
Dish Concentrators 5001200 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 thé&tirling cycle capable of 500 Watts, mOhead, 80,000 L/day known as the
SUNPULYEY7], seeFig. 2-9.

Fig. 2-9: (a) Solar Stirling Water pump with digd8] (b) SUNPULSE Stirling Systei9]
¢KS aeadsSy dzaSa | F2tRIo0fS RAAK Opg/Sifingd NI (21
engine. The pump has been tested across Europe, Africa, Asia and Australia and is estimated
to cost L8$ 2,500. Tested by TUV labs, the system is shown to meet the World Bank target of
water cost for rural areas of 6 centsfmAs per tests, the system designed can provide 2.4
cents/m?. Even though the technology is commercially available, it lacks foesearch and
analysis. The closest system to this was demonstrated by Jokar H, Tavai@dbetuAR40]
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 technoltwat 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 buitthcentration 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 watésrage 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 comprg of Stirling pump with mechanical assist from an
external system may be proposed to assist the displacer similar to work conducted by Jokar
and TavakolpouBalen40].

32



I'|| SOLAR

¥

" RADIATION
REl:EP.rER—_r \
T a \ - "'---._\
( (= ) STORAGE
T TANK
H""‘-n..\_\_\_\_ _,--"'" .
[ STIRLING| ___ ! EXTERNAL 1
PUMP | ASSIST |

WATER
S0URCE

Fig. 2-10: Schematic of proposed solar thermal water pumping system for remote rural
areas of SufSaharan Africd27]

The data from the reviews of solar thermal technologies have been compiled and presented
as per tabularised ifTable2-5. 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 |laak of r
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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Table2-5: Review summary of solahermal water pumping technology

Tem
. Flow- Power Collector . P Power Out
Author Location head Difference Cost
rate Cycle Type . Avg
(°C)
Mahkamov .
UK - - Stirling - 70-35 20-40 W -
[39]
Delgade Paris . conical
2.2m3h - Rankine - - -
Torrez[34] France Reflector
Paris . . Parabolic
7 l/min 3m Rankine - - -
France 9.2 m2
Truncated
cone
Pasadena 5.3 . .
. 3.6m Rankine 10m dia top - 7.35 -
us m3/min i
4.5m dia
bottom
- - - Rankine Flat Plate - 14.7 kKW -
Pensilvania . Solar Pond
- - Rankine - 2.57 -
us 11200 m2
. ) Wooden
Pensilvania 11.312 . 10.2%;11.76
. 10m Rankine Boxes - -
us m3/min kw
1000 m2
. Parabolic
Meadi 27 .
. - Rankine Trough - 40.42 kW -
Egypt m3/min
60m x 4m
Mali 11.3 45.7 .
. Rankine - - - -
Africa m3/day m
- - 4.8m Ericsson Parabolic - - -
Arizona 38 . Parabolic
. - Rankine - - -
us m3/min 554 m2
New .
. 2.6 . Parabolic
Mexico . 34m Rankine - - -
m3/min 622.4 m2
us
Guanajuato 1000 . Flat Plate
. - Rankine - - -
Mexico m3/day 2499 m2
Dakar 8-10 1314 . Flat Plate
. Rankine - - -
Senegal I/min m 6 m?
San Luis 2.5
. - - - - 25kW -
Mexico m3/day
) 30 Flat Plate
Various 20 - - - -
m3/day 100 mz
. . Parabolic
Mexico - - Rankine - 1kw -
Trough
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Temp

) Power Collector ) Power Out
Author Location Flowrate head Difference Cost
Cycle Type . Avg
(°C)
) Parabolic
Delgade Arizona .
- - Rankine Trough - -
Torrez[34] US
2140 m2
. Flat Plate
Egypt - - Rankine - 10kw
384 m2
14.61 ) 4 x Flat Plate
- . 3m Rankine - -
I/min 1 m2 each
) 6.5 . Flat Plate
India 11.2m Rankine - -
m3/day 7 m?2
. 20 kw
) . 6 x Parabolic
India - - Rankine ) - (500 °C -
9m dia
Steam)
20 )
Iran - Rankine Flat Plate - - -
m3/day
. Organic )
India 2mdday 6m ) Parabolic - - -
Rankine
05 - 2 Liquid MAX Temp:
UK - ) - 0.83kW -
ms3/h Piston 95
Kolkata Metal Flat Plate
. 2401l/day 15m ) 22-62 - -
India Hydride 1m?2
80
(plus 60°C
) 2800 - 3750
Lakew{50] - - - Rankine - Low W -
level heat
source
Tchanche Organic
UK - - . - 55 1.47 kW $ 30,000
[46] Rankine
Sendai 0.016
- - - 350W -
Japan kgls
2 Stroke
) 140 o Solar  Pond
Date[36] Audralia 35m Liquid - - -
m3/day . 5200 m?
Piston
2 Stroke
. . Flat plate
Kurhe[45] India 20 L/hr 5m Diaphragm 50-60 - -
Collector
pump
Busan Organic Evacuated 0.4 kW-1.38
Baral35] - ) 65-95 $ 25,800
South Korea Rankine Tubes kw
Flat Plate
Jokaf40] Iran 0.1251/s 1.5m Stirling Reflector 100 1-2W -
2x1m
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Temp

Power Collector Power Out

Author Location Flowrate head Difference Cost
Cycle Type . Avg
°C)
$13,000
2190 . Evacuated
Organic (1 kW)
Baral[51] Nepal 11100 150m . Tubes 60-100 1-5 kW
Rankine $66,900 (5
m3/year 150200 m?
kw)
Sitranon ) Liquid
Thailand 60951/h 2-6m ) - 70
[37] Piston
) 192.7, oo
Moonsri ) Liquid
Thailand 218.8 1-5m ) Flat Plate 42.946.7
[52] Piston
I/day
) Parabolic
Bataineh .
[53] Jordan - - Rankine Trough - 30 kw $0.075/kWh
526 m?
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 systesnuisderstand 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 tiattery 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 ameth ¢do 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 tkechnology.

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 iy yew 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 thelefliog/f O& & K2 dzf Ry Qi
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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 enviromnhe

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 teldgies 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 meetréguiirements 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 reguiurther 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 prospectstitiing solar thermal technology,
namely Stirling engine, for providing lesest, portable technology that can be locally
manufactured to provide income, food and energy security in developing nations. The

following research gaps have been identified:

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

analysis undertaken on the system.

1 The cost of the SUNPULSE system is high considering the GDP of the region. Hence, a
more affordable technology is required that will neathe construction of the Stirling

pump cheaper.

1 More accurate multdimensional analysis of Stirling pumps is required, to analyse and

optimise key geometrical components for the pump system.

This work will utilise simulation techniquesdwaluate thepossibility of using a low cose, low
temperature differential Stirling Engine model as a Stirling puBgveral numerical modes
for the analysis of Stirling engines have been developed. Howeverdiorensional

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

multi-dimensional analysis.

Computational Fluid Dynamics (CFD) modelling has shown to produce better a¢édiaay
demonstrating thevorking of Stirling engines and shall be utilised to simulate Stirling pumps.

CFD modelling of Stirling engines is further discussé&hapter 3
In order to develop the Stirling pump, the following work will be carried out:

1 Develop CFD model for Stirling pump based on models prepared for Stirling engines
as demonstrated by Wen L-lbhen et al[55¢57]

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

by Jokar and Tavakolpcealen40] and Katg58]

1 Assess the viability of the Stirling system to meet the requirements of ek

independent farmers in the SuBaharan 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 engsieg CFD.

In order to determine the irrigation requirement FA@tisticshas been utilised tobtainthe
size of a typical farmland in st@aharan Africa and determine tflewrate required for the
irrigation of the land. The source of water and the emonmental 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 suitabbsteffective solution for
irrigation. Key resarch has been identified in order to build on the research towards

obtaining acosteffectivesolution for irrigation.

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

Stirling Engines focusing mainly on CFD aslaridhe analysis of the Stirling engine.

3.2. lrrigation

Presently the ground water reserves in shallow aquifers (under 50m depth) eb&wdran
Africa are a result of water collection for-Z0 years, hence are expected to withstand short
term fluctuation of climatg59]. However, the resources are vastly underupeelsently,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 othis 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 seup [60]
In the drip irrigation method, water from a storage tank iartsported through a network of
narrow pipes, valves and emitters to drip directly onto the root of the plats or on to the soil
surface. Drigrrigation also helps in controlling the amount of fertilizers used as, the fertiliser
can be mixed with the watan the storage tank61]. See a tgical 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 higls ®#0% compared to §80% for sprinkler and 5®0% for surface
irrigation [62]. Drip irrigation method also have thewest rate of soil evaporation of-Z0%

of total water loss compared to 30% seen for fully wetted row crop irrigation metf@ls

Drip irrigation systems have already been implemented in regions of southern Africa for small
scale farmers. These systems generally use a reservoir ranging figirfh [L®ucket to 200

300L fuel drum reservoirs. Placed at a height-@frh above the ground, the reservoirs can
irrigate a small vegetable garden from 5¢ area up to 256600 nt 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 ofrpper 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 res¢®apirs
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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 siz&ubSaharan African region. The small farms are
categorized between-Q0 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 todl hectares thus bringing the overall average small farm size to

1 hectare. Sed@able3-1 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 ahé climate of the locationThe
Stirling pump design will be based on the werase scenarifil1]. Since most of the imports

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

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

Table3-1 Small Farm Size, Sti#aharan Africg64]

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 2.3 0.97

There are 6 steps to the calculation of irrigation water requirement:
1 Step 1: Determine the reference crop evapotranspiration

1 Step 2: Determine the crop factors
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1 Step 3:Calculate the crop water need

1 Step 4: Determine the effective rainfall

1 Step 5: Calculate the irrigation water need

1 Step 6: Calculate the volume of water required

Reference crop evapotranspiration (ETo), expressed in mm/day is the amount of water
needed bythe various crops to grow optimally. For the ETo the woeste scenario presents
a hot, dry, windy and sunny day. Based on estimates provided by the FAO, in an arid location

with temperatures above 23C the water needs in peak periods is 10mm/day fairgy.

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 tSedsion
measuring 1.15, while that of lentil is 1.1. Rice has thedsgKc 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 EKx. 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 remais, ET crog Pe = 11.5 mm/day. For 1 hectare (10,00) land space, the volume

of water required = 10,000 (fnx 0.0115 (m/day) = 115%day= 115,000 litres of water per

day. The Stirling engine is expected to work throughout the sunlight hours of thaxith a
minimum of 6 hours of useable sunligj@5], the Stirling engine needs to be capable of a

flowrate of5.35 litres per second

The amount ofhydraulic power (0 in kW) required to generate this flowratecan be

calculated using the formula:

;g nrw
& pm

Where, §Qs the flowrate(19.26 m%h), Qs the density of watefconsidered to be 1000
kg/m?3), ¥Cis the acceleration due to gravifgstimated as 9.81 m#s and#H(s thedifferential
head considered to be 20m to allow transportation of the water from the underground

reserve toa above ground tank to facilitate drip irrigatioiven the values, th@ower
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required from the Stirling pumps 1.1 kW Considering a pump efficiency of 60#be Shaft

power (0 in kW)can be calculated using the formula:

5 O
Where, — is the pump efficiencyThus,the Shaft power isl.75 kW.Using7 x 250 W
commergally availablesolar paned PV technology can be ustm generate the necessary
power to run a pump. This arrangement will require approximafiely2 m? for the panel
installationarea and would cost up t83,800(USD]J66]. Forsolar thermal engine considering
the example of the Sun Pulse systemith a hot side temperature of 15 and a cold side
temperature of 40C, a mechanal efficiency 0f13% is obtainedUsing a 4dar pressure
loadedengine at 2 bar pressure, the Sun Puae provide an output of RW at an estimated

price of$ 2,000 (USDIp7][47].

Both Solar PV irrigatid9] as well as solar thermal technologies using Rankioke systems
[34]and in one case a theoretical sap of 2stroke date cycle systenfi36] have been capable

of achieving this target. The commercially produced SUNPULSE Stirling system is d¢apable o
3.7 I/s at a 10m head[47]. While attaining 5.3 litres per second is the preliminary gtied

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

constant temperature and constant volume heat remoMa], represented irFig. 3-2.

Pl 3 T
"\.
\ 3 4
\ 7 - 7
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\ rS / </
! o
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- \,"/D/ Cao/
0, K
2 \\ ~ ‘ff?.‘"" ' / /
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Fig. 3-2: Pressure (P Volume (V) and Temperature (€)Entropy (S) diagram for Stirling
Engine[44]

The Stirling engine consists of a hot side, a cold side asgeaerator. 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, ald 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 colddsis 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 configuians 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 (d¢rThe cylinders
are connected to each other with a Regenerator and the working Fluid is generallyraggas.

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 stgdi@ hot cylinder

due to the requirement of close fit tolerance often creates technical problgt8k

Power Hot Workspace
Crankshaft  pjzton P
5

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 locatiofifheat 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 apptiation region[68]. Fig. 3-4 shows the schematic of a simple beta

configuration.

Crankshaft

Power Piston

Cold
Workspace

Regenerator

[
Displacer

Heat Application

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 configwa, the surface area at the heat application

is limited affecting the heat transfer from the source, leading to lower effici¢h8)ly

3.3.3. Gamma Stirling Engine

The functioning of the Gamma configuratiSiirling 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 thenébdesigned to a larger size to provide more swept area than both the
alpha and beta configuration®9]. SeeFig. 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 arrangeheent,
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 bygbing

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 enabtetrange

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

Fly Wheel
o Crankshaft 1

Regenerator

AN

Workspace

Cold

Power Piston

Displacer

Heat Application

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

In a free piston Stirling enginghe 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. ThereisnocghS Ol A2y 0SG ¢SSy GKS aLAAG2YE¢ | yR
the mechanical work generated can be used as a p#8p Fig. 3-6 shows the schematic of

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

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

the cylinder containing it, act as the displacer.

Displacer Rod

o

Free
Piston

Workspace

Cald

Power Piston

Displacer

Heat Application

Fig. 3-6: Free Piston Stirling Engine Schematic

Thegamma 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 irrigatguirements 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 storagek. This system will be similar to

the work done by Jokar and Tavakop®d®] (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 mudtmensioal 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 assisapping the geometrical features to

accurately predict the heat and mass transfer of the system.

The first instance of successful applicat@rB8D simulation of Stirling Engine is attributed to

K. Mahkamo}b4] in 2006. In his work, he developed a prototype of gohal 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 re@itia¢ 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 §wiccnature 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. Howeveugedto the noruniform 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 alls for a more complex 3D model analy3i73].

Both laminar and turbulent models for CFD analysis have beenmegsd o facilitate laminar
flow conditions in the system the model prepared are very sipalt57,71,72,74,75]0Once
again this is done to reduce the computational time and for the simulation of the Stirling
engine but does not accurately represent the experimental paransetgth which the results

are compared. Furthermore, using a laminar flow model makes it difficult to obtain
convergence as no unsteady term has been considgféfl 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 er]§h&3,76&,79].
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A number of softwares have been utilised for the production of the CFD models. Most of the
early models were preparedsing inrhouse 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 mgsh57,71,74,75,80]FORTRAN776,78] COMSOL
Multiphysics[72,81]and ANSYS FLUEN3,77,79,82]

In the context of this research, thdesired Stirling pump system is required to have simple
construction. Analysis by Wérnh Chen et a[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-WerChen et al.

will be studied and further developed to demonstrate turbulent flow and a porous medium
will be setup in the displacer to demonstrate the regenerator. Subsequently the modlel

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-Sehsunén
Africa regions 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 inthgated land.

In order to obtain the irrigation role in the most cestfective way, thegamma 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 cheinee 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 witlihe recent model produced by Wdlih 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

ExperimentaResults

4.1. Introduction

This chapter describes theomponents, experimental setup and procedure that was
implemented to study thevorking of theEducational 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
displacerof 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 analysi3) (@#ng
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 utilisea low temperature differential (LTD) educational model Stirling
engine (EMSERBoth qualitative and quantitative data analysis was carried out to determine
the work done of the engine by measuring thpressure in the displacer cylinder and
estimating the volume change in the cylinder based on the rotational speed of the Stirling
Engire. 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 recondg the datacaptured TheDSA3217 Pressure Scanneas used to
capture the pressure data connected to a laptop with the Scanivalve data logging software in
order to record timedependant pressure measurements. An Omega HH&®istance
temperature detectothermometer coupled with twselfadhesivehermocouples was used

to collect and recordime-dependanttemperature measurementsA high-speedthermal
camera was 8b used to visualise themperature 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; betwee82-333Kbetween the two end 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 lowst Stiring engines.

4.2. Overview of lowcost, LTDStirling engine

The Stirling Engine utilised for the analysisl®matemperature,gammatype Stirling Engine
often used for model making and generatainiscule amounts of energy in the order of 0.1
0.5 Watts howeer, these systems amelativelycheaper to manufacturecompared to Alpha
and Beta type enginesunctionalandthus selected for further analysis for the development
of the irrigation systemThe two areas of interest for monitoring and recording is thetqn

and the displacerA heating plate was used to generate a temperature difference between
the bottom and top engine surfacesd to ensure consistent supply of heat being applied to

the engine The temperature was monitored using temperature gauges.

The purchased Educational Model Stirling Engine (EMBE3ists of two aitight 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 displacedeylhouses 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 flywhedir tightness is a crucial factor in ensuring the
functionality of the engine andiasthe 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 workmg fluid used in the Stirling engine.

TheEMSHENodel is a lightweight engine weighing 3@@nade of thin glass and stainleseel
components measuring a total height of 180n and a base circumference of 100mm. the
engine is rated to a maximum speed of 18I0 rpm and the minimum temperature
difference for it to function i293K The piston of the engine comprises of two glass cylinders
nestled within each other, while theigplacer 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 exc8&8 K Fig. 4-1 shows the

Educational model Stirling enginEhe dimensions of the engine are provided askigr 4-2.
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' t LZ \ Zd 4 26 mm
L R | Id 9 mm
Expansion chamber L R‘., y Lp 15 mm

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

Yoshitaka Kat§83] designed, built and tested on a Low temperature differential, gamma

type Stirling Enginand presented indicated diagrams of Pressuotume. Varying the heat

source temperature between 75 to 95 degrees Celsius with air as the working fluidioand
separate regenerator KAf S (KS SEI OG RAYSyaiazya 2F GKS
systemis similarto the experiment undertaken in this research work and besn utilisedto

comparethe relationships between theesults obtainedFig. 4-3 shows the Kato apparatus.

/ Power Piston

Cooling

i)

: Heating
Without Seal

Fig. 4-3: Kato Experiment setp [83]

Katocreated two scenarios, one where the cold side temperature was contr{@edes C)

and the other where the cold side temperature was not contro{i8dries N)He noticed that

for both the case®f controlled anduncontrolled cold sidegmperatures 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-oontrol of the cold

side temperatureThe cycle speedsbsened were decreasingsthe temperaturein the hot

side was increased’his wasunexpectedas 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 tagher friction.The experimental findings for cycle speed

and indicated work as obtained by Kato is demonstratelign 4-4.
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In most cases, there is no marked difference in thé &agram of thedsted enginesKato

has provided only one cycle of the engine operatiéig. 4-5 demonstrates the B/ diagram

demonstrating the indicated work done by the Stirling iBegested by Kato.
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Fig. 4-5: Indicated Diagrams of experiments conducted by Kato showing both series N and
Series C results8]
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4.3. ExperimentalEquipment

4.3.1. Heating Plate

To provide heat to the Stirling engine the MABABceramic hotplate / stirrer range SHC
was used. The device can generate heat fR98Kto 773Kand contains a feedback control
G2 SyadaNB GKFIG GKS LX TGS R2SayQi 20SNKSIFGD ¢

the plate. The stirring function is not used for the devi€mg.4-6 shows the hotplate.

Fig.4-6: MAPLELABeramic hotplate / stirrer

The Maple ceramic hotplate is not calibrated, as a result, the EMSE was placed on a raised
platform to allow a mee 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 asingle 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 Bch Thermocouple and Logger

The temperature on the top and bottom surfaces were measured usipg K, fibreglass
insulated and exposed tip thermocouples and wereordedusingUSB T8 Thermocouple

Data Logger The measurement range of the device isvibetn 240 K to 623 K with a
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resolution of 0001 K, temperatureaccuracy ofSum of +0.2% of reading and %X and
voltage accuracy of th&um of +0.2% of reading and +£10. e maximum temperature
during the testing was expected to rea8ii3 Kbased on the specifications of the EMSE, the
error limits can be set ta0.5 K In total, 6 thermocouples were used for the testing. 2
Thermocouples were mounted on the top plate aiweb 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 measurementd the bottom section of the displacer cylinder.
The thermocouples connected to tHEMSEwvere SE001 Thermocoupl®ade from Nickel
Chrome/Nickel Aluminium (NiCr/NiAipm Pico Tech with tolerances established toA3do
+313K £1.5Kor T x 0.04 as pelEC 60584:1993 / BS EN 605842013under Tolerance
class 1. A uncertainty oft1.5 Kwas added to the error range. Thus, the total uncertainty in
the temperature reading was established to $2.0 K Fig.4-7 shows the USB T8 data

logger and the probe attachments.

Internal

Thermocouple

Setup

Fig.4-7: Temperature logger and Thermocouple sep

The USB T@©8 Thermocouple Data Loggeras connected to a laptop to record the
temperature data using the proprietary data logging software PicoLog 6 which istameal
data collection and display softwar€éemperature was recorded ever 100 riiie data can
then be exported aglipboard imagePDFand CSVA typical reading of the Stirling Engine

system is represented iRig.4-8.
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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 arttbbosurfaces

of the EMSE was measured usitigermocouples and recorded on the Omega HH804
resistance temperature detector (RTD) thermometer. The measurement range of the device
is between73Kto 1023Kwith a resolution of 0.Kand an accuracy of £(0.05%ading + 0.2

K). The maximum temperature during the testing was expected to r&@@&Kbased on the
specifications of the EMSE, the error limits can be set to #Q.2%he surface mounted, self
adhesive thermocouples connected to the device were PT3ARRTD spec also from Omega
and calibrated to between +0.1%at 273Kand £0.35%at 373KDIN Class A. Since generally
higher temperatures were being considered, an uncertainty of zB\8&s added to the error

range. Thus, the total uncertainty in the temperature reading was established to be K0.65
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The standard tolerances for Temperaturadaresistance of the seHidhesive backing for

targeted Class A sensor elements on curved and flat surfaces are shoalnled-1. The IEC
adFyRINR (G2t SN} yOSa

751/BS EN606 M e

Table4-1: RTD Tolerance chart

F2NJ t G

in K +K B M
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

Man

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 prodwts4-9 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 1.6nm. plastic tubing of 1.4nm 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.tAow pressure recordings, the accuracy of the transducer
is £0.12%Fig.4-10 shows theScanivalve DSA 3217 Pressure Scanner
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Fig.4-10: DSA3217 Pressure Scanmeéth port 1 connected to EMSE

The temperature working range of the scanne278Kto 333K Which is another reason why

the pressure measurement is only carried out on the top surface of the EMSE displacer
cylinder and not the bottomBased on initial experiments, the temperature of the scanner
reached a maximum 0807 K with the temperature at the top of the displacer cylinder
reaching a maximum d314 K The temperature at the bottom of the displacer cylinder
reached in excess 873Kin some cased.he Maximum thermal error at this scale{t001%

of the fill scaleK 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 recordingpisi every 0.016 seconds tagi62.5 readings

every second The system was then calibrated using the CALZ button on the software.
Calibration is carried out before each recordifitpe 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 Camar

The FLIR T650sc thermal imaging camera was utilised to visualise the temperature flow inside
the displacer of the Stirling engine. The camera is capable ofrbggitution video recording

and the recoding of temperature from a distance. The cameadéptto anaccuracy oft1K

or +1% oftemperature reading of aobject within278 Kto 393 Kwhich is a suitable range

for the experiment. For uncertainty calculationsl, K error range was considered for the

calculations.

While relatively accurate, recordingsing the FLIR thermal imaging camera produced files of
size 12 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, onlyvo recordings were taken using the thermal imaging caméig.4-12

shows the FLIR T650sc Thermal Imaging camera.
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Fig.4-12: FLIR T650sthermal 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 flelabselection 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 Setp

The tests were conducted incdosedWorksopat the owned by Free running Building at the
Advanced Manufacturing Park, part of the Advanced Manufacturing and Research Centre
(AMRC) of the University of Sheffielhe workshop maintained a room temperatuoé
between 293 K and 297 K ensuring adequate conditions for the testing of the EMBEe
setting of the experiment is &5g.4-13.

Fig.4-13: thermocouple and transducer saip
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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®ptessure scanner.

Then 4thermocouplesare 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 tife displacer cylinder the engine

from touching the top surface of the heating platbe 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
EMSEThe top thermocouplewere connected to porb and 6of the TGC08logger, the bottom
thermocouples were connected to pors 5 and 6 and the internal thermocouples were

connected to ports 1 and.8

It was ensured that all the engine mechanisms are functioning smoattiigre wasno sliding

noise as the displacer shaft oscillates through the top plate sealing the displacer, sinilarly
was ensured thathere no such noise when the piston oscillates in the pistghnder. This

may be a result of growing friction at the contact points. In the case of such noises being
observed, the areasvere lubricated with pencil lead as per directed by the engine

manufacturer. No oibased lubricantgould 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 markethie the setting

of the temperature quicker and so that there are no changes made to theseluring 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 recordingrpcess, 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

between293 Kto 297 K Between a resting time of 2 hours was required to allow for the
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equipment to reach said equilibrium temperaturéhe DSALink 4 software is Calibrated by

initiating the CALZ button.

The Heating plate is turned on, and the dial is set on the heatirtg.famultaneously, the
recoding of the pressure scanner and fRECO TO8 loggetis 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 gtilacer cylinder has cross&93 K, the

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

The thermal camera was utilis€phitially) instead of thetemperature probego record the
temperatures established at the top and both surfaces of the EMSE and in doing so provide

a visual representation of the working process of the Stirling enddafore initiating the
heating plate, the camera is focused on the EMSE and two location identifying the top and
bottom surfaces of the EBE 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. ie 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 sloppe
to allow the engine to cool down andturn to the equilibrium temperatureThe 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 poios, Titaining 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 spedtk 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 compandth the pressure recorded to

validate the computational model.

63



The experiment is repeated to obtain recordings avaioustemperature points of the
bottom surface of the EMS&s well as different conditions of the EMSHe conditions

included:

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

2. Inspected EMSE This includes testing of models that were openachole has been
drilled at the top of the EMSE and connected to a transducer to record the pressure.

3. Drilled EMSE; Holes were drilled into the displacer cylinder of this model for
recording internal temperature data, however, no probes were placed

4. ProbedEMSE, EMSE system including internal temperature recording with probes

Bottom surface temperatures were set beten 313 Kand 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 botsomiace

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 timthioexperiments spannedose

to 30 minutes. Withinl5 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 experintemould 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 suace 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 theTGO8loggerfor the different experimental scenariosig.4-14 shows the three regions

of experiment including the stabilisation period, the region of data analysis arshtitedown

for a typical EMSH heshutdownprocedure is not recorded for all the test recordings. Just

64



one of the tests was recorded in such manner for the purpose of demonstrating the three

phases of the Test.

Data for analysis
Stabilisation

Shutdown

Engine stopped

B:15 8:30 845 Bam B:15 230

Fig.4-14: Typical temperature graph dEMSE test

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

setup the temperature profile of the computainal analysis of the engin€he temperature

65



profiles of the four different test scenarios; new EM8tspected EMSE, Drilled EMSE and
Probed EMSE are similar to the graph showRig¥-14. However, for the probed EMSE two
other graph lines will be included to demonstrate the temperature recordings inside the

displacer cylindeas per shown ifrig.4-15.

8 2 readings on the bottom surface of EMSI
80
55
Internal bottom side temperature reading
50
45
Internal top side temperature reading
40 o
35
30

25

20

Internal Temperature difference
Data for analysis

o 1 pm 1:05 1:10 1:15 1:20 1:25 1:30

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

Based on the pressure stabilisation only 106a®&ls of the temperature data will be analysed.
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4.6.1. Impact of Sensor Location and Response Time

In order to minimise intrusion onto the Stirling engine cylindzncisiors have been made
into the Stirlingcylinder to measure the temperaturene focusing onfte top section of the
Stirling Engine and the other focusing on the bottom section of the Stirling engieally
more sensors were needed to obtairlaager coverage on the spadeowever, drilling holes
into the cylinder is notdeal and therefore, a dynder built to incorporate probesvould be
better suited for the studyThe Feasibility of the number of intrusions atglimpact on the

performance of the engine is also not knoand requires further investigation.

The conversion time of 10200 ms from thedata loggelis a suitable response tinfer the
experiment as an instantaneous time is not required for the purpose of the project, rather a

stabilised temperature imore essential.
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4.7. Temperature Visualisation

In this phase the tempetare flow inside the displacer of the Stirling engineisialised using
a FLIR thermal recording camera. The average temperatures in two different regions were
measured as shown iRig.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. T@mperature 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 indicat&iy.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.

EMSE Displacer

- Cdd Area

Temperature °C

Fig.4-16: Thermal image capture and interpretation.
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e. 30min (heat offpT = 35.4 K f. 40minpT =35.4K

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

Temperature data has also been captured using the thermal camera and haptesented
as per shown ifrig.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

comparedagainstthe thermocouple(Thermo)datafor 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 (SEg.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 placeThis 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. Therds a sight 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.
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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 tinatmo couples will be used

for the remainder of the tests. Reducing the cost of the experimEntthermore,a more
accurate measurement can be taken from inside the EMSE using the thermocouple when

compared to the thermal imaging camera which measuhesduter surfaces only.

4.8. PressureRecording

This section of the chapter describes how the presserdingwas carried out on the
recorded pressuralata. Among the four sets of pressure data taken (for new, inspected,
drilledand probed EMSE test scenariog),pressureavasrecorded for the new EMSE. For the
other types of tests performed, the pressure data is colle¢ctedughoutthe entire test time
period. For analysis the pressure dataas collected from the time period wén the
temperaturewas stabilisedThe pressure data that has been collected oscillates at varying
frequencies across the time period of the te$his is because the rotational speed of the

engineis not consistenthroughoutthe course of the test.10 ssconds of pressure data is
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have been calculated based on a set rotational speed of the EMSE. The rotational speed is set
based on the frequency depicted in the cedings of the pressure dat&ig.4-19 depicts a

typical scenario opressure calibration based on inverse volume and frequency calculations

based on the oscillatingdquency of the recorded pressure data.
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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 Stirlirkgngine cylinderl incision ha&been made into

the Stirling cylinder to measure th@essure inside theylinder. Ideally more sensors were
needed to obtain a larger coverage on the space, however, drilling holes into the cylinder is
not ideal andherefore, 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 knowand requires further investigation.

Thescan rate of 500 Hrom the data logger is a suitable response time for the experiment

and assists in obtainingstantaneous pressure in order to map the full Stirling cycle.
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4.9. Rotational speed of the Stirlingngine

In this section, a relation between the rotational speed and the temperatures associated with
the functioning of theStirlingengine are investigated-or the new EMSE, the rotational
speeds of the Stirling engineere recorded based on video recording tble working of the
Stirling engineln order to record this datahe video play speediasreduced to 0.25 times

of actual speed using VLC media player based on the video timeline and the rotation of the
engine the valuewererecorded. VLC player addomE V3.2 was used to obtain an accurate
recording of the time to 1000millisecond. 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 rotatios, the error consideration is +0.25 rotatiofi$ie rotational

speeds of the new EMSE at variayeratingtemperatures are as represented Trable4-2.

Table4-2: Rotational speeds for new EMSE

Test Th(K) Tc(K) nT Rpm
21C_A 3159 2953 20.6 48
21C 3178 297.0 208 42
27C_B 3381 3107 274 90
28C_B 3350 3074 27.6 90
31C_A 327.1 296.0 312 90
31C 3381 3068 31.2 87
39C 347.0 3083 38.7 126
48C_A 347.1 299.0 48.1 156
48C 361.0 3129 482 172.5
59C 3761 3166 595 196.5
62C_A 364.9 302.9 62.0 222
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The temperature data for the new EMSE was obtained u€ingega HH804esistance
temperature detector(RTDthermometer with PT 100 probeand the data was logged using

the Omega proprietary software.

For the Inspected EMSE, drilled EMSE and probed EMSHtttional 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 rotationgleed across the length of the tests wesbserved 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 insp#ed EMSE, drilled EMSE and probed EMSE are as per represented in

Table4-3,
Table4-3: Rotational speeds fomspected EMSE

Test Th(K) Tc(K) nT Rpm
E6 343.5 309.5 34 118.1
B 349.5 312 37.5 137.9
=3 350 311 39 101.8
E19 3478 3078 40 99.6
E0 348 308 40 90.1
E1 347.3 307.2 40.1 122.8
El7 348 3078 403 101.9
E18 3483 308 403 92.2
B4 352 310.5 41.5 123.6
E25 352.3 310.5 41.8 126.3
E26 352.5 310.6 41.9 127
B3 352 3098 423 112.4
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E22 352.8 3095 433 128.1

El3 357 310 47 130
El4 357 310 47 120.4
EL6 357 310 47 129
El2 357 309.5 47.5 121.1
EL5 356.8 309 47.8 124
362 314 48 142.8
363 312 51 149

Error! Not a valid bookmark selfeference.and Table4-5 respectively. One of the earliest
observations was that after inspection of the EMSE, it was unable to perform at lower

temperature differences.

Table4-4: Rotational speeds for drilled EMSE

Test Th(K) Tc(K) nT Rpm
H12 349 310.1 38.9 106.1
H13 348.3 308.8 39.5 116.1
H14 3488 3097 39.1 111.6
H7 351.9 311 41 122
H5 353.6 311.4 42.2 128.3
H6 352.6 3098 42.8 116.1
H11l 354.8 311.5 43.3 138.1
H8 362.9 314.4 48.5 141.1
HO 362.1 3134 488 157.7
H10 362 3133 488 157.6
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Table4-5: Rotational speeds for probed EMSE

Test Th(K) Tc(K) nT Rpm
HOL4 3416 3073 34.3 62.1
HO 344.7 3073 37.4 69.9
HOLO 3447 307 37.7 66.2
HOL2 352.7 310.4 42.3 75.2
HOL3 3528 310.1 42.6 73

HOL1 3524 309.6 428 70.9
HQ 361.1 311.9 49.2 62.7
HGB 362 312.4 496 72.8
HO4 361.3 311.5 498 69.8
HOLS 363 312 51 785

The rotational speeds recorded were mapped against the temperature of the bottom surface
of the EMSE (ThyVhile therotational speed of the EMSE fluctuates for the inspected EMSE
and subsequent modified EMSE, a general trendline can be observed betwegalties of

the various models and the temperature. This trend is representédg-20.
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Fig.4-20:. Relationbetween the rotational speed and bottom surface temperature of
various EMSE

As can be seen from the grapghe new EMSE (in general) demonstrates a higher rotational
speed based on the temperature obtained at the bottom surface of the engine. Upon
inspecton 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 engiféne slopes of new EMSEspected

EMSE and the drilled EMSE are simifidin 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 iwhtae EMSE has been probéd.

this case, since an external system was introduced inside the displacer chamber of the EMSE
leading to two more holethat were required to be sealed and in this case the seal needed

to be a pierced seal unlike the seal tbe 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 isslightincrease of rotational speed recorded with increase in the temperature.

Unlike the results presented by K¢b8], the results obtaied 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 beten the bottom(Th)and top(Tc)surfaces of the EMSE

are investigatedThis is done in order to observe if a definite relationship can be obtained
between the top and bottom surfaces of the EMSIEe bottom surface of the displacer
cylinder of the EMSE is subjected to heat from the heating pléieh then heats up the top
surfacewhich is exposed to atmosphees the engine runslhe general trend observed in

this scenario is that, there is a defingeparation 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, aliests are initiated with both the top and bottom surfacessamilar temperatures

at least within5 K of each other After inspection it was noticed that at lower temperatures
the modified EMSE R A Ry Q unlikBlllzg’ dase with new EMSE tests. The néwSE
functioned for plate temperature differences betwee20D K and 40 K, however, after
inspection the EMSE failed toaintaincontinuous function at these temperatureshis may

be attributed to the reduction in the sealing capabilities of the enginenaient of the

components and the increase in frictiomthe EMSE system

The relation betweeithe temperature of the hot surface and theold 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 observéat all the EMSE case scenaridn hot
surface temperature range between 3#Dand 36K where all the EMSE were functioning,
the linear expression derived from a standard linear trendline conforms to within 0.65% error
and has a Rvalue of 0.75Fig.4-22 demonstrates the cumulative graph showing a linear
relation between all four stages of EMSE function for hot surface temperature bet@&#n
Kand373K

315 _” |

|
0o ety i

340 345 350 355 360 365
Th (K)

Fig.4-22 Cumulative temperature profile of EMSE

Unlike The rotational speeds that showed a significant amount of deviation among the various

modified EMSEhe temperature transmission between the bottom and top plates show a
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more generallinear trend. This indicates that the thermal transmission is sajnificantly
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 thahe 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 presentéd. 4-23 shows the
relation between the temperatures of the inside and outer surface of the hot surface of the
inspected EMSE arkdg.4-24 shows the relation between the tempeaes of the inside and

outer surface of theold side of thenspected EMSE
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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 calculadeddon the
engine cycle speed at which the pressure has been recotdgidg motion dynamics as per
established by Wen Lih Chen, The displacement of the Piston (zp) and displacer (zd) are
represented below56]:

P om »Vvi-Pm p»d:® m (Equation)

-s om >vieom picxy B m (Equation?2)

The Velocities of the Pistowf) and displacernq) are represented belojb6]:
P podke vRE2IZT TPy “‘quation 3)

] >J|'fn L4

omn  pode v T Egigtiond)

. fex

Where,
1 —is the starting crank angle determining the position of the power pistons

1 I — wrmdetermining the position of the displacer. The piston and displacer are
at 9¢° phase angle to each other.

1 The rest of the factors are as described askpeor! Reference source not found.
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Thecalculations are &sed on the crank angle of tlemging hencea reference list is created

for each temperaturescenarioconsdering the al0 degree change in crank anglBwo
adjustments were made to ensureorrelation betweenthe expeimental results and the
calculated resultsFirstly,since | did not have the means to continually measure the crank
angle of the engine during thexperimentation the experimental results are then matched
with the generated list byraversing the timeline of the experiment in ordtar the pressure
recording from the experiment to matcthe inverse of the volume rpfile based on the
calculated listSecondlythe speel of raation of the calculated list was adjustdo match

the speed as per the experimental resudidjusting he two factors assistedh obtainingtwo

sets of graphs (experimental results and calculated results) overlapped and showed

agreement.

It was observed that the cycle speed is not maintained at a constate throughout the
length of the test. In someasesthe differencein the cycle speed is much larger than in other
casesdemonstrating over 20% deviation in thevcycle 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 devidtiah%. A
fluctuating ystem is much mordlifficult to model, as such this decision while pides a
means to relate the results, it has high levels of error. Unfortunateith LTCStirling engines

this is to be expected and thasly estimations can be expected for such models andis

true depiction of the actual workingf the engine due to the high error margins.
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Fig.4-25Highlighting the difference in cycle speed across the test period
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In order toobtain an average reading from the graph, a wave form equation was utilised to
maintain a constant cycle speed and closely matching tecBmponents. The cosine wave

function to determine the Pressure is,
0 0 W & i— YO (Equaton5)

Where,

~

0 s the corrected pressure

0 is the average pressure recorded

is the amplitude = maximum pressure recordedaverage pressure recorded)
0= time step of experiment

“Yis the time periodand

“Y"'@& the Time factor that is adjusted to match the experimental results

The averaged -N diagrams demonstrating the indicated work is presented for inspected

EMSKFig.4-26), drilled EMSKFig.4-27) and probed EMS§ig.4-28).
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Fig.4-26: Indicated workdiagramns of Inspected EMSE
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Fig.4-27: Indicated workdiagrans of drilled EMSE
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Fig.4-28: Indicated workdiagramns of Probed EMS&

As demonstrated irfrig.4-26, Fig.4-27 and Fig.4-28, there is no discernible differences that

can be propsed between the inspected EMSE and the drilled EMi8Ethe 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 hasHed to

EMSE requiring to do more work and thus leadinguoincreasen pressure inside the EMSE.

Further comparison can be made using the work done analysis obtained from the area under
the RV Graphas represented ifrig.4-29. The indicated work remains consisteaross 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 cadparthe drilled and
probed EMSE. The probed EMSE demonstrates sllgbtigrindicated work than the drilled
EMSEs.

The work done is expected to decrease as the temperature difference increases. However,
the modified EMSEs produce a different resultisTimay 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.
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Fig.4-29: Work Done vs Temperature difference of modified EMSE

Comparing with the results obtained by Kgi8], there is anuch larger sample size of results
presented in this researchcross 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 conductEby Katd58] indicatescontradicting results when compared to the results
presented in this chapter. Considering a larger samplepesented here in comparison to
Kato, the general trends established in this work offerslemrerinsight into the working
relationships of low cost, low temperature differential Stirling enginésirthermore, Kato
results indicate only one cycle of teagine 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 stabilsation 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 demonstratetirectly proportionalrelationshipbetweenthe rotational speed of

the engine whercompared to the increasing temperature of the hot surfatkis contradicts

the Kato findings where the relationship is inversely proportiofilaé RV diagram is shown

to have a similar cyclical pattern for all the tests conducted in both the Kato ledicat
diagrams and the diagrams presented in this chaptdowever, 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 acrossvahnieus

testing temperatures.

The rotational speeds obtained from the results of the inspected EMSE test has been utilised
to develop CFD model$he temperature profiles arttie indicated work diagrams have been
used for verification of the CFD models damonstrated inChapter 5 The temperature
profiles are a better set of result for the verification since the pressure is heavily impacted

due to the variousnodification 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 mudtmensional components of the engin

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 geonfieaticads to
accurately predict the heat and mass transfer of the systdtiising transient Computational

Fluid Dynamics (CFD) modelling, a sisadle LTD Stirling engine was simulated
demonstrating the internal workings of the engine. The CFD anaiysibe 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 waskeplicated.
The model developedyas then used athe benchmarkhat isthen modified to match the
Educational Model Stirling Engine (EMSE) designthe purpose of the study, the verified
research work thatvas simulated is done by Wen L®hen et al[56]. They developed a
ThreeDimensionalCFD model simulating compressible flow to study the heat transfer

characterstics 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 beseind codes are required

to be established to simulate the motion of the piston and displacer. To assist laarning

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-Cihen model, the parameters were
Implemented on the EMSE and the results obtained from the CFD analgst 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 a[55,57] however, the dimensions of the model have been scaled down

to half of the experimental model to retain a laminar flowidesthe 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 compressam 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 atleg8fe phase
angle to the displacer. The CFD model developed onhsiders half the size of the original
experimented research work to ensure laminar flow in the Stirling engige>-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.

'
1 //
ez R; Power eylinder The values of the geometrical
N parameters of the Strling engine,
Je1 /; :  fonerpiten R, (m) 0.0128
Lp| 11— Rz (m) 0.0400
/4 Ry (m) 0.0390
Compression| | ry; (m) 0.0200
chamber r: (m) 0.0125
I; (m) 0.0650
_ I (m) 0.0225
Zp Phiicef 2 I (m) 0.0475
Iy (m) 0.0775
I3 (m) 0.0740
Iy (m) 02125
< r» d . (m) 0.1105
Expansion chamber RZ

Fig.5-1: Dimensions of Stirling enginéerived from experiment
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5.2.1. Motion Dynamics

The displacement of the Pistor,) and displacerzj) are represented beloyb6]:

P m PY i «Pm pdo W = (Equation6)

mgom Loy m (Equatian 7)

The Velocities of the Pistow§) and displacernq) are represented belob6]:

PodPYiia P .
-P —L__ quation 8)
LIS S
>ods vopis o,
cm o »ods v 2 T2 Equétiong)
n »JLD ¥
ar

Where,

A —is the starting crank angle determining the position of the popistons
A 1 — wrmdetermining the position of the displacer. The piston and displacer are at
90 degree phase angle to each other.

A The rest of the factors are as described asFigrs-1

5.2.2. Modelling Parameters

Wern-Lih Chen et al. has made the following assumptions:

The fluid viscosity of all materials is constant

Thermal properties of all materials are constant,

Air is the working gas with properties defined by tbeal gas equation of state
gas constant = 287.0KgK

Mechanical friction effects are ignored

Thermal radiation effects are ignored.

3D Transient model

Laminar Flow

Flow is modelled using compressible Naxg¢mokes equations

> > > > > P> D> D> D> D

Heat Transfer is modelled using the Energy Equation
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A viscous dissipation effect has not been included

Pressurebased SIMPLEC finite volume code is used to conduct the simulation on the
USTREAM platform. The dynamic mesh method implemented involves thgicbaof 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:

A u, v and w are velocity components in x, y and z tivas respectively. Tis the
Temperature at the cold surfacey i the Temperature at the Hot surfaceis the phase
angle as per described in sectibr2.1

A Engine Rotation speed,=-120 rpm (clockwise)

A Initial Conditions:

“=0°C, u=v=w=0, p=101.0 kPa, T=T
At the Hot End (z=0):
u=v=w=0, T=pF 400K

A Atthe Cold End (z=1-Ic2):
u=v=w=0, T=F 300K
A Surface of displacer (adiabatic):

u=v=0, w=w, — T1T(n IS the direction normal to the wall of displacer)
A Surface of Power Piston (adiabatic):
u=v=0, w=w,— TT

A Lateral wall of the displacer cylinder:

u=v=w=0,Y 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 tirsep intervals with three timestep number
cycles as per shown’rable5-1. Four cycles were programmed to make the solution periodic.
The paper discusses the solution obtained with the 110,569ajraltimestep cycle of 200

times per cycle.
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Table5-1: Grid Setup

Grid (number of cells) Timestep Intervals (sec)  TimeStep / Cycle
80,566 ¢® prms 200
110,569 PH @ XPp TS 300
141,438 pg v pTTS 400

5.2.3. Result and Validation

The variations of the temperature within the Stirling engine is showkigrb-2

8=36.0° 8="72.0" 6=108.0° 8=144.0° 0=180.0°

Fig.5-2: Temperature contours across the whole engine at 10 different crank ang&g

The variations of total ¢}, expansion chamber §/ and compression chamber{Wolumes

versus crank angle over an engine cyskes per mapped ifrig.5-3.
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Fig.5-3: Volume variation versus crank ang|g6]

The USTREAM code is validated using an adiabatic cycle of the Stirling engine dlaained
the simulation. The pressure averagéolume (R.G V) graph of the engine cycle is mapped
against the adiabatic relation between pressure and volumé;*R\C, where C is constant.
The relationship indicates that the USTREAM code results fit the relation, as shéigrbia.
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Fig.5-4: USTREAM code validati¢b6]
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5.3. Smulation Replication

The results obtained by Wednh 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 translatedhe 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-@rogramming using equation$-4. The whole programme is
presented in Appendix A. Thep@gramme 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 téet defining parameters of time and velocity as

indicated in Appendix B.

5.3.1. 2D model

A central crossection has been modelled using the values listedigi 5-1 in geometry

modeller and mesh was produced using the mesh modeller of ANSYS 16ig).5€®

ly Ly Piston
_ % ] Chamber
Piston Compression
Surface Chamber
/ Annulus
Displace 4/7
Surfaces \ |
Expansion
‘ - Chamber
" — . — S om s 100,00 (o)

0.022 0.088
25.00 75.00

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 meshsatre®ntirety of

the Stirling crossection. 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 methudithe 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 shbabien

5-2.

Table5-2: Mesh Statistics 2D model

Nodes 16158 Max 1.0415
Elements 15378 Average 1.0139
Mesh Metric Aspect Ratio StandardDeviation 5.6778e003
Min 1.

In FLUENT, the CFD model is thenugein 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 #te bottom at 400K and the cold edge at the top
including the pistons as 300 as per noted in sectidh2.2 The UDF and the profiles for the

piston and the disfacer 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 Weihih Chen et al. utilised smoothing and remeshing, however, using this
method on ANSYSrqruced 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 metbd 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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The timestep size utilised was 0.001733908 seconds with 576 steps dictating the number of
steps required to complete 4 complete cycles of the Stirlimgjree. 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 showigrb-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 angli3,model
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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 clockwig® (pm) while for this
work, the rotation has been modelled inounterclockwise direction (120 rpm). The
Temperature profile however does seem similar to that of the model prepared by-Men
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, whiltHeature more zones
that will require to be seup during the dynamic modellingD 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 Wé@n Chen et al. ismodelled using the
geometry modeller in ANSYS using the dimensioidgrb-1. Just like the 2D model, there

are 4 major segments to the 3D model including, the cosapion 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 mestheTbodies are grouped so that they
interact with the adjacent bodies for which the interfaces are-getautomatically by the
ANSYS modeller. Since all the sections are connected, the mesh flows through from one body
to the other, as such to maintain theniiormity. The segments created ensure this uniformity

is maintained. SeEig.5-8.

-_
E’ i 0.00 2500 50.00 (mm)
I 2
4 1250 37.50

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 s for each element volume. The widths of
volumes have been set in order to have a uniform mesh flow across the axes gédimetry.

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 d#igi5-9 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 statiséies as shown ifable5-3.

Front Face
View

Piston Chamber

Expansion
Chamber

Compression

: Chamber
v 0.00

Fig.5-9: 3D Model mesh generation

SOiUU(mm)

Table5-3: Mesh Statistics 3D Model

Nodes 173090 Average 5.17476227272727
Elements 158400 Standard Deviation 5.2136092539616
Mesh Metric Aspect Ratio Minimum  Orthogonal 7.20906e01

Min 1.25 Quality*

Max 18.631 Maximum Ortho Skew 2.79094e01

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 chamberak® m

the setup 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 annultise Alit faces

Ay #RSIFYR Wi Q RANBOGA2ya KIFI @S 6SSy asSa a ae
of the complete engine. The mesh quality reading shows high

In FLUENT, the CFD model istgein Transient mode, Laminar flow and the energyation

is turned on. In the material Properties, air is set as an ldeal gas, and boundary conditions are

set for the Hot surface at the bottom at 4@0and the cold surface at the top including the

pistons as 300K as per noted in sectA.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 attempteithé 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 ratedbdayering 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 ase set

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 assspre outlet.

The timestep 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. fidseilts obtained however were the

same as per shown ifg.5-10.
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Fig.5-10: Temperature contours in thé&tirling Engine at different crank angles, 3D model

The 3D mesh motion has been generated and it is similar to that produced . W&hen

et al. The only difference is that the crank rotation has been set in theclytkwise direction

in this model canpared to the model by Wehih Chen et al. The temperature modelling has
not been setup 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 an@.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 seup needs to be further studied as the values for both thegmrameters are
incorrect. This will require further development of the UDF and or creation of temperature

profiles based on the boundary condition defined in secbdh2

The chart for the volume variation and crank angle is demonstrated beldugis-11. The
Graph obtained is a mirror image of the work by \Aleh Chen etl. since the rotation is
considered as antilockwise, 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:

101



1.34 x 16 m3 (27@) and 1.75 x 1&m? (90°) respetively. This provides a compression ratio
of 1.31.

1.80E-04
1.60E-04
1.40E-04
1.20E-04

1.00E-04

Comp
8.00E-05

Volume (M)

exp
6.00E-05 —@— Total Volume

4.00E-05
2.00E-05

0.00E+00
0 50 100 150 200 250 300 350 400

Crank Angle (degrees)

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 gatest by the original worlby
Wen-Lih Cherwith minimum and maximum values of the Total volume as obtained from the
CFD analysis are: 1.586 x-40n® (9C°) and 1.979 x 1@ m® (9(P) respectively with a

compression ratio of 1.248The model parametersavebeen utilised to study the EMSE.

5.4. EMSE Simulation Study

The Educational Model Stirling Engine (EMSE) experimented on and discuStexpiar 4

has beenmodelled to verify the CFD model presented in section section5.3.2 The
dimensions for the EMSE are as provideBiq 4-2. The model generated in Design modeler
containsthe displacer chamber and piston Chamber with the locatarilie 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 maddel.
further assist with the meshing the geometry has bedivided into 35 part®of the fluid
portion of the singular model bod¥:ig.5-12 shows he EMSE model geometry prepared.
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Fig.5-12EMSE 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 ge 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 not€t.5-13 shows the values obtained from the
meshes. Minimum orthogonal quality ranges from 0 to 1, where values close to O correspond
to low quality. Maximum ortho skew ranges from O to 1, where values close to 1 correspond

to low quality. Lower the maximum aspect ratio, the better the Mesh.

Orthogonal Quality and Skew Maximum Aspect Ratio
0.8 42 +
0.7 + > <> < <> 4 —t 4.18 +
416 +
0.6 1 414 +
o 95T o 4127
3 = 4l
s 047 S 408 T

> >
031 e—eo—e—e—o—o 4.06 +
024 o 4.04 +
—— Iinimum Orthogonal Quality 4.02 +
01 —a— Maximum Orthogonal Skew 4 4+
0 —t—t—t—t 3.98 —
0O 01 02 03 04 05 06 0.7 0.8 0 01 0.2 03 04 05 06 0.7 0.8
Maximum Mesh Size Maximum Mesh Size

Fig.5-13: Mesh Statistics based on varioEMSEnesh sizes

Based on the data represented Kig.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 msigle increases. The maximum
aspect ratio on the other hand shows better values for 5 mesh than the others. The
maximum size of all the mesh edges have hence been specified asrD.beaving the rest

of the parameters as the default value, the megmgrated is shown ifrig.5-14.

The Mesh generated contains 430,624 nodes and 397,972 elements with maximum Aspect
ratio 3.17428 minimum orthogonal quality is 046581 and maximum ortho skew is 0.

254419

7.500 22,500

Fig.5-14: EMSBD 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 the5 bodies that encompass the piston chamber, thg Hodies ¢ the
compression and.3 bodies making up expansion chambers and4hmdies 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-épsilon model with standard wall functions. The material
properties have been set up based on the materials that will be used to b@lgrtitotype.

The materials and their properties have been listed @ble5-4.

The boundary conditions based on the materials above was assigned to the walls. The outer
wall of the expansion chamber was set to 400~hile the operating temperature was set to
300K (default room temperature). The pressurelocity coupling scheme utilized was the

SIMPLE scheme with an operating pressure of 101325 pascal.
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Table5-4: Material Properties for Stirling engine model

Specific  Thermal

Density o
Material Heat Conductivity

(kg/m3)

(/kg-K)  (W/m-K)

Air* (Fluid) Ideal 1006.43 0.0242
Brasq84] (Solid)g Piston 8860 380 233
Copper* (Solidy Piston Cylinder 8978 381 387.6
Polystyrend85] (Solid)- Displacer 1502 1995 0.161
Glass 2250 780 1.15
Acrylic[86] (Solid)g Displacer Cylinder 1160 1485 0.195
Aluminium* (Solid)¢ Top and Bottom of Displace 2719 871 202.4
Cylinder

* 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 witHPr@gramming. The progmme was
formulated based on the motion dynamics equations of the piston and displ&api5-15

shows how each dynamic zone had been defined.
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Expansion Chamber Deforming
Fig.5-15: Dynamic Mesh Setip of EMSE

The piston and displacer are connected to a crank shaft. The pistons are-deg@@ phase
angle to the displacer. The motion of the power pistas) and displacerzj) are dictated by

the equationgpresented in sectio®.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 mlection of movement. The graphical representation shawfig.5-16is

for two full rotations of the crank shaft i.e. 720°.

Displacement Vs Crank Angle Velocity Vs Crank Angle
T 0.04 __ 6.0E-02
= 0.03 e~~~ £ 40802
T 0.02 = 20E-02
E o1 2" 0.0E+00
9T LT N S -2.0E-02
o 0 L 4.0E-02
2 0 200 400 600 -6.0E-02
Crank angle®} 0 200 400 600
Crank Angle’)

Piston Displacement

Displacer Displacement Piston Velocity

Displacer Velocity

Fig.5-16: Sample oDisplacement and velocity profiles for piston and displacdrEMSE

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 conduCteapier

4. These are Testing scenarios E6, E9, E16, E17 and E23 chosen to offer a range of temperature
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differencebetween the displacer cylinder. Furthermore, the inspected EMSEhastsbeen
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 stghaize been
calculated sas to ensure no negative volumes are created during the dynamic simulation
processEach time step allowed a maximum 500 iterations to allow for convergence. Results
are gathered every 2 timsteps which is equivalent to 10° ckashaft rotation. This set up
allows 0f20 cycles of the engine. This allows the simulation to achieve a stabilisation stage.

Table5-5 lists the time steps size and mier of timesteps required for 40 cycles.

Table5-5 time step size and number of time steps for CFD analysis

Test number (Simulation reference) Time Step Size Numberof Time Steps

ED6 (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 indompresses 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 initiaéstl. 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 stear

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 alsztexpas the gap

is expected to function as a regenerating channel working as a bridge between the chambers
and temporarily storing heatt has been observed thatfter 12 strokesthe temperature
profile stabilises This is further elaborated iRig.5-18 where the average temperatures at
180-degree crank angland 360 degree crank anglissseen to be&onsistent for both the hot
chamber and cold chambénrroughout the antirety of the simulation processfter 12 strokes

of CFD simulatian

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 2& between at the expansion and compression

chambers afLl80° crank angland this difference is maintaineat 360° crank angle

108



ANSYS

ANSYS

UMY

Fig.5-17: Starting engine cycle of the Stirling Engig®° to 360°.

Average Temperature at 180°

Average Temperature at 360°
Crank Angle

Crank Angle
340 350
— s geetssssnse —
= en®g®s e - = Pe oD G08g gt tassnee
= = -
— 330 - 340 - -
& 320 R
2 5 .
a . a
£ 310 L X Y T YT E N TR R Y 5320
= = a®see o, S42%%g0gsee
- e

o 5 10 15 20 o 5

10 15 20
Number of Strokes

Number of Strokes

® Hot Chamber Temperature & Hot Chamber Temper ature

«Cold chamber Temperature @ Cold Chamber Temperaure

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 peFig.5-19from 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
YAEAY3 GSYLISNI (dzNBa A& (GKS 3L K2arH@ASNE aA
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 comprassitambers.
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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 analysifie CFD model has been developed based on the
hot surface temperature, cold surface temperaguaind 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 ugesitemperature profile

in the probed EMSEs expectedto have suffereda small lossesvhen compared to the
temperature profile inside an inspected EM&&e to the various modifications subjected
onto the EMSE compared to the pressure inside the EMSE and frictional fHutee such
comparisons have been idefed for the validation of the CFD resultg)cluding, S06
compared against HO1&Gcenario 1)S23 against HO13 (Scenario 2) &9 against HO04

(Scenario 32D CFD models were also generated for the above scenarios for comparison.

Temperature recordig is observed at two locations of the C&ibwlation. One at the top
section of the displacgTemp [1]) 0.018m from the bottom and the other 0.002 from the
bottom at the bottom section of the displacéifemp [2])as per shown irFig.5-20. The
average of the temperature reading across one rotation is obtained and compared against
the experimental resultsThe location of the points is as per measurements taken of the

probes positioned inside of the displacer cylinder.

Temp [1 R

Temp [2]

Fig.5-20: Temperature measurement locations from CFD results

Thecomparison between experimental results and the results obtained fron2iheand 3D

CFD analyses are representedrig.5-21.
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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 previoudlge testing scenaris 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. Therefdoe, this study the
relationships betweeithe 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,isowever, better agreement with the temperature otine cold

sideof 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 slilghtlyr 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 keepimg mind the experimental requirements and ensuring probe locations
can be securely sealetdthout interfering EMSE operatiofhe higher the temperature the

better the agreement between the experimental results and the CFD analysis.
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With the low levels berror, it can be established that theemperature profile obtained from
the CFD analysis a valid representation of the EM$&&nperature profile with an error

percentage ot1.3%.

At lower temperatures the difference between the top and bottom sectiamside 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 desplglinder possess a

regenerative property which ensures re cycling of heat in the system.

The relationship between the temperatures the top and bottom sections of theside of

the displacer chamber is further visualised as ipigr5-22.
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Fig.5-22: Comparison of the Temperatures inside the giacer chamber

At any given point,iere is a linear relationship between the temperatussthe top and
bottom of the inside of the displacer. This relationship is consistectoss allthe
temperatures that the EMSE has been subjected to. This is egeghce the annulus
between the displacer and the displacer cylindiees notchange, neither does the stroke
length. The cold side temperature remains fairly consistéfitictuating within 2.5%)
throughout the scenarioshat have been analysed. Howevehe 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 ide the displacer chamber of the EMSE, the
stroke and displacer diameter of the EMSE has been modified and studied with the help of
CFDand noting the temperatures at the location points Temp[1] and Temp[2] of the new

models as per indicated #rig.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 staafioT1 and T2) and

the second case being the size of the displac@amely 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 EMSHE@noperation remains the same. The

modifications are summarizdaelow inTable5-6.

Table5-6: Modified EMSE for CFD sty

Testing Scenario Stroke Displacer Diameter
S23 4 mm -
T1 4.2mm -
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. T¢hsinge inn the temperature profile
isnoticeable agpershown inFig.5-23. A larger difference in the profile is identified where

stroke length is increase@1) particularly when the displacer is halfway between the top
and bottom of the strokgaverage deviation of 0.2%])his indicates that for the EMSE, the
transfer of tenperature from the hot side to the cold side is reduced corresponding to
better performanceof the EMSEhowever, 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 lethg 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.
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Fig.5-23: Temperature profile inside the displacer chamber as a result of changing stroke.

A clearerindication of change in the performance in the EMSE can be demonstrated by
changing the displacer diameter due to the larger scope of chaRige5-24 shows the

temperature profile as a result of the size change of the displacer.

350
(1)
345 P A "’:’ ‘{}
340 g o ° o®
< 335 0% & o° o
= ' 1 ® e ,°
o 330 @ ®s23
£ o8 ® o°
lq_-’ 325 ‘* " ° o ®T3
@ °
220 ° oT4
315
310
305 310 315 320 325 330 335 340
Temp [2] (K)

Fig.5-24 Temperature profile inside the displacer chamber as a result of changing
displacer diameter

115



A smaller displacdscenario T4)educes the fluctuation of temperature at the measurement
points, however, the slope has increasautlicating a larger impact otine temperature at
the cold side of the displacer cylinder from the hot end of the displacer cyliddezxpected,
with the increase in the diameter of the displad&cenario T3)he transfer of temperature
from the hot side to the cold side is reducdat this creates larger fluctuation at the

measurement points.

The performance is thus better with a smaller annwdgsindicated by a smaller slope in the
temperature profile however, the machining of the displacer becomes much more critical as
the anrulus decreaseand the manufacturing tolerance needs to be reducElle 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. PressureProfiles

The Pressure in the EMSE is obtained from the CFD analysis using a modified Schmidt
equation. TheSchmidt equatioriollows theisothermalanalysisfrom whichthe pressure can

be calculatedising the equation:
n ¢€Y— — — — — (Equationl10)

Where,aads the pressure in Pascadsain the number of moless¥ais the gas constanwith
a value 018.314462618Nk 0 Y,iaYa® thé volume of the compression space if, aags
the volume of the expansion space %, ais the volume of the rejector im3, a aés the
volume of the acceptor in mé¥ads the volume of the regenerator in mé&yads the
temperature at the rejector in K&vas the temperature at the acceptorin Kag®Q A & GKS

regenerator temperature in Kalculated using:

“y

- (Equation1l)

The EMSHoes nothave a dedicated Regenerator sectanmd the piston housing is connected
directly with the displacer chamber. itN the help of the CFD analysis the temperatures at
each of the sections (including the compressor section, the expansion section and the
annuls) are known at every point of the working cycle. Thertbe Schmidt equation is

modified to
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n ¢&¥— — — — — — — (Equation12)

2 K S Ndba¥s th&’volume of the woikg space of the piston chamber irffw @ A& (G KS
volume of the dead space of the piston chamber i@ ais the volume of the dead space

Ay G(GKS 02 YLINE a & & 28 theOwlume ofhiedead spaceLii theléxpansion
chamberinm3®Wad & (G KS ¢ SYLISNI (dz2NB  A'Yais ih&it@nperdtugein2 y  OK |
0KS O2YLINBaaA 2 yYad e tehrp&atidrelinghe ¥xpansioR chémber in K.

The number of moles is calculated as per the initial conditions of the testthatipressure
being atmospheric pressuré@1325Pa) and the room temperature (295. IKpr each section
volume (piston, compressor, expansion) the number of moles is calculated using the ideal gas

law using the equation:
& — (Equation13)

It has been considered that the number of motkes 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 thember of moles used to determine the pressure of

the EMSE as per Equation 12.

The pressure profileshus obtained from the CFD analysis and compared against the
pressures obtained from the testing of tiespectedEMSE as per presented in sectich11

in the form of Stirling cycle analysighe comparison charts are presentasl perFig.5-25.

The CFD analysis does not match the experimental results obtaif@deach scenario
analysed, lhe computational analysislemonstrateshigher pressures and higher indicated
work when compared to the experimental resulghile the pressure profiles generated from
the experimental results all map similar results regardless of the differerteeniperature to
which the EMSE is subjected. wiver, the CFD analysis resultemonstrate a linear
relationship where the indicated workvhichincreases with the increase in the temperature

to which the EMSE is subjected.

The graphical comparison of the pressure profiles of the simulated EMSE the fiesting
scenarios is shown fhig.5-26 demonstratingthe 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 X 0.01 The consistency in the PV diagram for the experimental results may be
attributed to leaks in the EMSE disp@ad 2er which occurs when the displacer chamber
reaches a certain pressure point. This carolercomewith the help of better sealing and

more accurate machining of the EMSIis was also noticed in the Kd&8] experiments.

The maximum pressure retention capabilitgnd subsequently the indicated workf a
Stirling engine will depend on its geometry and tingality of the manufacturing mcesses.
Unless highly accurate manufacturing technigues are used ensuring very low tolerances, it is
always going to be difficult to accurately predict tinelicated workof the Stirling engineAs

a result, it can beestablishedhat 3D computational andysis is not an essential tool for the
designing of a low cost, low temperature Stirling engisesh 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 &y Mih Chefir5]and uses

the technique to simulate and analyse the EMSE.

The EMSE CFD model developed, utilises &dale3D model in comparison tgrevious
models deeloped ensuring no assumption of symmetry in the model. The model, however,

lacksin 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 @fdlysis as well as 2D CFD analysis. Howiieer,
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 arg8jidngine 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 sigraftly 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 testiksy. such,
computational analysis is not an es$iah tool for the designing of a low cost, low
temperature Stirling engine. Furthermorehdre is good agreement between the
temperature profiles generated from both the 2D simulated results as well as the 3D

simulated resultslf CFD analysis is proposied analysis 2D simulation is sufficient.
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6.1.

Chapter 6

Conclusions

Introduction

This chapter summarises the findings of the research undertaken and provides ingigt in

followingareas

A

6.2.

Why a cost focused solution is requireaml ensure a feasible solution is t@lined for
irrigation in the subSaharan Africa region,

Considering a cogsdffective EMSE system summary of the experimental resuliad
findingsare presented, to determine the effectiveness of the system and analyse the
practicality of such a device being used in the+gatld scenario

A summary of the computational analysis and the comparison to the experimental
resultshas been presentetb identify the accuracy of CFD in analysis of the-dost
EMSE.

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.
Finally based on the findings tife research, experimentation and analysis a future

work objective has been set.

The need for a cost focusesblution

The vast majority of the suBaharan African region is underdevelog8d]. 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 terovide 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 producasble 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 willuce 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 the purpose of low cost, irrigation system in

the SubSaharan Africa region based on research by Wazed .74l

The focus of this research was dssist in the development of a Stirling engine system for
irrigation that was affordable for the demographic in the Sdharan 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.

Table6-1: Compring various solar thermal technologig87]

Rankine Stirling Metal Hydride Liquid
Property _ ) )

Cycle System Engine Engine 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, gammgype Stirling enginevasselected 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 K&pand 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 a¢hessgarious 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 thedisplacer 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 chardr and one in the bottom section of the displacer chamiJeist
the top and bottom surface temperatures of the new EMSE is measured.
temperature ratio between the top and bottom surface of the EMSE remained
consistentthroughout all the testing scenariowithin difference percentage of 0.65%
and R vale of 0.75which insists that the modifications on the EMSE does not have any
impact on the emperature profile. The & Diagram and consequently the indicated
work remains consistent across thedividual testing scenariogegardless of the
temperatures the scenarios are subjected to. However, the work done increases from
Inspected EME to Drilled EMSBRy 24%to and from inspected EMSE Ryobed EMSE
respectivelyby 28%. These results parallel that of K§f8] indicating a restricting
pressure capability of the EMSE which depends on the geometry and the quality of
fabrication of the EMSEThis result is different from theoretical estimations which
indicate increasing work with increasing temperature difference.

2. Temperaure 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 tre hot side temperature increases is different when compared between the
Thermal imaging camera and the thermocouplsing thermocouples reduces the cost
of the experiments and also ensures more accurate measurement of temperatures
inside the EMSEsince thermal imaging cameras only measure the outer surface

temperatures hence instantaneous temperatures are less accurate.
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3.

6.4.

Graphing the temperature at the bottom surface of the Stirling Engine to the rotational
speeds demonstrates a linear relationship the pk® of which decreases with
modifications made to th&aMSE.The slope is severely affected on the Probed EMSE
with a slope of 0.1983 and 95% difference when compared with the new EMSE.

. A largediscrepancys apparent between the experimental resul$ pressure andhe

results obtained usingheoretical estimations.The researcher isircumspectof the
Pressure sensing device with regards to its accura8ince due to the pandemic
validation of the pressure recdings was not possible it is one of the areas where the
experimental results arevanting.Add to this the high levels of frictioand le&ages in
the systemdue to the low precision constructiorfurther added to the issueof
erroneousresults that had to undergo a lot of processing in order to make a casgpa

with the theoretical results.

CFD Results

Computational Analysis of the EMSE is conducted basedeoprthciples demonstrated by

Wen Lih Che[b6]. Afull-scale3Dmodel was simulated and analysed tagyage 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 bottomfaae temperatures. Finally, a 1 second

time period (9s10s simulation time) is considered to conduct the analilsCFD model was

also generated for experimentation scenarios E06, E09 and E23.

1.

2.

Measuring temperatures at two points on the inner regiontioé 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 atdlie c
plate.

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 thvbile

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 strokthlang
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 leng8ince, larger changes could bevadistered
to the displacer diameter a more clear indication of the change in performance of the
EMSE was identifiedA smaller displacer (scenario T4) reduces the fluctuation of
temperature at the measurement points, however, the slope has increasedatinuty
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 obtéonede pressure
readings of the EMSEhe computational angfsis demonstrates higher pressures and
higher indicated work when compared to the experimental resdltee indicated work
for the all the scenarios of inspected EMSE from the experimental results is G012 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 tHanit 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 accurateahy
other numerical methods especially for low cost products which feature cheaper
materials. Low cost Stirling Engines need to be practically tested to accurately evaluate
AlQa LINPLISNIASa®

6.5. Future Work

This research was based on the fundamental understanding of the working procelsvef a
cost,low temperature differential Stirling enginesing a readily available Stirling modghe

ideal way to more accurately study this would be by custom buildimjn8tengine models

of varying geometrical and special features to establish a more solid data base. Furthermore,
research is required in various types of materihiat could be used to build the engine to
satisfy the low cost while maintain the functiality 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 requmments. 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 th&Sahlran Africa region.
Environmental and economic impastudy of technology is also an important analysis

NBIjdzANBR FT2NJ 2RlI&Qa OfAYI(iSo
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Fig.6-1: Conceptual model of the Stirling pump system.
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Chapter 8

APPENDICES

8.1. Appendix1 ¢ 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 O [* start angle of Piston in degrees */

#define 1c10.2125 /*Crankto bas e of Cylinder */

[* Piston Parameters */

#define r10.0200 /* Piston Stroke */

#define 11 0.0650 /* Piston Connecting Rod */
#define 120.0225 /* Length of Piston + Piston Rod */

/* Displacer Parameters */

#define r2 0.0125 /* Displacer Stroke */

#define 13 0.0475 /* Displacer Connecting Rod */
#define 14 0.0775 /* Displacer Rod */

#define 1d 0.0740 /* Displacer Length */

DEFINE_CG_MOTION(piston, dt, vel, omega, time, dtime)
{

real z_piston, angle_p, w_p;

/* compute current angle att = 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_PIl/60;

[* compute current z_piston (=0 at tdc, angle = 0) */

[*z_piston=L+(A/2*(1 - cos(angle))) - (sqrt((L * L)

(sin(angle) * sin(angle))))); */

z_piston =lIcl - (( -r1*sin(angle_p)) + sqrt((11*I1)
(r1*rl*cos(angle_p)*cos(angle_p))) + 12);

/*re - set velocities */
NV_S(vel, =, 0.0);

NV_S(omega, =, 0.0);

/* compute velocity formula, Motion in Y axis */

- (A*A) 14>

vel[0] = 0;
vel[1] = (r1*w_p*cos(angle_p)) - ((r1*r1*w_p*cos(angle_p)*sin(angle_p)) /
sqrt((11*11) - (r1*r1*cos(angle_p)*cos(angle_p))));

vel[ 2] =0;

[* Print Message */

Message("\ ntime = %f, piston = %f, angle_p = %f, vel[1] = %f"
(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 */

, time, z_piston,
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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)14)*
(sin(angle) * sin(angle))))); */

z_disp =lcl - (( -r2 *sin(angle_d)) + sqrt((13*I3) -
(r2*r2*cos(angle_d)*cos(angle_d))) + 14 + |d);

[*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((13*13) - (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¢ Profiles

Using equationg-4 profiles were created using excel. A Sample of the calculations has been
shown below:

Piston Angle 0
Piston Displacement Displacer Displacement
Icl 0.2125m Icl 0.2125m
rl 0.02m r2 0.0125m
theta 0deg beta -90deg
sin theta 0 sin beta -1
cos theta 1 cos beta 0
11 0.065m 13 0.0475m
12 0.0225m 14 0.0775m
rl*sin theta 0 Id 0.074m
1172 0.004225 r2*sin beta -0.0125
rin2 0.0004 1322 0.00225625
cos theta "2 1 r2"2 0.00015625
r1”2 x cos theta’\2 0.0004 cos beta "2 0
zp o153y r2°2x cos beta "2 0

zd 0.001nl
Piston Velocity Displacer Velocity
rl 0.02m r2 0.0125
omega -12.5663706Tad/s omega -12.5663706Tad/s
theta 0deg beta -90deg
sin beta 0 sin beta -1
cos beta 1 cos beta 0
11 0.065m 13 0.0475m
rl*omega* cos theta -0.251327412 r2*omega* cos beta 0
rin2 0.0004 r2n2 0.00015625
rl"2*omega*cos theta*sin theta 0 r2"2*omega*cos beta*sin beta 0
1172 0.004225 132 0.00225625
Cos theta "2 1 Cos beta "2 0
ri”2 * Cos theta”2 0.0004 r2~"2 * Cos beta”2 0
SQRT(1172-r1"2*cos theta’\2) 0.061846584 SQRT(I3"2-r2"2*cos beta’\2) 0.0475
Wp -0.251327411gI8 wd 8] /s

Displacement (m) Velocity m/s
0.1600 0.3000
0.1400

0.2000
0.1200

TN

0.1000 0.1000

0.0800

0.0000
0.0600
0.0400 -0.1000

0.0200
-0.2000

0.0000

(S = T = SN IV I R N SO & O o d @ o L= s Y= I = I o 0.3000
L I B T o B o B VA S B 5 B B T S S Y o BT T = V= B V- - I -u.
—p 2d —p wd
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8.3. Appendix 3¢ Experimental Temperature Recordings

8.3.1. Inspected EMSE
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