
The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

source 

as it 

was to 

au:c~m:a{nfe to 

eX1pel:1IT.lental "'U~;'H'." were 

was 

to test 

LUVUV. "'UJlUU;U to one 

on 

test 

movers, it alJ~J",u.l" IS a 

cre:ate:Q an ""11"\1"'''''1'''' to re-

to an alterrlatlve i:)VjlU~jlVU to 

1 

to me:cn:amcal 

100JKea at an att(~ml)t to {'", .. ,fi"",. 

course 

a constant 



Univ
ers

ity
 of

 C
ap

e T
ow

n

nr""",l" source was 

to 

run at tenlperatl to 

"'H,!",L"'''' it is rec;onlffilencled 

ii 



Univ
ers

ity
 of

 C
ap

e T
ow

n

own it 

a 

Ue"elc,omlent of a I-'rl'\1~l'\ru" .. 

External Heat 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ue\/eIC,pmenrofa~roltob/oe 

External Heat 

to acI<mo,wllect{;re 

to 

iv 

means to 

was 

was 

out 



Univ
ers

ity
 of

 C
ap

e T
ow

n
1. 

Extemal Heat 

.......................................................................................................................................................................................... ) 

.................................................................................................................................... IV 

..................................................................................................... IHI .................................... V 

1 

........................................................................................................... 7 
.................................................................................................................. 8 

................ ,. ............. 9 

................................................................................................................. ;9 

v 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1',/>,">/U, tests 6.9 •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

.............................................................................................................................. 70 



Univ
ers

ity
of 

Cap
e T

ow
n

7. 

7. 

8. 

DevelQ[}ment ofa id.t"Il't"Itu,'" 

External Heat 

OF 1 

ENGlNEOF 1 

.................................................................................. 4 

.................................................................................. 5 

11 

L\.V,'-'.u~,,, I .. >' ~Ull'H~ .. ~ ....... *"",, .... 8 .... ~ ~ ..... , ~1O" ~ ...... ~ ...... "' ...... 8 ....... <I> "'" 11<'1 "". "" .... "" ...... 

.JJ.Lr1,-,n.cLtuFOR 

JJU\,UJ:\.nlYJ. FOR 

JJ .u;>.UJ:\.n.J.n FOR .................................................... 41 

-,-,nUll'ID TO BE USED 

Lll".LIL:,.L'\. ........................................................................................ . 

OF 

OBTAINED FROM 

JJ J.r'1.UL'..ruV"> FOR 

...., .. "''-J •• ....-uYL'" FOR 3.5 

"-'n.'~J-'L" DUE TO THE mGH 

OF 

L'U...<.""" .... ·L'U...< ........... . 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 : OF .l..Ji~UL"'.L:c "~~" .... ~ ...... a ............ ,,, ... "''''"''''''''''''''''''''''''''''''''.''''''~''''''''''''''''''~'' 

1 : L'-V'''',"",,,, .... "V,UU., .... ~~ .......... ~ .. ,. ........ ~ ...................... ~ ....... ""_ ...................... .. 

1: ,ru".u-u';A.JJ.."", ...... ~ .......... " .. " ........... ................. ............ "'~"' .......................... " .......................... ''' ............. ,. .......... '''' .. ........ iIl .............. .. 

1 : 

1: 

1: 

AND 

AND 

De'Jelclomientma~rn'rowIJe 

External Heat 

JJLM.\J,l:\.l"'LlYJ. IN FIGURE 

FOR 

FOR 

AT 



Univ
ers

ity
 of

 C
ap

e T
ow

n

sort 

a techncJI0g1Cal 

cost 

concerns, is 

1 were 

.... "'~'Al",LA'" more ettect:n [1] 

mover 

now 

1 

to '-'''''IIJLV'':>U.'U'' 

£CI.J..Ln ... ,a. were 

were 

to 

a IS a 

D~/elclDmientma 1 
Extemal Heat 



Univ
ers

ity
 of

 C
ap

e T
ow

n

was 1 

VU.',",LJ'h>. It is an exteI10al ,",VJ'UU''''''Uv. .... '"', ..... ;;,J ...... .., 

source, 

a 

l1li 

source. 

l1li 

l1li 

l1li 

l1li 

l1li 

can 

Doterlt1.11 to f\n'~"'<>1r"" at 

,nnlm .. ,nT of a I-Ifr,fi'lf'iln"" 

External Heat 

source, so 

YokLl, .... u15 costs 

recent 

to 

IS no COlm:a.mlnanon 

constant over 

a 

as 

are 

2 

an 

on 

it 

a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

a~t..,u.UUH was to 

was 

movers, it ",ny,,.,,, .. ,, is a 

an 

most aDlJrODn an a010Ucat1011. it was ",. ... " .... ,.·n' .. to 

start 

De\relolomentofaP~~n~Jn'" 3 
External Heat 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

construct 

l"'v~'lnnm~lnt of a 

External Heat 

a 

or ' 

to 

4 

as it was 

a 

1816 eam,ea a 

1.1 

of 1816 

un"' ..... " .. to 

au ... , ... ,"' .... 

LH,",UH'"'' stress or 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Throughout the 1800' s a variety of hot air engines came to the forefront in an effort challenge 

the steam engine as the prevailing power unit. Their safety record made them more attractive 

despite their low power output, which limited their use to small industries and workshops. 

Well known names such as Stirling (1815), Ericsson (1833), Joule (1852), Brayton (1867), 

Otto (1867) and Diesel (1897) produced a number of engines with varying degrees of success. 

Ericsson in particular was an extraordinarily inventive man, producing a range of successful 

engines that embodied a wide range of different thermodynamic cycles. An example of one of 

his most successful designs is shown in figure 1.2. 

Figure 1. 2: Ericsson's engine of 1860 

(Source: http://www.argonetco.uklusers/bobsier/pio4B.html) 

Towards the end of the nineteenth century, it became apparent that the temperature limitations 

of the external heat engine could be avoided by placing the combustion process inside the 

engine, giving birth to the internal combustion engine. With this development the maximum 

cycle temperature and hence the thermodynamic efficiency and specific power of engines 

could be significantly increased. External combustion engine development was therefore 

abandoned. Thus only the Otto, Diesel and Brayton/Joule cydes survived to become the 

modem day petrol, diesel and gas-turbine engines. The move away from external combustion 

however did not come without a penalty in the form of exhaust noise, increased exhaust 

emissions and stringent fuel specifications. 
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These engines can be subdivided according to the layout of the working cylinders. [7] 

The Alpha type: 

This type of engine consists of two pistons interconnected by a series of heat exchangers. This 

layout has the potential for the smallest dead volume. If the pistons were horizontally opposed 

in the same cylinder, the dead volume could theoretically be zero [7]. The friction associated 

with this engine is high however, because of the sealing rings required on both pistons. 

Figure 2. 1: a. Type Stirling Engine 

The Beta type: 

This engine layout has a piston and displacer in one cylinder. Heating and cooling is done in 

different regions of the cylinder. The dead volume and the mechanical friction associated with 

this layout can be very small, but the requirement for the piston and displacer to be in the 

same cylinder reduces the flexibility ofthe design [7]. 
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The Gamma type: 

This design consists of a piston and displacer in separate cylinders. Heating and cooling are 

done in the cylinder containing the displacer. The mechanical friction associated with this 

design is potentially small and this also gives the greatest flexibility in tenns of layout [7]. 

However the dead volume can become large because of the connecting passage. 

Figure 2. 3: y Type Stirling Engine 

2.1.1 Fundamental Elements of a Hot Air Engine 

Regenerator: 

This engine component is used to store heat energy during part of the cycle and to return it to 

the working gas during another part. The inclusion of the regenerator results in a substantial 

increase in engine efficiency, and reduces the loading on the heater and cooler. According to 

experiments carried out by Phillips, a well designed regenerator matrix can save up to 95% of 

the heat input by the heater [6]. 

It is usually composed of a matrix of fine wires or porous metal, but can be simply an 

enlarged metal surface. 

Pistons and Displacers: 

A piston is defined as having a large pressure and a small temperature difference between its 

top and bottom [5]. It's function is to utilise the expansion or contraction of the working fluid 

to produce motion. A Buffer SPdce is often used on the underside of the power piston, it is 

pressurised to the mean or minimum cycle pressure to reduce loads on the mechanism [8]. 
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3. Initial Investigations 

An experimental engine was devised at the beginning of the year, its purpose was to provide 

insight into the functioning of an unconventional external heat engine and to test the validity 

of theoretical predictions made with the thermodynamic model. Figure 3.1 shows this engine. 

Figure 3. 1: Partially Assembled 3·Process Engine 

This experimental engme was a scaled down version of the five kilowatt target engme, 

potentially producing at best only a few hundred watts. The engine was designed to function 

on a cycle devised by Dr A. Yates, consisting of a polytropic compression, a polytropic 

expansion and a constant volume process. Hereafter referred to as the 3-Process cycle. 

Heat rejection was achieved by utilising a two-stroke principal to exchange the hot exhaust 

gas with cold recharge gas. This process would have less friction associated with it than the 

displacement of the gas used to achieve heat rejection in a Stirling type engine. 

The engine consisted of two cylinders interconnected by a number of heater tubes, each piston 

alternated between compression and expansion and therefore needed an unconventional piston 

motion to attain the desired cycle. The motion allowed one piston to complete its compression 

and expansion stroke, while the other remained at top dead centre. Thus the engine would 

complete two full cycles per revolution of the driveshaft. 
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Figure 3. 1: Operation of the Cycle for the 3 Process Engine 

This process produced the following Pressure - Volume Diagram: 
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Figure 4. 1: Sketch of Assembled Truncated Ericsson Cycle Engine 

4.1 Cycle Description: 

The actual cyclic processes and piston motions, shown if figure 4.2, corresponding to the 

points in figure 4.3 are as follows: 

At Bottom Dead Centre (1) the exhaust valve is open and purges hot air from the cylinder as 

the piston moves upward. Some time before Top Dead Centre, the exhaust valve closes (2) 

and thus the remaining air in the cylinder is compressed close to the delivery pressure. At 

IDC (3) the inlet valve opens, abruptly raising the pressure to that of the delivery pressure in 

the reservoir (4). While the inlet valve is still open, the piston moves downwards, maintaining 

the cylinder at the delivery pressure. At point (5) the inlet valve closes, and the air expands 

polytropically to near the exhaust pressure. At BDC (6) the exhaust valve opens, dropping the 

pressure to the level of the low-pressure reservoir again (1). 
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A small Briggs and Stratton 2 horse power 4-stroke engine (figure 5.2) was decided on 

eventually as even though it ruled out the possibility of pressurising the crank case, the bore 

(60mm) and stroke (37rnm) were in the region ofthe size required for the planned engine. 

Figure 5. 2: Lawn Mower Engine to be used For Compressor 

5.1.1 Compressor 

The crankcase, crankshaft, connecting rod and cylinder were all left as standard. The valve 

gear was removed and a new cylinder head constructed. 

This cylinder head had one way valves incorporated into it so that the lawn mower engine 

would now function as a compres!;or. It was also located in such a way as to seal off the 

existing inlet and exhaust va i-.res on the engine block. See figure 5.3. 
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CompresSor 
Inlet 

Figure 5.1: Compressor Head Mounted on Engine 

Air Flow 
• 

The piston was modified to allow the mounting of a rod on which to attach the expander 

piston. Another plate was then mounted on top of the cylinder head . The barrel for the 

expander piston was recessed slightly in this plate and sealed with an O-ring. The Piston Rod 

also ran through this plate, sealed by a Vesconite guide. 

The compressor discharged into the region on the underside of this piston. 

5.1.2 Expander 

The expander piston was mounted on the rod attached to the compressor piston, so they move 

in phase with each other. 

A lip seal fabricated of Rulon, a compacted PIFE material, separated the high-pressure buffer 

zone from the expansion space. The fact that the cylinder wall at that position would be hot 

and the complications involved in lubrication, meant that the seal would have to run 

unlubricated. See figure 5.4. 
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The inlet and outlet of the expansion zone flowed through the same gallery. The air entering 

or leaving the region was forced past a O.6mm gap between the cylinder wall and the 

displacer, as recommended by G. Walker [5]. This annular gap acted as a regenerator with a 

temperature gradient set up along its length. The cold air picked up heat as it moved from the 

bottom to the top of the cylinder where the heater was situated. Likewise, hot air leaving the 

cylinder was also forced through the same gap, thus cooling it. 

The displacer was fabricated from a length of pipe with a wall thickness of Imm, (a thin 

walled pipe was decided on in order to reduce inertia forces). The top was dished to provide 

stiffness and also to keep the end from bursting due to the high pressure in the buffer zone on 

the inside of the displacer, see figure 5.5. The displacer was mounted onto the expansion 

piston and sealed, it was tightened down with a torque of 25Nm. This torque produced a 

compression force equivalent to the pressure force that would try to separate the displacer 

from the expansion piston when pressurised. 
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Figure 5. 5: Displacer and Barrel 

Tests were calTied out at relatively low speeds and thus it was wmecessary to balance the 

extra reciprocating mass added to the engine. 

The expansion cylinder was made three times as long as its diameter. This was done for two 

reasons, firstly so there would be a significant temperature gradient setup along its length in 

order for it to function adequately as a regenerator; secondly in an attempt to isolate the rings, 

seals and valves from the hot end. 

Figure 5. 6: Expansion Cylinder 

The cylinder was made with a wall thickness of 2mm, with several stiffening rings along its 

length, see figure 5.6. The top of the cylinder was dished to match that of the displacer in 

order to minimise the clearance volume. 
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5.1.3 Valves 

The valve timing for the engine posed a problem, as the computer model indicated that the 

valve timing changed considerably depending on the maximum pressure. It was therefore 

decided to use solenoid valves for the experimental version of the engine as this allowed 

flexibility to change the timing for different pressures. It also provided the ability to manually 

change the valve timing whilst the engine was running and thus investigate the effect of 

different timing. 

A computer was used to control the valves via a PC30 card and the necessary circuitry. 

A trigger pulse generated by the points on the existing engine was used to initiate timing on 

the program. The control software was written with Qbasic, it made use of the time interval 

between successive trigger pulses to determine the engine speed. 1b.is was then used to send a 

control signal to switch the valves. This program is explained in more detail in Appendix D. 

5.1.4 Heater 

The second generation engine, at least initially, was to be run using a gas heater. 1b.is was due 

to the fact that the engine's lubrication system did not allow for easy mounting into the 

existing furnace. The system would have to be mounted upside down, or on its side, in order 

for oil in the crankcase to flood the compression cylinder or leak from the engine. It was also 

felt that the theory of the coal furnace had been adequately proved in tests with the 3-process 

engine, and a gas burner would simplify temperature control and the speed of operation. 

A simple gas burner was constructed, it consisted of copper tubing bent into a circle with 

several Imm holes drilled into its inside face to act as gas jets. This heater was mounted on 

the top of the expansion cylinder. Figure 5.7 shows the heater mounted on the expansion 

cylinder. 

Figure 5. 7: Gas Heater Mounted on Expansion Cylinder 
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5.2 Furnace Design 

Figure 5. 8: Furnace with Gravity Coal Feed 

The fact that different materials require different fuel aIr ratios, grates, and feeding 

mechanisms precluded the possibility of making a general-purpose furnace that would allow 

for the engine to use heat generated from burning any combustible material. For example, 

wood needs a large amount of secondary air blown in above the fire to burn efficiently, while 

coal needs the majority of air to enter under the grid [16]. Thus, for simplicity, the furnace 

was designed to burn coal exclusively. 

One aspect of the design that was considered important was the need for the furnace to be able 

to operate unattended for long periods of time. This meant that the furnace required some 

form of automatic fuel feed. Most large conventional furnaces make use of a chain grate 

system, or pulverized fuel injection and thus use a blower [22] . These systems were 

considered too complex and costly for this type of engine. Therefore the idea of a gravity 

feeder was explored. 

Experimentation was carried out using what is commonly referred to as 'pea sized coal' and a 

grate constructed from a number of steel strips spaced evenly apart. It was found that an angle 

of 30 degrees for both the feeder and the grate worked well and provided a constant supply of 

coal for the fue for periods of over an hour. 

When the engine was pressurised, a large heat transfer area would be necessary in order to 

heat the high-pressure air adequately. Due to this fact, the use of a fluidised bed was 

investigated as the relevant literature indicated figures in the order of 600W Im2K could be 

expected with a fluidised bed. [17] 
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Investigations into the requirements of such a system revealed that the pressure drop 

necessary to fluidise the size bed required was too high to be obtained by natural convection 

alone. It therefore demanded the use of a high-speed rotary fan or a positive displacement 

pump, either system would consume a considerable proportion of the small engine output. 

The idea of a fluidised bed was thus rejected. 

Due to the high temperature required to obtain reasonable thermodynamic efficiency, 

effective waste heat recovery would be desirable. This led to the concept of a double walled 

furnace design as this not only preheated the feed air, but also cooled the inner walls of the 

furnace as the air passed down. Thus the need for a refractory lining was avoided. 
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To simplify manufacture and reduce cost, construction was to be entirely of mild steel. This 

was felt adequate because of the comparatively short life requirement of the experimental 

furnace. Research revealed that it would be unnecessary to make use of expansion joints in a 

small furnace of this size [15]. 

The bolt-on chimney manifold was also designed to have a double skin as the inlet for the 

feed air was incorporated into it. See figure 5.9. The chimney was plumbed into an existing 

5m high chimney. 

Examination of small domestic coal heaters, revealed that for the design heat requirement of 

about 4kW, a grate area of about O.03m2 was required. Thus the grate and furnace were sized 

accordingly. Figure 5.10 shows this grate and the double wall of the furnace. 
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6. Experimental Investigation 

The aim of the experimental investigation was to examme how closely the actual cycle 

resembled that predicted by the theoretical model. The effectiveness of the thermodynamic 

model could then be determined. This was done by recording actual pressure traces and 

comparing then with those predicted by the theoretical model. 

The Mean Effective Pressure of the engine was also determined and compared with the 

frictional data. This was to ascertain engine performance and thus determine the feasibility of 

using this particular engine as a small stationary power source. 

6.1 Experimental Apparatus: 

Figure 6. 1: Experimental Rig 

a) Test Engine 

The engine to be tested was based on the truncated Ericsson cycle and built for this thesis 

and shown in figure 6.1. 
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b) Variable Speed Motor / Dynamometer 

A motor mounted on gimbles was connected directly to the crankshaft of the engine by 

means of a flexible coupling. This allowed measurement of the torque the motor was 

supplying to turn over the engine. This was done by means of a lever arm attached to the 

motor that impinged directly onto a load cell, see figure 6.2. This was connected to a 

strain gauge amplifier that was calibrated to give a force reading in Newtons. The AC 

motor was driven by a frequency inverter that allowed the speed to be varied constantly. 

Lever Arm 
(Impinges on Load Cell) 

Figure 6. 2:Gimble Mounted Motor 

c) Instrumentation 

Instrumentation consisted of a water-cooled pressure transducer connected to a 2-channel 

Oscilloscope. The other channel of the oscilloscope was connected to an inductive sensor 

that indicated the Top Dead Centre (IDC) position and thus allowed a Pressure-Volume 

Diagram to be generated from the data. Another 2-channel oscilloscope was Ilsed to view 

the valve firing pulses in relation to the IDC indicator. 

Thermocouples were connected to the expansion cylinder head and to various points along 

the copper tubing, before and after the valves. 

d) Valve control system 

This was achieved by a PC30 card installed into a desktop PC running the Qbasic control 

program (s('e Appendix D). A circuit board was used to feed a trigge'.' (achieved through 

the existing points of the engine) into the program and switch the valves with the use of 

transistors. The valves were powered by a 12 volt power supply. 
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7. Experimental Results 

Figure 7.1 shows a typical pressure trace obtained whilst running the motor at 175 rpm, 

pressurised to 2.5 bar and 480 degrees Celsius heater wall temperature. 

3.~----------------------------------------------------~----------~ 
- Pressure Trace 

Inlet Valve Closes - Valve Timing 
- TD.C. Indicator 

-~2.Q-------T-~------------~~--------------------------~-----------4 
III 

l!! 
::J 
Ul 
Ul Inlet Valve Pulse 
l!!1.~~----~--~----------------~~,--,----~~+-----~--~---------4 a. 

T.D.C 
o.~----~----~----~----~----~----~----~----~----~~--~----~ 

-100 -50 o 50 100 150 200 250 300 350 400 450 

Crankshaft angle (degrees) 

Figure 7.1: Typical Pressure Trace obtained from Oscilloscope Data 

Superimposed onto this are the traces obtained by the inductive transducer, indicating the Top 

Dead Centre position and the 12 volt pulses sent out to switch the valves. 

As can be seen, there was a delay between the pulse and the valve actually opening, especially 

at high pressure when the valve struggled to close against the high back pressure and pressure 

waves setup. The pressure waves are evident by the amount of fluctuation in the trace, even 

rising above the maximum pressure in some cases. 

With the aid of the Top Dead Centre indicator the corresponding crankshaft angles for each 

pressure reading could be obtained. These pressure traces could then be converted to a 

pressure-volume diagram by comparison of these crankshaft angles with the volume 

variations computed by the spreadsheet model. 

The resultant pressure - volume diagram for the trace is illustrated below. 
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Table 7. 1: Results of P-V in 7.2 
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Table 7. 3: Overview of Tests 
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8.3 Heat Transfer 

The heat transfer in the expansion cylinder, although not specifically measured because of the 

difficulty in inserting thermocouples into this zone, was assumed to be sufficient as after 

running at a high temperature, the top of the displacer showed heavy discoloration. This 

discoloration could only have been produced by the surrounding air being elevated to a high 

temperature, indicating that the heat transfer was good. See figure 8.3. 

Before Testing After Testing 

Figure 8. 1: Discoloration of Displacer due to the high Air Temperature 

The regenerator appeared to be functioning well and its effectiveness, although not 

specifically measured was satisfactory and in general accordance with the performance 

predicted by walker [5]. As can be seen in the graph of figure 7.5, the temperature of the valve 

outlet gallery remained considerably cooler than the heater. A drop in the rate of rise of the 

outlet temperature on the graph can be seen to occur when the heater temperature starts to fall. 
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Design of 3-Process Engine 

To save time and cost in the manufacturing stage and because of the difficulties in machining 

the ports, the decision was made to use standard two-stroke motor bike pistons and barrels 

with the two stroke porting already built in. 

The basic design parameters, summarised in table B4, were then estimated based on what 

could feasibly be achieved and on which parameters produced the best overall results. A 

detailed design was then carried out to produce the 3-process cycle engine. 

Cvlinders and Pistons 

Due to the fact that a two stroke engine normally pressurises the crankcase with the inlet 

mixture, a 'buffer' cavity had to be created below the pistons to accomplish this. This required 

the cylinders to be mounted on an aluminium plate with the necessary ducting to convey air to 

the cavities under the pistons. Two tubes were therefore mounted between this aluminium 

plate and a base plate, then sealed with rubber O-rings. The pistons were mounted on two 

highly polished silver steel rods that ran through brass guides to seal the bottom end of the 

cavity. See Figure B3. 

Figure B 3: Cylinder Head and Block 

Appendix B B5 Preliminary Engine Investigations 
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A cylinder head was fabricated, incorporating 40 stainless steel tubes connecting the two 

cylinders, see figure B4. These tubes were mounted directly in the furnace. The tubes were 

individually bent to ensure that each was the same length and that as far as possible, the tubes 

would be exposed to the radiant heat from the fire. 

Heater Tubes 

Figure B 4: Cylinder Head with Heater Tubes 

Table B 4: Cylinder Block Parameters 

Parameter Value Units 

Bore 50 mm 

Stroke 34 mm 

Dead Volume 0.00 19 I 

Outer Diameter Heater Tubes 3.1 mm 

Inner Diameter Heater Tubes 1.75 mm 

Number of Heater Tubes 40 -

Length Heater Tubes 200 mm 

Appendix B 86 Preliminary Engine Investigations 
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Mechanism 

Figure B 5: Motion of Links in Engine Mechanism 

The mechanism itself was conceived by Dr A. Yates. It made use a nutator, which revolved in 

one plane with simple harmonic motion, whilst the driveshaft rotated. This reciprocating 

movement was used to drive a rocker mechanism by means of a universal swivel linkage. The 

back and forth motion of the rocker arms translated to the piston rods by means of a 

connecting link, and by suitable sizing of the elements, produced the desired motion at the 

pistons, shown in figure B6. 

Appendix B B7 Preliminary Engine Investigations 
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Figure B 6: Piston Displacement Vs Crank Angle 

The nutator was mounted onto the driveshaft at 45degrees to the direction of rotation via two 

taper roller bearings_ These were necessary to support the large forces exerted on the nutator. 

The driveshaft was split to allow easy assembly of the system_ The bearings ran on shaft 1 

(the output shaft) which was located onto shaft 2 by means of a key _ See figure B 7_ 

-- shcili-2 ~ 

Pin 

Figure B 7: Sketch Showing Sectional View of Nutator 
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At either end of the nutator there were two pins that were mounted with needle roller bearings 

nmning directly on the hardened shaft of the nutator. These pins located the universal 

connecting links with the aid of ball bearings. These pins also butted against a large thrust 

bearing which ensured that the nutator was retained in the desired plane of operation. At the 

other end of each connecting link was a compound joint where the rocker and conrod were 

attached with needle roller and deep groove ball bearings respectively, see figure B 1 O. The 

rockers were secured with plain bearings to the housing. Each rocker extended beyond the 

pivot point and was fitted with counter balance weights. See figure B8. 

The conrods, which were attached to the piston rods were constrained linearly with brass 

guides; the guides also served as a seal for the buffer cavity created by the underside of the 

piston. 

The output shaft was secured to the housing with three deep groove ball bearings mounted in 

bearing blocks. See figure B9. 

Lubrication was of the splash type, with the output shaft providing the splash as it rotated. 

Grooves milled into the top bracing plate of the housing allowed oil to run and drip onto the 

piston rods to lubricate them in their brass guides. 

Figure B 8: Nutator and Associated Components 
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Appendix 8 

Figure B 9: Nutator (Revolved Through 90 tJegrees) 
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Figure B 10: Sectioned Sketch of Connecting Link 
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Heat Exchanger: 

When pressurised, the exhaust air from the engine needed to be cooled before being fed back 

into the inlet port. An air to air heat exchanger was thus commissioned from Cape Heat 

Exchange. 

It was planned to feed the air, which had already been used to cool the exhaust air into the 

furnace inlet. It would then be further heated as it passed through the double skin of the 

furnace, this would allow complete waste heat recovery. The heat exchanger was sized using 

the standard extruded section sizes available from Cape Heat Exchange. The external surfaces 

were shrouded and baffles put in to direct the flow of air through the heat exchanger and into 

the furnace. See figure B 11. 

To Inlet 

From Atmosphere 

Figure B 11: Heat Exchanger 

Appendix 8 811 
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Figure B 12: Melted Heater Tubes 

Second Phase Testing 

A redesigned heater head was manufactured, which raised the tubes above the fire some 

50mm higher than the earlier model in order to prevent them from getting too hot. See figure 

B13. 

Figure B 13: Redesigned Heater Head 

The engine was again tested, and although a slightly higher peak pressure was reached (1.8 

Bar), the engine, still showed no signs of producing positive work. At 300rpm the pressure 

drop across the heater tubes was measured to be about O.2Bar. 

Appendix 8 813 Preliminary Engine Investigations 
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Figure B 14: Actual and Predicted P-V Diagram 

Fourth Phase Testing 

During the next phase the engine was pressurised. The heat exchanger was plumbed into the 

system, connecting the exhaust to the inlet manifold. A hose directly from the high-pressure 

shop air was connected to make up for leaks in the system, and control the pressure. The 

experimental setup is shown in figure B 15. 

Figure B 15: Experimental Rig 

Appendix 8 816 Preliminary Engine Investigations 
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The measured curves differed considerably from those predicted. 
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Figure B 16: Pressurised P-V Diagram 

0.12 

Nearly all the curves obtained had a 'hump' in the middle of the expansion stroke, (figure 

B 16) which could correspond to an increase in heat transfer at that point. This would seem to 

indicate that the heat transfer up until that point was too low and then began to improve. 

The Mean Effective Pressure did not rise significantly, but did reach 0.8 Bar for one set of 

data. The friction in the system would also tend to increase with pressure, thus still not 

allowing the engine to run. 

Heat Transfer Investigations 

Investigations were carried out to determine the heat transfer inside the heater tubes. This 

consisted of mounting the cylinder head onto the furnace with a modified plate bolted to it so 

as to allow air to be blown through the heater tubes. Air was blown through at different 

velocities measured with a rotameter. Velocities were chosen which would be close to those 

experienced while the engine was running under normal conditions. The inlet temperature, 

outlet temperature and the pressure difference measured with a U tube manometer were 

recorded for each flow rate. 

Appendix B B17 Preliminary Engine Investigations 
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Second Phase Testing 

The new engine was assembled, this time making use of a forced lubrication system. It 

consisted of a solenoid valve that used the same timing and circuitry as the exhaust valve. 

This valve charged a small reservoir with high pressure shop air, which was then discharged 

from a tube below the level of oil in the crankcase, causing a 'spurt' of oil to lubricate the 

piston and small end bearing. See figure E 1. 

Solenoid Valve 

Supply 

Figure E 1: Forced Lubrication System 

The engine was once again run on compressed air, but still failed to give a satisfactory P-V 

diagram. The pressure traces indicated that the engine was not attaining an adequate 

compression or expansion after the valves shut. This evidence again pointed to inadequate 

valve closure. 

The engine was allowed to heat up whilst running on compressed air, the low-pressure vent 

valve on the exhaust reservoir was then slowly closed to pressurise the system so that the 

compressor would be taking air from the low pressure reservoir. The shop air was left 

connected to the high-pressure region to make up for any leaks. 

Appendix E E2 Initial Tests 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Figure E 1: Engine as Tested 

The engine continually stalled just before the valve could be fully closed . 

Mr Kerry Motherwell from Festo (the valve suppliers) was called in to advise on the valve 

closure problem. He established that the valves were failing to close properly because they 

were unable to exhaust adequately. This was due to the fact that the exhaust port was plugged 

to prevent pressure loss in the system when the valve switched. Hence the top seal could not 

lift off its seat due to a vacuum formed in the region directly underneath it as air could not 

enter this section. 

A modification (figure E3) was added in the form of a small 2mm hole drilled in the valve to 

allow the trapped air to escape. The pilot air was then reconnected externally to the high­

pressure shop air. 

Appendix E 

Exhaust Po 
(blanked) 

Pilot Air 

Figure E 2: Valve Modification 

E3 

Modification 

Initial Tests 
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