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ABSTRACT 

The project reported here involves the development of 

a computer model for determining the characteristics of a 

spark-ignition engine. The model incorporates detailed 

consideration of the combustion process -and includes 

calculations for heat transfer between the contents of the 

engine combustion chamber and the containing surfaces. 

Composition changes are taken account of by considering 

thermodynamic equilibrium of the chemical species that 

might be present during the combustion and expansion 

processes. In the case of ammonia, the equilibrium 

composition is also considered during the compression 

process. 

The model has been used to predict the performance of 

an engine using the following fuels: gasoline (represented 

by iso-octane in the model), methanol, propane and 

ammonia. These provide a wide range of properties, air 

fuel ratios for complete combustion and combustion 

characteristics so as to give an increased range for 

testing the validity of the model. Calculations have been 

performed for a wide ranges of compression ratio and 

air-fuel ratio for each fuel. 

Measurements have been made, using the same fuels, in 

a single cylinder Ricardo E6 engine fitted with a spark 

ignition cylinder head and fuel supply and metering 

systems suitable for the four fuels. For a constant speed 

of 2000 r/min the compression ratio was varied over its 
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appropriate range for each fuel. For each compression 

ratio the air fuel ratio was varied. Measurements included 

speed, compression ratio, fuel and air flow rates, 

dynamometer load, and exhaust gas composition. (carbon 

dioxide, carbon monoxide, oxides of nitrogen, oxygen, and 

hydrocarbons). All measurements were for optimised spark 

timing. The results are compared with predictions and 

with published work. 
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A area 

Ai number of moles of i per mole of fuel 

AC desired accuracy 

AFR air fuel ratio (by mass) 

AFST stoichiometric air fuel ratio (by mass) 

ANGLE(i) crank rotation for step i 

AREA heat transfer area (between cylinder content 

and its surrounding structure) 

ai total number of moles for substance i 

B suffix for burned zone 

BDC bottom dead centre 

BK thermal conductivity for the gas mixture 

BMEP brake mean effective pressure 

BP brake power 

BSFC brake specific fuel consumption 

Bvis dynamic viscosity for the gas mixture 

b suffix for burned zone 

CA crank-angle (from BDC) 

CP(i) isobaric molar heat capacity for suhstance i 

cp isobaric molar heat capacity for the nixture 

cv molar heat capacity (constant volume) for 

the mixture 

CONRL connecting rod length 

CR compression ratio 

C suffix for convective 

cn number of carbon atoms per molecule of fuel 
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c suffix for calculated values 

DIA cylinder diameter 

DENSITY density of the cylinder content 

DIVC piston movement measured from BDC 

(during combustion process) 

DIVCOM piston movement measured from BDC 

(during delay time) 

DISS dissociation factor 

DW work done during each step 

DQ heat transfei between cylinder content and its 

surrounding structure during each step 

DTETAC crank rotation for every step 

(during combustion process) 

Deg degree 

d diameter 

E total internal energy of the mixture 

EP mean effective pressure 

eff efficiency 

e(i) molar internal energy for substance i 

e molar internal energy for the mixture 

FAEQ fuel air equivalence ratio (AFST/AFR) 

FLAMLV laminar velocity of flame 

FLAMTV turbulent velocity of flame 

FLAMEF flame factor 

F suffix for final 

F function 
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F(a, I) a=l to 10 

coefficients of isobaric molar heat capacity 

equation for substance I 

F(a, I) a=11&12 

constants of integration for molar enthalpy 

and molar entropy 

F (a, I) a=13 

relative molecular mass of substance I 

F(a, I) a=21 to 28 

coefficients of viscosity equation for 

substance I 

F(a, I) a=31 to 38 

coefficients of thermal conductivity 

equation for substance I 

G suffix for gas 

GM number of moles for substance i 

GG(i) number of moles for substance i 

G Gibbs function 

9 molar Gibbs function 

H enthalpy of the mixture 

H(i) enthalpy of substance i in the mixture 

HEAT total heat transfer 

HREA enthalpy of reaction of the fuel 

h molar enthalpy 

hn number of hydrogen atoms in a molecule of fuel 

IGI number of steps during delay time 

I identifying integer for substance in the mixture 

I suffix for substance I 
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i suffix for substance i 

i suffix for substance J 

i suffix for substance j 

k equilibrium constant 

Kt flame factor 

k thermal conductivity 

LPG liquified petroleum gas 

MOLW relative molecular mass 

MEP mean effective pressure 

NN number of steps during compression and 

expansion processes 

NC number of steps for combustion process 

before top dead centre 

N engine speed 

on number of oxygen atoms in a molecule of fuel 

P pressure 

PEX exhaust pressure 

PF final pressure (for combustion process steps) 

PA pressure of trapped gas 

Po datum pressure (101.325 kPa) 

PRAN Prandtl number 

P mean pressure 

PI 4 ARCTAN(l) 

PPM part per million 

Q total heat transfer 

QQ heat transfer factor 

q heat transfer during a step 
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R molar ideal gas constant 

(univarsal gas constant) 

R suffix for radiative heat transfer 

R suffix for unburned zone 

Re Reynolds number 

RAD radius of spherical burned zone 

r suffix for reference value 

S suffix for start 

SPEED engine speed (r/s) 

SFC specific fuel consumption 

T temperatureý' 

TS standard temperature (298.15 K) 

TA temperature of trapped gas 

TW cylinder wall temperature 

Tg gas temperature 

T mean temperature 

TBF final temperature of the burned zone 

(at the end of steps during combustion process) 

TMF final temperature of the unburned zone 

(at the end of steps during combustion process) 

TETA(I) crank-angle for step I (from BDC) 

TETAIVC crank-angle at the inlet valve closing position 

TETAIG spark firing position (from BDC) 

TETAC crank-angle at the end of each step during 

combustion process 

TETACOM crank-angle at the end of each step 

during delay time (from BDC) 

THEEF thermal efficiency of the cycle 
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TIMEC time duration of the steps during 

combustion process 

TK(I) thermal conductivity for substance I 

U suffix for unburned zone 

Ul laminar flame velocity 

Ut turbulent flame velocity 

V volume 

VC clearance volume (or dead volume) 

VS swept volume 

VRF volumetric residual gas factor 

(residual gas volume)/(cylinder volume) 

VBN new burned zone volume 

VELP mean piston velocity 

VOLEF volumetric efficiency 

VIS(I) viscosity for substance I 

VIVC cylinder volume at inlet valve closing position 

V velocity 

W number of moles of fuel used per cycle 

W total work per cycle 

WEIGHT weight of the cylinder content 

WM total number of moles corresponding to 

one mole of fuel 

w total number of moles of cylinder content 

XM mole fraction of substance I for unburned zone 

XB(I) mole fraction of substance I for burned*zone 
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cylinder volume burned during delay time 

fuel air equivalence ratio 

viscosity 

Jo density (of the cylinder content) 

0 degrees of crank rotation 

DO crank rotation for a step 

(during compression and combustion) 
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From the time of the introduction of the internal 

combustion engine to the present, fuel has, with few 

exceptions, -been derived from oil. World and local events 

have from time to time prompted the consideration of 

alternative fuels. --The energy crisis of the nineteen 

seventies will be remembered, when it was recognized that the 

demand for oil and the known oil reserves indicated a 

relatively short period for these reserves to be depleted. 

Efforts were made, at that time for conserving energy by 

various means. Consideration of the production of methanol 

from gas flared at oil wells was proposed. It was proposed 

that methanol would be blended with gasoline and used in 

existing spark-ignition engines. Methanol can also be 

produced from coal to give a possible motor fuel. 

In France in the nineteen thirties and currently in 

Brazil, ethanol from agricultural sources, provided a non-oil 

source of fuel. War-time situations have also necessitated 

the introduction of fuels from non-oil sources. In the 

nineteen sixties, for logistical reasons, ammonia and the 

"energy depot" was given consideration in the USA. With this, 

mobile nuclear reactors would provide energy for water 

electrolysis and nitrogen separation from air [1]. Ammonia 

would then be synthesised from hydrogen and nitrogen at the 

location at where it would be required. Ammonia could also 

be a fuel obtained from nuclear power, for use in 
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transportation, -when oil sources run out. 

The aim of the present work was to develop a computer 

model to predict the performance of a spark-ignition engine 

for a wide ranges of fuels, and to examine the model by 

performing experiments on a number of fuels. The fuels 

selected were gasoline as the -reference fuel, methanol, 

propane and ammonia. In addition to examining the theoretical 

model, the use of ammonia as a fuel can eliminate carbon from 

the species in the combustion products and thus indicate the 

extent to which lubricating oil is. -a source of pollutants. 

The use of a wide range of fuels provides a method, of 

investigating the various proposed models for representing 

the combustion process and to a lesser extent heat transfer. 

The use of methanol-and propane, as fuels in the present 

work, was also important for the experimental work, since 

methanol has a stoichiometric air-fuel ratio very close to 

that of ammonia, and propane has a saturation ýpressure- 

temperature relation approximately the same as that of 

ammonia. 

Ammonia was considered to be a suitable substitute fuel 

for the internal combustion engine, not only because it can 

be synthesised from natural raw materials using energy from 

nuclear sources, but also because of its anti-knock 

properties and its high expansion potential on combustion. 

In most instances hydrocarbon fuels are less hazardous 

than ammonia, because ammonia is a very powerful alkalie and 

can cause severe burning of human tissue exposed to high 

concentrations. Blindness can also result from exposure of 
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the eyes to ammonia. 

Hydrocarbon-fuels may produce carbon monoxide, a toxic 

gas, with dangerous effects at concentrations higher than 

1000 parts per million, and fatal at concentrations higher 

than 4000 parts per million, on combustion. The concentration 

of carbon monoxide, resulting from the burning of hydrocarbon 

fuels at air-fuel ratios richer than stoichiometric is high 

(5-15% for-gasoline). When ammonia is used as a fuel however 

the only source of carbon monoxide is the lubricating oil and 

the level is around 100 parts per million. - 

Toxic oxides of nitrogen (NO+NO2) are produced when 

burning either hydrocarbon fuels or ammonia. Nitric oxide(NO) 

is dangerous at concentrations higher than 100 parts. per 

million and is fatal at concentrations higher than 200 parts 

per million, even for short periods of time (1 hour). The 

concentration of these products in the exhaust of a spark- 

ignition engine depends on the air-fuel ratio and engine 

operating conditions. Under fuel rich conditions, oxides of 

nitrogen-produced during ammonia combustion are higher than 

those produced with hydrocarbon fuels. 

A minimum oxygen concentration of about 11-12% by volume 

is needed for combustion of most of the hydrocarbon fuels, 

compared with 14.3% for, ammonia. 

Flame propagation rates for hydrocarbon fuels are 

generally higher than those, for ammonia, which are about 

70-80% that of propane [2]. The ignition timing required, 

when using ammonia, is much more advanced than when a 

hydrocarbon fuels is used. 
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The stoichiometric air fuel ratio for methanol and 

ammonia is much less than that of hydrocarbon fuels, 

(approximately 40% of the values for gasoline and propane) 

but the combustion enthalpy is also lower and the specific 

fuel consumptions of methanol and ammonia (at stoichiometric 

conditions) are about 2 and 2.5 times those of gasoline 

(and propane) respectively. 

For operation of the internal combustion engine, low 

air-fuel mixture temperatures, or high air-fuel mixture 

pressures (supercharging) are often preferred, because they 

provide a higher volumetric efficiency and consequently 

higher torque and power output. This becomes particularly 

important when a fuel with a high enthalpy of evaporation is 

concerned. Such a fuel is generally-available in containers 

in the liquid phase under high pressures (for example for 

hydrocarbons, liquified petroleum gas (LPG), and ammonia, a 

non-hydrocarbon substance). When these fuels, instead of 

being evaporated and introduced into the inlet tract of the 

engine as a vapour, are directly introduced into the inlet 

tract in the liquid phase, the air-fuel mixture temperature 

is markedly lower as the fuel evaporates. The degree of 

evaporation depends on the enthalpy of evaporation of the 

fuel, and the heat-transfer rate to the liquid (which depends 

on the inlet air temperature). Under these conditions the 

engine normally has a higher volumetric efficiency, and a 

higher power output, provided that the inlet mixture 

temperature is not so low that the cylinder contents will 

not ignite. 
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Of the fuels considered in the present research program, 

methanol is expected to provide a lower inlet mixture 

temperature, than that of gasoline. Propane and ammonia are 

expected to provide much lower temperatures, since the 

specific enthalpies of evaporation are very high. The effects 

of these low temperatures on engine performance are 

investigated and solutions to the problems caused are 

provided. Methods of improving the engine performance, which 

provide possible directions for further work in this area are 

suggested. 

In the theoretical investigation, a computer program is 

developed for in-cylinder calculations. For small crank-angle 

increments, the program evaluates the working, heat-transfer 

from the engine combustion-chamber contents to the containing 

surfaces, and the gas composition and involves models 

representing the combustion process. The computer program is 

designed for fuels having the chemical formula CH0 
cn hn on 

(where cn, hn and on are atom numbers of carbon, hydrogen and 

oxygen respectively) as well as ammonia. The effects of 

ammonia dissociation before the combustion process are 

included in the model. The performance of a research engine 

is predicted over a wide range of air fuel ratios and 

compression ratios, for operation on the fuels: gasoline 

(this is represented by iso-octane), methanol, propane and 

ammonia involved in the experimental work. 

Measurments have been made on a variable compression 

ratio Ricardo E6 research engine running on gasoline, 

methanol, propane, and ammonia. Exploratory tests with 
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ammonia using methanol as a pilot fuel or promoter (because 

of its tolerence to detonation at high compression ratios) 

were carried out and the minimumýpromoter requirement with 

increasing compression ratio is examined. Finally experiments 

were performed which were aimed at running the engine on pure 

ammonia without the use of a promoter. 

Publications of investigations into the use of 

alternative fuels, especially ammonia have been surveyed, 

together with various methods of calculating ignition delay, 

flame propagation rates, combustion duration and heat 

transfer and are reviewed in Chapter 2 of this thesis. 

The computer model developed in the present study and 

detailed considerations of other published methods associated 

with prediction of spark ignition engine performance and the 

effects of simplifying assumptions are presented in Chapter 3. 

The experimental rig and its instrumentation are 

described in Chapter 4 and predictions and measurments for a 

Ricardo E6 research engine are presented in Chapters 5 and 6 

respectively. These are discussed in Chapter 7 and compared 

with other published results. 

Conclusions from the present work and recommendations 

for further work are presented in Chapter 8. 

In the appendixes are more detailed accounts of the 

analysis and assessment of the accuracy of the experimental 

results. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 Introduction 

The main object of the present work was the 

development of a computer program for predicting the 

performance of spark-ignition engines, using a wide range 

of fuels, including gasoline, methanol, propane, and 

ammonia, and examining the validity of the program by 

comparing the predicted values for these fuels, with 

corresponding experimental values obtained from a Ricardo 

E6 engine. In this process two heat transfer models-were 

considered for the wide range of conditions available with 

operation using these fuels. 

Of the fuels considered, ammonia, 'which does not 

contain carbon, was expected to provide an extreme set of 

engine performance conditions. What these conditions were 

for successful operation with ammonia would also emerge 

from the experimental work. Under these conditions it 

would be possible to assess the engine oil contribution to 

carbon based* pollutants. The various aspects of using 

ammonia as a fuel, have therefore dominated the present 

survey. 

2.2 Compatibility of engine materials with gasoline. 

methanol. RrgRane and ammonia 

With many years of evolution of engines and fuel 

systems, materials have been developed that are compatible 
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with gasoline and propane. In the case of methanol, 

problems may occur when some of these materials are used. 

Dartnell, [31 found that methanol corroded some 

metals used. in vehicle fuel systems. He quoted lead, 

magnesium, aluminium, tin, and soft iron and also reported 

problems due'to the swelling of some plastics and rubbers 

when in contact with methanol. 

Gallopoulos [41 also found that methanol was not 

compatible with all metallic and elastomeric materials 

used in fuel systems. 

There is, also extensive experimental evidence to 

indicate that some materials in use in the internal 

combustion, engine are not compatible with ammonia., - 

Gray [51 using a high pressure autoclave to 

investigate the compatibility of armnonia and its 

combustion products with a number of metals, concluded 

that copper and its alloys were not, and that the use of 

lead, babbit metal, and, aluminium. should also be avoided. 

Graves [6] also assumed that copper and brass were 

incompatible with ammonia and adapted a propane 

carburettor for use with-ammonia by replacing the copper 

and brass parts with aluminium parts or by cadmium 

plating existing brass parts. He did not report any 

adverse significant corrosion problem on these parts. 

Pearsall (7] found that pure copper, brass and bronze 

were affected by ammonia. Reporting some engine tests he 

stated that he found it necessary to replace copper 

spark-plug sealing washers, which corroded badly with 



25 

ammonia, by washers made from soft iron. 

Schmidt [8] showed that the hydro-nitrogen fuels, 

ammonia and hydrazine, were not compatible with copper, 

brass, zinc, magnesium or aluminium, and recommended that 

stainless steel or polymers should be used. 

In general it can be concluded that the use of 

copper, copper alloys, aluminium, lead, and babbit alloys 

should be avoided in fuel system components which might 

come in to contact with fuel when using ammonia, whereas 

with methanol, the use of magnesium, tin, and soft iron 

should be avoided. 

2.3 

The performance of the compression-ignition engine 

using various fuels or mixtures of different substances 

has been widely investigated. The most common fuel for a 

compression-ignition engine is diesel fuel obtained by 

distillation of crude oil; however other hydrocarbon 

fuels, and also non-hydrocarbon fuels, have been 

considered and used as compression-ignition engine fuels. 

Ammonia has also been considered as a potential 

non-hydrocarbon fuel, having the advantage of being 

produced from nitrogen (from air) and hydrogen (from 

water). The anti-knock value of ammonia and its high 

expansion on combustion are regarded as further 

advantages. 

Experiments using ammonia in compression-ignition 
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engines, have been performed with ammonia admitted in the 

same way as a normal fuel, by injection as a, liquid 

spray, into the engine combustion chamber, or 

alternatively as vapour, induced with the air into the 

cylinder. In the first case, ammonia alone may be used as 

the fuel, though it is possible to reduce the ignition 

requirements by using methods such as "pilot injection" or 

"fuel additives". 

In the case of pilot injection, ammonia is used as 

the main fuel while a smaller quantity of another fuel is 

injected as a promoter to initiate combustion, or fuel 

additives are mixed with the ammonia. 

The above methods are discussed in the following 

section. 

2.3.1 Conwression ignition engine using pure ammonia 

Gray et al [5] used ammonia without additives or 

pilot fuels in a Cooperative' Fuel Research (CFR) 

compression-ignition engine. Liquid ammonia was directly 

injected into the engine cylinder through a fuel pump. 

1ý Ignition was achieved'at a compression ratio of 35: 1 

and the engine ran steadily at around this compression 

ratios at a speed of 900 r/min, with inlet air and 

cylinder jacket temperatures of 14? C. A photograph of a 

pressure-time diagram (indicator) obtained under these 

conditions is shown in Figure 2.1. At lower compression 

ratios (around 30: 1) it was not possible to obtain 

ignition. 
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Gray et al were unable to use the standard fuel pump 

normally installed on the engine with liquid ammonia, 

because of evaporation. They had to lower the temperature 

of the ammonia at the inlet to the fuel pump to about 6K 

below the ambient temperature. 

For compression ratios higher than 35: 1 or inlet air 

and cylinder jacket temperatures higher than 1490C, they 

speculated that an improvement in the combustion process 

would be observed. 

Starkman et al [91 also found that for a CFR 

compression ignition engine, a compression ratio of 35: 1 

or above was necessary for self ignition of ammonia liquid 

injected into the compressed air'. The inlet air and the 

cylinder jacket temperatures in this case were 51.5 0C and 
0 99 C respectively. 

The standard fuel pump and fuel injector were used 

successfully for the ammonia though some modifications 

were made to the engine to enable it to run on ammonia at 

lower compression ratios. A significant modification was 

to equip the engine with a spark ignition system. 

2.3.2 Injection of a secondry (vilot) fuel-with ammonia 

, One method of lowering the initiation requirements of 

ammonia is by using a small amount of another fuel as a 

pilot fuel. The engine thus uses the two different fuels 

simultaneously -with, ammonia as the major fuel component 

and the second-fuel as an ignition promoter. 

Several investigators, Gray et al [51, Pearsall [7], 

Kroch [10] and Luthra [111, have carried out experiments 
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to identify the effects of using different pilot fuels on 

the combustion of ammonia in compression-ignition engines. 

Gray [5], using a CFR compression ignition engine 

examined the effect of the cetane number of the pilot fuel 

and found that the minimum compression ratio for 

satisfactory operation, decreased with increasing cetane 

number. 

The minimum compression ratio with diesel fuel 

(cetane number 53) as promoter- was 15.2: 1 , and with 

dimethyl hydrazine (cetane number 67) and amyl-nitrate 

(cetane number 100+) it was 13.7: 1 and 12: 1 respectively. 

The compression ratios for optimum performance were always 

higher than these minimum compression ratios. The tests 

were carried out at an engine speed of 900 r/min; however 

the primary investigations indicated that, as far as pilot 

injection was concerned, the increase of speed Up to 

1800 r/min had little influence on the combustion 
I 

characteristics. 

The experiments imply that any fuel with a suitable 

cetane number may be used as a pilot fuel for the ignition 

of ammonia. The optimum flow rate of the pilot fuel was 

found to depend on the test conditions, and also on how 

the main fuel was introduced into the engine. 

For optimum performances, Gray concluded that the 

amount of pilot fuel required to efficiently promote 

combustion, corresponded to about (30-40) per-cent of the 

combustion enthalpy of ammonia for the exothermic 

combustion reaction. 
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The results presented by Kroch [10] indicate that 

coal gas, containing about 50 per-cent hydrogen was able 

to promote the ignition of air-ammonia mixture induced 

into the cylinder. Ammonia plus coal gas was tested on a 

fairly large scale in Belgium during the year 1943, where 

successful operation of a fleet of 100 motor buses was 

achieved. The operation was for a wide range of coal 

gas/ammonia ratios and the compression ratioes of the 

engines were reduced from 16: 1 to 8.5: 1. 

The performance of the engines obtained for long term 

operation of the buses compared favourably with those 

obtained with operation on gas oil. Kroch suggested that 

coal gas as an ignition promoter for ammonia- might be 

replaced, by other gases (or liquids), and in particular by 

hydrogen. 

Experimental work carried out by Luthra [11] using 

diesel fuel as pilot fuel, showed that a minimum quantity 

of pilot fuel was necessary to ignite an ammonia air 

mixture, and this minimum quantity was found to be about 

(27-40) per-cent of ammonia by combustion reaction energy, 

depending on engine speed. 

He used an AVI Diesel engine and injected diesel fuel 

directly into the combustion chamber and mixed ammonia 

vapour with air in a mixing chamber before introduction 

into the engine cylinder. The tests were carried out at a 

constant compression ratio of 16.5: 1 and a maximum speed 

of 1800 r/min. The results indicated an improved engine 
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performance with a considerable increase in thermal 

efficiency compared with the use of diesel fuel only. 

Higher thermal efficiencies were also indicated with 

mixtures containing higher quantities of ammonia. 

Bro et al [13] using a single cylinder direct 

injection, 4 stroke diesel research engine, concluded that 

the smallest amount of pilot fuel for reasonably efficient 

combustion of ammonia was 25 per-cent by reaction energy. 

For optimum engine efficiency however the amount was 

about 35 per-cent. 

Using an engine with compression ratio variable from 

4.5: 1 to 17.7: 1 Bro examined the use of methanol, ethanol 

and methane as well as ammonia as fuels for compression 

ignition engines with -pilot 
injection of diesel fuel. He 

concluded that all four fuels were useable, though methane 

was most and ammonia least suitable. In all cases, the 

fuels were added to the-intake air and the diesel fuel 

injected into the combustion chamber. The amount of pilot 

fuel for optimum engine efficiency was 35% for methanol, 

34% for ethanol, 43% for, methane and 35% for ammonia. 

Pearsall [7 & 12] using an AVDS-1790 Vee Twin 

compression-ignition engine failed to ignite ammonia at 

compression ratios 30: 1, 

satisfactory operation at a 

but found that he could achieve 

compression ratio of 18.6: 1 , 

with diesel fuel as a pilot fuel. The diesel fuel was 

injected into the combustion chamber and gaseous ammonia 

was introduced into the intake air. The engine speed was 

varied from 1200 to 2400 r/min. 
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I 
Pearsall Is experiments showed that indicated engine 

power was about 32% higher compared with value obtained 

with diesel fuel. The indicated thermal efficiency thus 

was increased to about 48% from an average value of about 

42% for diesel fuel. Later ignition and a lower engine 

power were indicated when other pilot fuels, having-lower 

cetane number, were used. The minimum specific fuel 

consumption was obtained at an equivalence ratio of 0.9. 

At constant air fuel ratio, the best specific fuel 

consumption was at the lowest engine speed, 1200 r/min, 

and the poorest specific fuel consumption was at the 

greatest speed, 2400 r/min. 

In general,;, from the results obtained in the above 

experiments, pilot injection seems to be a suitable means 

of assuring ignition of ammonia, particularly when fuels 

of sufficiently high cetane numbers are used. The method 

suffers from'the disadvantages that the quantity of pilot 

fuel can be very high and that the enginý requires two 

different fuel systems. 

2.3.3 Fuel additives 

It is also possible to reduce ammonia ignition 

problems by using a fuel additive. 

Gray [5] found that the compression ratio necessary 

for ignition of ammonia in a compression-ignition engine, 

was reduced to about 21: 1 when fuel additives were used, 

depending on the additive and its method of introduction. 

Using"a CFR compression-ignition engine at a constant 

speed of 900 r/min, Gray tested the following additives: 
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I. Amvl-nitrate I 

When amyl-nitrate was blended with the liquid ammonia 

and injected into the engine cylinder, with an engine 

cylinder jacket temperature of 149 C and an air inlet 

temperature of 1490 C, combustion was achieved at a 

compression ratio of 24.4: 1. The amyl-nitrate flow rate 

was about 10 per-cent that of ammonia by mass. 

II. Diniethyl hydrazine 

When dimethyl hydrazine was blended with the liquid 

ammonia and injected into the engine cylinder, the minimum 

compression ratio at which the engine would fire was found 

to be 23.2: 1. 

III. Hydrogen 

When liquid ammonia was injected directly into the 

combustion chamber, and hydrogen was introduced into the 

intake manifold, combustion could be maintained at a 

compression ratio of 21: 1 . It was demonstrated that the 

optimum compression ratio was about 26: 1 with a hydrogen 

flow rate of between 6 and 10 per-cent of that of ammonia 

by mass. The inlet air temperature was 65.5 C and the 
0 

0 
cylinder coolant temperature was 99 C. The engine power at 

a compression ratio of 21: 1, using 10% hydrogen added to 

the ammonia was about 17% lower than that with pure 

ammonia at a compression ratio of 35: 1. 

IV. Acetylene 

With liquid ammonia injected directly into the 

combustion chamber and acetylene introduced into the 

intake manifold, in quantities of 15 to 20 per-cent of 
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that of ammo, nia by mass, combustion was achieved at a 

compression ratio of 21: 1 . The intake air temperature was 

0 65.5 C and the cylinder coolant temperature was 99 C. At a 

compression ratio of 21: 1, the addition of 15% acetylene 

to the liquid ammonia provided an engine power about 30% 

less than that produced with pure ammonia at a compression 

ratio of 35: 1. 

V. Diethyl eth= 

Only erratic combustion could be achieved with 

diethyl ether added to the liquid ammonia at a compression 

ratio of 16: 1. Smoother combustion was maintained at a 

compkession ratio of 21: 1. 

In both the above cases the diethyl ether flow rate 

was between 15 and 20 per-cent of that of ammonia by mass. 

Pearsall [7&12] found that, when liquid ammonia was 

injected into the combustion chamber and hydrogen, normal 

butane, or acetylene was introduced into the intake 

manifold, successful combustion was achieved at a 

compression ratio of 25: 1 for hydrogen, and of 20: 1 for 

both normal butane and acetylene. 

With hydrogen as the additive,, the optimum 

compression ratios obtained by Pearsall [7&121 and Gray 

[51 were 25: 1 and 26: 1 respectively, which are much lower 

than the 35: 1 needed for ammonia alone. 

Hydrogen proved to be one of the best additives 

and had the added advantage that it could be be produced 

by dissociation of ammonia according to the reactions 

2 NH3 - N2 + 3H2 
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2.3.4 Other methods of Rromoting igMition 

The problems associated with initiating ammonia 

combustion can also be resolved by mechanical means, the 

relative effectiveness depending on the engine and its 

specifications. For example the provision of a properly 

located ignition source, is a means of achieving combustion 

of ammonia in a compression ignition engine. 

Gray [51 using a high temperature shielded glow coil, 

located at the top of the -swirl chamber, found that the 

compression ratio for ignition of ammonia could be reduced 

to about 23: 1 . -The fuel (liquid) was injected in the 

normal way into the combustion chamber so that it impinged 

on the coil. The tests were again carried out using a CFR 

compression-ignition engine at a constant speed of 

900 r/min with inlet airý temperature of 65.5" C and 

cylinder jacket temperature of 99 C. 

Starkman [9&141 used a spark plug located at the top 

of the combustion chamber of a CFR compression ignition 

engine, to run the engine at compression ratios between 

16: 1 and 24: 1. The liquid ammonia was injected into the 

combustion chamber for a range of engine speeds' of from 

1000 to 1800 r/min. The performance of the engine was 

extremely sensitive to the spark advance and the best 

performance was obtained with injection of ammonia at 

150-180 degrees BTDC. He concluded that at a comparable 

equivalence ratio, the indicated mean effective pressure 

with liquid ammonia was about 10% lower than with diesel 
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f uel. 

Some of the experimental results obtained by Starkman 

are presented in Figures 2; 2 and 2.3. 

The compression ratios of 23: 1 used by Gray, and 

24: 1 , used by Starkman, are much lower than the 35: 1 

ratio, needed to run the engine on liquid ammonia alone 

without the use of a spark plug, high temperature shielded 

coils, fuel additives or pilot fuels, demonstrating that a 

properly located ignition source is an alternative means 

of overcoming ammonia combustion problems. 

2.4., SRark-igMition engine 

The performance of the spark-ignition engine using 

various substances , and mixtures, has been widely 

investigated, 

The most common fuel for a spark-ignition engine is 

gasoline, however other substances have also been used 

either alone or as constituents of mixtures as spark 

ignition engine fuels. Among these substances methanol and 

liquified petroleium gas (LPG) including butane, are well 

investigated. In contrast to these fuels, liquid propane 

seems not to have been widely investigated. Ammonia has 

also been considered among various non-hydrocarbon fuels. 

Spark-ignition engines can be run on gasoline, 

methanol, and propane over wide ranges of compression 

ratios and air-fuel ratios. Engine performance with 

ammonia is very much dependent on conditions usually less 

critical for operation on other fuels as is discussed 
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below. 

2.4.1 The s]2ark-Ignition engine fueiied with 

gasoline, methanol and Rro2ane. 

Chelliah [151 ran a Ricardo E6/R single cylinder 

spark-ignition engine on gasoline, methanol, isobutanol 

and mixtures of the three fuels. 

His results showed that, compared with gasoline, the 

use of pure methanol increased the highest useful 

compression ratio (HUCR), and improved the engine 

performance and exhaust emissions, but worsened the fuel 

economy. The HUCR with methanol was 12.2: 1, compared with 

7: 1 for the unleaded gasoline which he used, resulting in 

higher brake mean effective pressure (BMEP) and higher 

thermal efficiency, for methanol though its lower 

stoichiometric air fuel ratio gave a higher specific fuel 

consumption. 

A lower exhaust temperature (due to the lower 

combustion temperature and higher, expansion ratio), faster 

flame speed, leaner flammability, limit and lower exhaust 

emissions were obtained, with methanol. It also gave a 

wider range of equivalence ratios between the lean misfire 

limit and the value giving maximum power. 

He concluded that the lower flame temperatures and 

higher flame velocities associated with alcohol fuels 

resulted in a lower exhaust oxides of nitrogen. He quotes 

Francis [16] -which indicate that alcohol fuels are 

cleaner fuels than gasoline and produce less gums and 

carbon deposits on the engine cylinder walls, but have 
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difficulties regarding cold starting and vapour locking. 

He quotes a laminar burtiong velocity with methanol of 

about 0.55 m/s compared with 0.4 m/s for gasoline, 

indicating a less advanced spark timing requirement with 

methanol. 

He quotes the mechanism of Taylor [17] that the 

combustion process for maximum power starts and terminates 

at an equal number of degrees of crank angle before and 

after- TDC and that the shape of flame propagation is 

spherical and thickness of turbulent flame front is about 

5-8 mm compared with fractions of 1 mm for that of 

laminar flame front. 

Bob-Manuel [18] using a Ford 2 litre four cylinder 

spark-ignition engine, carried out an investigation for 

the purpose of improving fuel economy, lowering pollutant 

emissions and-using alternative fuels (including gasoline, 

methanol and LPG). 

Methanol was found to give the highest fuel 

consumption and the lowest exhaust emissions. The lowest 

fuel consumption was obtained with LPG. 

Bob-Manuel speculates that the main source of 

unburned hydrocarbon in the cylinder are a film of 

unburned mixture on the cylinder wall ("wall-quench" HC) 

and the mixture which occupies the cavaties of the space 

above the top piston ring ("ring-quench" HC). 

He also quotes from Newhall [191 that the nitric 

oxide concentration forms mainly in the post flame 

combustion zone. He states that the oxides of nitrogen 
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concentration for leaner mixture is substantially higher, 

with the rate-limited NO concentration freezing at 1800 K, 

but its equilibrium value decreasing sharply with 

temperature. He also states that for rich mixtures (0>1), 

the experimental concentration of carbon monoxide is very 

close to its equilibrium value, but at 0<1 the value 

departs from its equilibrium value. Thus a partial 

equilibrium model at the stoichiometric ratio and a full 

kinetic model for 9kl is needed to predict carbon monoxide 

concentration. 

2.4.2 The s2ark-ignition engine fuelled with ammonLA- 

Graves [6], Pearsall [71 and Schmidt [81 have shown 

that itýis possible to ignite ammonia in a spark ignition 

engine, at compression ratio of about 12: 1 and that the 

optimum ratio is about 16: 1. These values are much lower 

than that necessary for self ignition. The experiments 

were carried out, to find the potential for the use of 

ammonia as a fuel for the spark-ignition engine. 

Graves [6] using an additional spark plug for each 

cylinder -of a four cylinder Spark Ignition engine to 

promote better ignition, was able to ignite ammonia at 

compression ratios of around 10.2: 1 at a speed of 2000 

r/min. Emission of unburnt ammonia was the main problem in 

these experiments and-it was suggested that the catalytic 

dissociation of some of the ammonia before introduction 

into the inlet manifold as a vapour would reduce the 

quantity of unburnt ammonia. 
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During the experiments, liquid ammonia from high 

pressure tanks was regulated to a pressure of 2.7 bar and 

then passed through a finned-tube bank heat exchanger, 

where it was completely ev6porated. The pressure was then 

reduced to 1 bar by a second regulator and the vapour 

passed to the carburettor. 

Pearsall [7&12] using a L-141 spark ignition engine 

and a AVDS-1790 Vee Twin compression ignition engine 

converted to spark-ignition succeeded in igniting ammonia 

at compression ratios of 18.6: 1,16: 1, and 12: 1, but 

concluded that the optimum compression ratio was 16: 1. For 

better performance, a flat hot spark with a long duration 

was required. Pearsall concluded that for engine of the 

same capacity, the power output from a spark-ignition 

engine using ammonia fuel, was greater than that of a 

compression ignition engine using ammonia with pilot 

injection or using pure diesel fuel. 

The compression ratio of 12: 1, indicated that many 

standard spark-ignition engines might be able to run on 

ammonia. However by using additional methods of obtaining 

ignition, such as fuel additives, Starkman [14), Sawyer 

[20], Luthra [21] and Cornelius [22] showed that it is 

possible to use lower compression ratios. 

2.4.3 Fuel additives (for engines fuelled with 

ammoniR vaRour entering with air) 

Starkman [141 showed that it is possible to ignite 

ammonia at compression ratios as low as 6: 1 in a spark 

ignition engine by using additives. 
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Among the possible gaseous additives hydrogen was 

considered to be the best, by Graves [61, Pearsall 

[71, Starkman [14], Sawyer [20], Luthra [211 and Cornelius 

[221, particularly since it could be produced by 

dissociation of the ammonia. 

Starkman [14] used an electrically heated dissociator 

filled with a pelletized activated iron catalyst to 

provide the hydrogen required for combustion by 

decomposition of ammonia vapour. He was able to run a CFR 

single cylinder engine over a range of speeds from 1000 to 

1800 r/min, and a range of compression ratios from 6 to 

10: 1. 

At a compression ratio of 8: 1 and a speed of 

1800 r/min the level of hydrogen required for good 

operation was about 4 or 5% of the ammonia by mass. This 

quantity of hydrogen was provided by dissociation of 25% 

of the ammonia induced. Starkman was then able to run the 

engine at compression ratios as low as 6: 1. 

. The results showed that the spark advance with 

ammonia was 53-55 degrees (greater than that with 

iso-octane). The engine power, at a. compression ratio of 

10: 1 with ammonia was about 71% that of iso-octane, and 

at a compression ratio of 6: 1 about 63%. The specific fuel 

consumption with ammonia was about 2 times that of 

iso-octane at the point of maximum power (equivalence 

ratio 0=0.9), and about 2.5 times at the point of minimum 

fuel consumption (0=0.75 TO 0.8). Starkman concluded that 

there was a sharp fall in engine performance if less than 



41 

a minimum hydrogen level of (4-5)% of ammonia by mass was 

provided. 

Pearsall [7&12], using a CFR spark-ignition engine 

carried out an extensive investigation of the effects of 

using 10 gases and 14 liquids as ammonia additives. The 

tests were performed at a compression ratio of 8: 1 and at 

speeds of 900 and 1800 r/min. He found that a hydrogen 

content less than 1.5% of the ammonia by mass was 

adequate. He also found that the unsaturated hydrocarbon, 

acetylene in the proportion of 6% of the ammonia by mass 

was also a suitable additive. 

Sawyer (20] ran a CFR single cylinder engine in the 

spark-ignition mode to determine the concentration of 

oxides of nitrogen resulting from combustion of ammonia. 

For reliability of ignition and combustion, he dissociated 

upto 25% of the fuel, into nitrogen and hydrogen. The 

dissociator was a stainless steel vessel, filled with 

catalyst and electrically heated. By using this, he 

succeeded in running the engine at compression ratios of 

10: 1 and 7: 1, and at speeds from 1300 to 1800 r/min. 

Luthra et al [21] found that ammonia could 

successfully be used to run a 4-cylinder BMC petrol engine 

without major modifications, if a combustion promoter 

such as hydrogen was present at a concentration of at 

least 2.5% of the ammonia by mass. He introduced ammonia 

into the engine by using a stand-pipe in the intake 

manifold at engine speeds of 1000 and 1500 r/min. 

The maximum engine power with ammonia was (75-90)% of 
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that obtained with gasoline. The brake specific fuel 

consumption with ammonia was 2.5 to 4 times that of 

gasoline. A maximum engine power was indicated at an 

equivalence ratio of 1.18 to 1.24 for gasoline and 0-0.98 

to 1.2 for ammonia. The minimum fuel consumption with 

ammonia was at an equivalence ratio of about 0.8. 

Cornelius [22] carried out an extensive investigation 

on the use of ammonia' in spark-ignition engines using a 

V-8 engine with a compression ratio of 10.25 and a single 

cylinder engine with a compression ratio of 9.4. Tests 

were carried out for a range of engine speeds from 800 to 

4000 'r/min with injection of gasous ammonia into the 

induction system. Cornelius concluded that addition of 

hydrogen at a rate -of 2.5% of the fuel mixture by mass, 

resulted in the best performance at a speed of 1600 r/min. 

Maximum engine power was doubled by the addition of a 

quantity of hydrogen equal to 2% of the fuel mixture by 

mass. When the hydrogen level was -increased to 3%, 

negligible improvement was observed over a speed range of 

(800-3600) r/min. Further increase in the amount of 

hydrogen, slightly decreased the power. Most of the tests 

showed that the addition of hydrogen to ammonia increased 

the percentage of ammonia burned in the engine. 

All of the investigators , concluded that hydrogen 

was the best additive for initiation of the combustion of 

ammonia. 

The different values of minimum hydrogen 
I 

concentration, found by the various investigators to be 
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necessary for smooth operation is discussed in section 

2.6. 

2.4.4 

Pearsall [7&12] claimed that, inducing swirl in the 

incoming air-fuel mixture in the inlet port of a 

spark-ignition engine, would reduce the minimum level of 

hydrogen required for smooth operation due to better 

mixing of the air and fuel before entering the engine 

cylinder. 

Starkman (21 noted that higher cylinder wall 

temperatures and higher charge temperatures faciliated 

easier ignition of ammonia. He speculated that higher 

cylinder jacket temperatures, resulted in better 

decomposition of ammonia in the cylinder, and consequently 

better combustion. Starkman [14] also suggested that 

higher compression ratios, and lower engine speeds 

together with higher cylinder wall temperatures resulted 

in lower minimum hydrogen concentrations for ammonia 

combustion. 

Cornelius [22] showed that a gain in power of 80% 

resulted from replacing the standard-ignition system by a 

modified system with an optimum sparking plug gap size. A 

further gain of 20% was observed when a modified dual 

ignition system was used. He speculated also that the 

addition of a super-charger would improve engine 

performance with ammonia. 

Sawyer [20] using two spark plugs, mounted in 
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diametrically opposed positions, succeeded in obtaining 

more uniform combustion. 

2.5 Cormuter prediction of engine performance 

2.5.1 Conwression-ignition engines 

Starkman (9] carried out an analysis to predict the 

performance of a compression-ignition engine operating 

with liquid anhydrous ammonia and hydrocarbon fuels. The 

air standard diesel cycle was used as a' basis for the 

model. The effect of heat transfer from the contents of 

the combustion chamber was neglected, so that the 

predicted values of power output, mean effective pressure 

and thermal efficiency would be expected to exceed those 

obtained in real engines. In this model the analysis of 

the expansion processes assumed thermodynamic equilibrium 

for the combustion products corresponding to the air fuel 

mixture considered. 

In view of the fact that for real engines, heat 

transfer and also a significant time delay for initiation 

and completion of the combustion process occur 

(particularly in the case of ammonia combustion for which 

the burning rate is much lower than that for 

hydrocarbons), the results obtained using the model will 

not be strictly comparable with corresponding experimental 

values. Models such as this might be viewed as predicting 

upper limits of engine performance. 

The results obtained by Starkman [9] for a 
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compression ignition engine at a speed of 1500 r/min, are 

presented in Figures (2.2) to (2.8). 

Figures (2.2) and (2.3) show the predicted and 

experimental variations of the ratios of power and 

specific fuel consumption of ammonia to that of diesel 

fuel, with equivalence ratio, at a comp;: ession ratio of 

20: 1 and an engine speed of 1500 r/min. As is seen, the 

discrepancy between theoretical and experimental values 

are considerable, specially for leaner mixtures. This is 

due to a bigger fall for power with ammonia than diesel 

fuel for leaner mixtures. 

Figure (2.4) shows the variation of indicated mean 

effective pressure and hence of power at a constant speed 

with equivalence ratio. 

The power output predicted for ammonia is slightly 

greater than that for iso-octane because the number of 

moles of products, from the ammonia combustion at a given 

equivalence ratio is considerably greater than for the 

hydrocarbont 

The predicted power for ammonia in a range of 

equivalence ratios from 0.8 to 1.0, increases with 

equivalence ratio more rapidly than with the hydrocarbon, 

because with increase in equivalence ratio, the moles of 

combustion products increases for ammonia but remains 

effectively constant for hydrocarbon fuels. 

The predicted thermal efficiency for ammonia was 

somewhat higher than that for hydrocarbon fuels, because 

of the higher power with ammonia. -rhe bgher enthalpy of 

* Also the enthalpy of combustion of the amount of ammonia 

induced per cycle is grater than that of iso-octane. 
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combustion of ammonia (liquid) per cycle is apparently less 

significant than the increased number of moles of products. 

Figures (2.5) and (2.6) show the variation of thermal 

efficiency with equivalence ratio and with compression 

ratio respectively. As is seen from Figure (2.6), the 

indicated efficiency of ammonia decreases at a lower rate 

than for cetane, because with increasing the compression 

ratio, the effects of ammonia vaporization becomes less 

significant. I 

The predicted value of indicated specific fuel 

consumption with ammonia obtained by Starkman for the 

compression-ignition engine, is about 2.5 times that of 

cetane. The variation of specific fuel consumption with 

compression ratioý is shown in Figure (2.7) and with 

equivalence ratio in Figure (2.8). 

2.5.2 
. 
92ark-4gnition engines 

I. Instantaneous combustion at TDC. -, - 

Starkman'[141 also carried out an investigation to 

predict the performance of spark-ignition engines 

operating with both liquid and vapour, ammonia as well as 

with iso-octane. 

The Otto cycle was used as the basis, for the model. 

Thus the effects of heat transfer and finite combustion 

time, were neglected. In his, model-he assumed that the 

mixture was given sufficient time to proceed to a state of 

equilibrium after combustion and during expansion. In 

neglecting the combustion time and heat transfer from the 
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gases to the walls of the combustion chamber and the 

cylinder, the predicted values of mean effective pressure, 

are made higher than those from a real engine. 

Starkman [14], predicted the mean effective pressure 

and power with liquid ammonia, to be approximately 12 to 

15 per-cent higher than with iso-octane, because of the 

greater number of moles of products of ammonia combustion 

for a given number of moles of reactant mixture. 

In contrast, ammonia vapour results in 12 to 14 

per-cent reduction in power relative to that with 

iso-octane, because of lower volumetric efficiency with 

ammonia vapour resulting in a smaller -mass of air being 

induced into the cylinder. 

The maximum mean effective pressure (power output) is 

predicted at an equivalence ratio of 1.25 for liquid 

ammonia, at about 1.1 for iso-octane, and at an 

equivalence ratio of 1.0 (stoichiometric) for ammonia 

vapour. The' predicted results, are shown in Figures 

(2.9) and (2.10) .I 

, The variation of thermal efficiency, with equivalence 

ratio and compression ratio are presented in Figures 

(2.11) and (2.12) respectively. 

These Figures show the liquid having marginally 

higher values than the vapour corresponding to the lower 

peak cycle and exhaust temperatures in the case of the 

liquid. These predicted thermal efficiencies for ammonia 

are about 5 per-cent greater than those for iso-octane. 

The effects of both, equivalence ratio and compression 
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ratio on thermal efficiency, for armonia are substantially 

the same as for iso-octane. 

The specific fuel consumption, predicted by Starkman 

for ammonia, varied from 2.5 to 3.5 times that of 

iso-octane for both liquid and vapour ammonia as is shown 

in Figures (2.13) and (2.14). 

Starkman predicted the equilibýium concentrations of 

nitric oxide throughout the expansion stroke for both 

ammonia and iso-octane. He considered the oxides of 

nitrogen to be the most significant (least desired) of the 

exhaust gas constituents, arising from the endothermic 

Zeldovich reactions involving nitrogen and oxygen, 

occuring in the combustion and expansion processes. These 

reactions are: 

N+02=NO+O 

N+NO=N2+0 

Figure (2.15) shows the effect of equivalence ratio 

on equilibrium nitric oxide concentration, during 

expansion, while Figure (2.16) shows the effect of 

compression ratio on equilibrium nitric oxide 

concentration at peak cycle temperatre for different 

equivalence ratios. 
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II. Combustion delay and combustion develggment 

Several methods have been proposed and developed to 

take account of the initiation of combustion, flame 

propagation and combustion processes in spark-ignition 

engine predictions. These are explained in detail in 

chapter 3, but the method proposed by Benson [231 will be 

discussed here, since it is regarded as the basis for the 

calculations of combustion delay time and combustion 

development adopted in the present model. -, 

In Benson's model, the combustion-delay is defined 

as the time needed for the flame to occupy 0.001 of the 

maximum cylinder volume. The combustion process starts 

with a consideration of the relation between turbulent 

flame velocity and time. As the flame propagates through 

the combustion chamber, the fuel molecules react and the 

mass-fraction burnt relative to crank angle is obtained. 

The combustion process proceeds to the point at which all 

of the fuel has been burned and the flame has passed 

through the whole cylinder. 

Benson divided the combustion delay time and 

combustion duration into several steps, and calculations 

were carried out step by step. For initiation of 

combustion, the crank angle at which the volume of "burnt" 

mixture would be equal to 0.001 of the swept volume plus 

the clearance volume was calculated. During each step if 

the corresponding crank angle was less than this value the 

mixture was considered not to have been burnt, and the 
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compression process continued. 

For the combustion process, every step was divided 

into three sub-steps, A, B and C. During sub-step A, work 

due to change in cylinder volume, and heat transfer from 

the cylinder contents to its surrounding surfaces were 

considered. No fuel was considered to burn during this 

sub-step. In sub-step B, because of flame propagation, a 

thin layer of the mixture was burned, thus the volume of 

the burnt zone increased 'and that of unburned decreased. 

Sub-step C was the equilibration of pressure, during which 

a uniform pressure for the whole cylinder was assumed. The 

species existing in the combustion products were assumed 

to be H20, H2, OH, H0, N2, NO, N, C02, CO, 02,0 and Ar. 

The model combined a full power cycle simulation with the 

prediction of NO emissions and a comprehensive gas dynamic 

model for the cylinder and ducts allowing for chemical 

reactions in the exhaust pipe. 

Other methods of estimating the extent of delay have 

been proposed Heywood [241, Blumberg [25], Hires [261 and 

Tabaczynski [27] and are-explained in chapter 3, however 

some investigators Lucas (28] and Patterson [29] have 

ignored the effects of ignition delay. 

There are several forms of finding the laminar and 

turbulent burning velocities of fuels (mainly propane) in 

the internal combustion engines. Heywood [24] and Blumberg 

[25] have employed specific relations for the purpose of 

finding the mass fraction burned relative to time. Some 

investigators proposed equations for calculating the 
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laminar burning velocity Kuehl (301, Semenov [31], Dugger 

[32], Metgalchi [33], Lavoie [34], Brokaw [35] and Rallis 

(36]. The turbulent flame velocity was then related to 

laminar flame velocity by assuming a flame factor Kt as a 

function of engine speed, Phillips and Orman [37] and 

Hodgetts [38]. Heikal [39] related Kt to transport 

properties as well as piston speed. Other investigators 

Bilzard [40], Bracco (41], Sirignano [421, Maly (43] and 

Singh [441 have proposed global reaction rates for flame 

propagation and Annand [45] considered a secondary 

reaction rate in the burning gas to be important in 

spark-ignition engines. 

These methods of calculating the ignition delay time, 

combustion time and flame propagation rate together with 

more details of the model proposed by Benson [23] are 

presented in chapter 3. 

III. Heat transfer 

Regarding the heat transfer rate from the cylinder 

contents to its surrounding structure, several relations 

have been proposed, Annand [461, Rao (471 and Woschni 

[48]. These correlations which are widely used, are 

explained in chapter 3, and those of Annand's and Rao's 

are examined in the present heat transfer calculations and 

are discussed in chapter 7. 



52 

2.6 Discussion of and i=lications from literature 

of using ammonia as an engine fuel 

From the survey of published results of engines 

using ammonia as a fuel, it is apparent that, the spark 

ignition engine is more suitable for running on ammonia 

than the compression-ignition engine Kroch [10]. When 

using ammonia fuel, the spark-ignition engine has the 

following advantages over the compression-ignition engine 

Kroch [10] and Pearsall [12]: 

I. The ability to run throttled. 

II. The ability to run without a second fuel. 

III. The ability to run at normal compression ratios with 

an ignition promoter (hydrogen is most appropriate). 

IV. The ability to run with hydrogen concentrations as 

low as 1.5% of the ammonia by mass. To provide this 

quantity of hydrogen, about (8-9)% of the ammonia 

should be dissociated before entering to the cylinder. 

V. The reliability of the ignition source. 

The use of liquid ammonia in the spark ignition 

engine, is predicted to result in an increase of power by 

approximately (12-15) per-cent, over that 'obtained with 

iso-octane Starkman [14], because of the greater number of 

moles produced for a given number in the air fuel mixture, 

compared with iso-octane. The specific fuel consumption 

with ammonia is however about 2.5 times that of 

iso-octane Starkman [14]. 

Introduction of ammonia vapour into the inlet 
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manifold, results in a reduction in power of about 

(12-14)% compared with iso-octane, because of the reduced 

air flow into the engine Starkman [14]. 

An alternative method of introducing the ammonia is 

the introduction of liquid ammonia into the inlet 

manifold, where it would be partially evaporated. The 

evaporation of ammonia, would decrease the charge 

temperature resulting in a higher volumetric efficiency. 

A proportion of the ammonia introduced into the 

engine would be expected to be dissociated. The extent of 

ammonia dissociation would depend on pressure, temperature 

and time available. The dissociation of ammonia provides 

hydrogen which would act as an ignition promoter. 

The minimum concentration of hydrogen, required as a 

promoter to initiate ammonia combustion depends on 

factors such as the engine specifications, the operating 

conditions, spark properties and the engine cylinder 

jacket temperature. 

Creating swirl in the incoming air-fuel mixture, 

increasing the engine cylinder jacket temperature, or 

increasing the spark energy would for example be expected 

to lower the minimum required concentration of hydrogen. 

The minimum required concentration of hydrogen, 

according to Pearsall [12], was about 1.5 per-cent, 

Starkman [141, (4-5) per-cent and Luthra [21] and 

Cornelius [221 2.5 per-cent of the ammonia by mass. 

The difference between these values result from the 
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different objectives. 
1 

Starkman investigated the use of 

ammonia as a fuel for normal engines, with minimum 

modifications. Pearsall was interested in finding the 

potential,, 'for, use of ammonia and to increase this as much 

as possible by employing different mechanical means. For 

example by inducing some swirl into the incoming air-fuel 

mixture, the required concentration of hydrogen was 

reduced by about 0.5 per-cent. 

Higher cylinder wall temperatures, higher' charge 

temperatures, more suitable ignition systems, addition of 

asecondary spark plug, use of a more suitable combustion 

chamber shape (for example hemispherical), and the 

introduction of swirl were all found to improve ammonia 

combustion. 
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3.1 Introduction 

The simplest model that has been employed to 

represent the operation of a spark-ignition engine is the 

Otto cycle. 

The Otto cycle as shown in figure (3.1), is for a 

fixed mass of gas with fixed composition. The process AB 

is an isentropic compression, process BC heating at 

constant volume, process CD an isentropic expansion and 

finally process DA is constant volume cooling. 

The Otto cycle is deficient in representing the 

spark-ignition engine for the following reasons: 

i. During the compression and expansion processes in an 

actual engine heat tranfer occurs. 

ii. The constant volume heating process BC represents a 

combustion process in an engine. This occupies a finite 

time and is therefore not at constant volume. 

iii. In a real engine the composition of the cylinder 

contents is changing in the combustion process, to a 

lesser extent in the expansion process and possibly by 

small amount in the compression process. 
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PC 
I IN 

v 
Fig. (3.1) Otto cycle 

In the model developed in the present work the 

various processes taking place in the cylinder have been 

considered in detail. ' The model can be operated for 

various fuel substances provided that the necessary 

properties are given. The fuel can be hydrocarbon, any 

fuel with the chemical formula CH0 or ammonia. The 
cn hn on 

fuel may be liquid or vapour phase. 

The calculation starts with the piston at its lowest 

position (bottom dead centre, BDC) at the end of the 

induction stroke. This is referred to as the "trapped 

state". The compression process starts from point A and 

continues to top dead centre (TDC). At a point before TDC 

a spark occurs at the spark plug and after a period of 

time known as the ignition delay (explained in more detail 

in section 3.4) combustion commences. 

The combustion process is assumed to proceed until 

all the fuel has reacted and equilibrium amounts of 

carbon dioxide, carbon monoxide, water vapour, hydrogen, 

oxygen and nitrogen exist in the case of the combustion of 

hydrocarbon fuels and nitrogen, hydrogen, oxygen, water 

vapour, armnonia and oxides of nitrogen for ammonia fuel. 

The expansion process starts as the piston moves from 
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TDC, before the'combustion process is complete. 

For each in-cylinder process, the event is divided 

into a number of steps, and calculations are carried out 

for each step. At the end of each step, temperature, 

pressure, composition of the cylinder contents, position 

of the crank-shaft (and piston), cylinder volume, and in 

the combustion process, the mass fraction of the fuel 

burned, are calculated. Working and heating are 

determined for each step. Finally the indicated mean 

effective pressure, indicated power, indicated thermal 

efficiency, indicated specific fuel consumption and the 

total heat transfer (radiative and convective) from the 

cylinder contents to the surrounding surfaces are 

determined. 

3.2 Basic assuMtions of the model 

The analysis is concerned with the step by step 

calculation of the thermodynamic state of the mixture in 

the cylinder, and the corresponding physical properties 

required its calculation. Detailed information regarding 

the calculation of 'the properties of the individual 

constituents and of the mixture, are given in appendix 

[A]. The' procedure for calculating equilibrium constants 

of the reactions involved in the combustion and expansion 

processes are presented in appendix [B]. Since the 

calculations start and end with the piston at bottom dead 

centre (BDC), the following distinct phases are 

considered. 
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. 
Q. induction (prior to commencing the calculations) 

of the homogenous mixture of air and fuel into the 

combustion chamber (residual combustion products from the 

previous cycle can be either included or set to zero). 

'J. Compression of the mixture of air, fuel and 

residual product from BDC to the predetermined crank-angle 

at which the spark occurs. 

ZZ. Continuation of the compression for a, specific 

period of time known as the delay time which has been 

considered for the initiation of combustion. 

Z. U. The combustion process starting from the end of 

the delay time (before TDC) to the point at which all of 

the fuel is reacted (after TDC). 

. 
ZV_. Expansion of the cylinder contents from the point 

at which combustion-terminates to BDC. 

Y. Exhaust of the cylinder contents. 

During compression, in the case of hydrocarbon 

fuels, the 
-cylinder contents are assumed to be a 

homogenous mixture of air, fuel,, and, residual combustion 

products from the previous cycle (if assumed to be 

present). When ammonia is used as the fuel, the effect of 

dissociation of the ammonia is considered. In this case 

the cylinder contents are taken as a homogenous mixture of 

air, ammonia, residual products (if present), together 

with hydrogen and nitrogen from dissociation of the 

ammonia. 

During the ignition delay, it is assumed that the 

compression process continues, and that the cylinder 
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contents are still a homogenous mixture as above. The 

delay is represented by the period of time needed for the 

flame to occupy a small predetermined fraction of the 

maximum cylinder volume. 

For the purpose of calculation during the combustion 

process, at the start of each step, there are assumed to 

be two zones, a burned zone and an unburned zone. During 

each step, a small part of the fuel burns forming a new 

small third zone.. Then as is shown in section (3.5.3), the 

new and old burned zones form a united-burned zone and the 

number of zones reverts to two. At. the end of each step 

these two zones undergo a sub-process of pressure 

equalisation, giving new conditions which are considered 

as the initial conditions of the burned and unburned 

zones for the next step. 

During the following expansion, the cylinder contents 

are assumed to be a homogenous mixture of combustion 

products, air, and unburned fuel. 

The major assumptions for the four phases I, II, 

and IV are: 

The cycle starts from BDC. 

The effects of dissociation in the case of 

ammonia have been considered prior to combustion. 

At the end of each step, the cylinder contents 

have uniform temperature, pressure, and composition, 

that is they are assumed to be homogenous. 

Jv_. It is assumed that in all cases the constituents 

and therefore the mixture behave as ideal gases. 
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. 
Y. The cylinder contents, are considered to have 

equilibrium composition during the expansion process and 

that the constituents are carbon dioxide, carbon monoxide, 

water vapour, hydrogen, oxygen, nitrogen and hydrocarbons 

for hydrocarbon fuels and oxides of nitrogen, water 

vapour, hydrogen, oxygen, nitrogen and ammonia when 

ammonia is used as fuel. 

Y. J. The contents of each zone during the combustion 

process are considered to have equilibrium composition. 

=. There is heat transfer between the gases and the 

surrounding surfaces during the compression, combustion 

and expansion processes. [The equations of Annand (46], and 

Rao [47] have been examined for this purpose]. 

VIII. For all of the steps with a change in cylinder 

volume, the working by the gas is assumed to be internally 

reversible. 

; M. The temperature of the cylinder wall and the 

combustion chamber surface is assumed to be constant and 

uniform. A value of 425 K was used in the present 

theoretical calculations. 

3.3. Co=ression 

Calculations proceed from BDC to the point at which 

the spark occurs. The position of the crank at which the 

spark occurs is specified as an input parameter to the 

model. 

The swept volume, is divided into a number of equal 

volume steps. This number is also an input parameter and 
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it should be noted that a smaller number would result in 

less accuracy, but shorter computing time, so that the 

number of divisions is chosen to optimise accuracy and 

computing time. 

Calculations for the compression process are carried 

out for each volume step accounting for, both work (due to 

cylinder volume change) and heat transfer (between the 

cylinder contents and its containing surfaces). 

For ammonia fuel, dissociation is considered assuming 

for each step the mixture contains the equilibrium 

composition of oxygen, nitrogen, hydrogen and ammonia. 

For other fuels, no dissociation or reaction is 

considered during compression, so the mixture is composed 

of combustion products from previous cycle, oxygen, 

nitrogen and fuel. 

The temperature and pressure of the mixture at BDC 

are input to the model as data. From the cylinder volume 

and air fuel ratio, the total number of moles in the 

cylinder is calculated. The mixture is considered to be an 

ideal gas and the fuel is assumed to be in the vapour 

phase. For a fuel which is in the liquid phase when 

entering the engine, the enthalpy of evaporation of the 

fuel has thus to be included. 

For each step, initial properties of pressure (Pl), 

temperature (T1), volume (Vl), and total number of moles 

(wl) are specified, and final properties P2, T2, V2 and w2 

calculated using the principle of energy conservation 

(first law of thermodynamics). The general form of this 
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equation is: 

dE dQ + dW (3.1) 

where dE E2 - El and El & E2 are the total internal 

energies of the mixture at the beginning and end of the 

step respectively, and dQ is the heat transferred from the 

surroundings to the gases, and dW is the working on the 

gases during the step. 

The step is schematically shown in figure (3.2). 

working 
initial Pi & P2 final 

state Tl heating T2 state 
vi V2 
wl w2 

Fig. (3.2). Initial and final states for a 
step in the compression process. 

For an ideal gas mixture the internal energy is found 

from the following relation: 

n 
E (T) ei (T) a1 (3.2) 

where ai is the number of moles of substance i, ei(T) is 

the molar internal energy for substance i at temperature 

T, and can be calculated from 

ei(T) - hi(T)- RT (3.3) 

where hi(T) is molar enthalpy for substance i at 

temperature T and R is the molar ideal gas constant. 

'In 
the case where a change in composition occurs 

the necessary datum state for the mixture is accomodated 

by the fact that each constituent has an appropriate datum 
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state. The molar enthalpy of formation is set for- each 

constituent at the standard reference temperature, 

298.15 K and is zero for the free elements. 

For the energy transfer processes, the following 

relations are available: 

i) W= P dV (3.4) 

and if during the step, pressure is constant (Pl-P2), or 

the step is small, then: 

W --P (V2-Vl) (3.5) 

where P is the mean pressure equal to: 

P- (Pl + P2)/2 (3.6) 

ii) Q =-f(Area) q dT 

Q =-(Area) (time) (q) (3.7) 

where Area is the total heat-transfer area, time is the 

interval for the step required for the piston to give a 

volume change from the initial to the final value, and q 

is rate of heat transfer per area from the cylinder 

contents to the surroundings. To calculate the magnitude 

of this quantity, several relations have been proposed 

[46-48]. 

Equation (3.8) which is widely used is that proposed 

by Annand [46]: 

0.7 44 
q=a (k/d) (Re) (Tg -Tw) +b (Tg -Tw (3.8) 

Tg is the mean temperature of the gases, equal to: 

Tg - (Tl + T2)/2 (3.9) 

Tw is the cylinder wall temperature, considered constant 

and uniform for the whole surface, and k and d are thermal 

conductivity (of the cylinder contents) and cylinder 
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diameter respectively. The thermal conductivity is 

evaluated at temperature Tg. 

The relation due to Rao [471 for the heat transfer 

rate is given in equation (3.10) below: 

q= -0.058,,, o cp u (Tw - T) (3.10) 

1/3 
where u-0.288 Up (Vivc/V) (3.11) 

Up is the mean piston velocity and Vivc is the cylinder 

volume at the time of inlet valve closure. The quantities 

, p, cp, T, and V are density, isobaric spec; picheat capacity, 

temperature (of the cylinder contents) and instantaneous 

cylinder volume respectively, for the corresponding step. 

Considering equations (3.1 to 3.11), using the 

principle of energy conservation for every step during 

the compression process we obtain: 

E(T2)-E(Tl)- -0.5 (Pl+P2)(V2-Vl)+Q (3.12) 

where 1 and 2 represent initial and final states. 

In equation (3.12), the initial properties and V2 are 

known. The two quantities T2 and P2 are unknown. The ideal 

gas equation for initial and final states gives: 

Pl Vl - wl R Tl 

P2 V2 = w2 R T2 

The degree of chemical reaction (if there is any) and 

therefore the total number of moles is dependent on the 

corresponding pressure and temperature. Thus: 

P2 - Pl (Vl/V2)(T2/Tl)(w2/wl) (3.13) 

To calculate the unknown quantities T2 and P2 using 

equations (3.12) and (3.13) together with the relevant 

equilibrium constant; the Newton-Raphson method is used as 
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indicated below: 

First, an estimate is made of T2 and P2 from 

equations 3.14 and 3.15 below. When chemical reactions is 

occuring, isentropic changes of state without changes of 

the amount of substance is assumed. 

R/cV 
T2 - Tl (Vl/V2) (3.14) 

P2 - Pl (Vl/V2) (T2/Tl) (3.15) 

Then the function F(T2) is formed as follows: 

F (T2) -E (T2) -E (Tl) -Q-W (3.16) 

This function should be equal to zero for correct 

values of T2 and P2. An incorrect value of T2 gives F(T2) 

" non-zero value and the Newton-Raphson method then gives 

" new estimate: 

T2 new- T2 old- F(T2)/Fý(T2) 

P2 new- Pl (Vl/V2)(T2 new/Tl)(w2/wl) 

where E'ý(T2) - d[F(T2)1/d(T2) 

The process is repeated for T2 and P2, until the 

difference between successive T2 values is less than a 

specified limit. 

The function E'ý(T2) can be found from equation (3.16) 

as follows: 

F(T2) - E(T2)-E(Tl)-Q-W 

10 F(T2)-d[E(T2)-E(Tl)-Q-W]/dT2 

10 F(T2)-d[E(T2)]/dT(2)-d[E(Tl)]/dT(2)-d[Ql/dT2-d[WI/dT2 

d[E(T2)1/dT2 -d [cv(T2)T2 w2]/dT2- w2 cv(T2) 

Note dE(Tl)/dT2 -0 since E(T1) is constant. 

d[Q]/dT2 and d[W]/dT2 are small compared with the other 

terms. So the function i(T2) 
approximates to: 
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0 
F(T2) - w2 cv(T2) (3.17) 

The only chemical reaction considered during the 

compression stroke, is for the dissociation of ammonia, 

the dissociation of other fuels being less significant. 

For the dissociation of ammonia: 

2 NH3 - N2+3H2 (3.18) 

and in presence of air with an equivalence ratioO: 

NH3+[Al/, O] (02+X N2)-al NH3+a2 02+a3 N2+a4 H2 (3.19) 

where Al is the required number of moles of oxygen for 

complete combustion at 'stoichiometric air fuel ratio 

(Al-0.75), X is the ratio of moles of nitrogen in air to 

that of oxygen and jO 
the equivalence ratio is defined as 

stoichiometric airý fuel ratio for complete combustion 

divided by the actual air fuel ratio. 

The degree of reaction and the, mole fractions of 

constituents, at any temperature and corresponding 

pressure,, are calculated during the compression process. 

For this purpose, four equations are needed for the four 

unknown parameters al, a2, a3, and a4. 

Three equations are provided from the mass balances 

of nitrogen, hydrogen, and oxygen before and after 

reaction, while the fourth equation comes from the 

equilibrium constant of the reaction (3.18). 

As can be seen from equation (3.7), the total heat 

transfer in each step depends on the time required for 

the piston to move from its initial to its final 

position. This depends on the initial and final crank 
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angle, and the engine speed. Thus for each step: 

Time period - De/(217N) (3.20) 

where DO is the crank rotation for the step. So, in each 

of the steps of the compression, combustion, and expansion 

processes the corresponding crank angle rotation and 

individual times have to be calculated. 

During the compression process, the final value of 

crank angle for each step is compared with the spark 

timing setting. If the step includes the spark setting, 

then the calculations for the step are made for a smaller 

volume change than in the other steps and it is terminated 

at the spark setting. 

Calculations in the compression process are continued 

from the spark timing setting to the end of the delay 

time. Thereafter the combustion process calculations 

start. 

3.4 Delay time 

Ideally the combustion process would start from the 

spark firing point, but practically, it is accepted that 

there is a small period of time required for initiation of 

combustion, so that combustion is assumed to start after 

this delay. 

It is assumed that none of the mixture of fuel and 

air actually burns during this period, and that the 

process is purely a compression process. The compression 

process calculations are extended to the end of the time 

delay. 

The extent of delay can be estimated using various 
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methods. Some investigators [24 and 251 have considered 

the delay as a finite number of degrees of crank-angle, 

as the time equivalent to that for burning the contents of 

a special representative eddy [26 and 27], or a 

finite volume of fuel-air mixture [23], whilst others have 

ignored the effects of the delay altogether [28 and 29]. 

In the present model, it is assumed that the 

combustion proper starts from the point at which a given 

fraction Ocof the maximum cylinder volume would have been 

occupied by the flame after the spark. The magnitude of 

the fraction is regarded as an input parameter to the 

model. Benson [23] for example assigned to the fraction a 

value of 0.1 per-cent. 

I The instantaneous flame propagation rate calculations 

(see 3.5.2) are used to find the crank position at which 

the flame would have propagated through the specified 

fraction oc of the maximum cylinder volume. As in the 

compression process, the delay time is divided into a 

number of steps, which is optional and input parameter for 

the model. Again the number of steps is optimised for 

accuracy and computing time. 

For each step, the mole fractions of the combustion 

products, mass fraction burned, laminar burninj velocity and 

turbulentburnind velocity are calculated. These parameters 

are used to calculate the effective position of the flame 

front and consequently the point at which the flame 

propagates a fraction c<of the maximum cylinder volume. 

The procedure for finding the mass fraction burned, 
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the mole fractions of combustion products, and the flame 

velocities, during the delay period is exactly the same as 

that used in the combustion process, and is -described in 

the next section. 
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3.5 Combustion process 

3.5.1 General discription and assumtions 

The combustion process is assumed to start at the 

end of the delay period. The total crank angle between 

this point and TDC is divided into a number of equal 

increments. The number of divisions is optional depending 

again on the desired accuracy and computing time and is an 

input parameter to the model. 

Calculations in the combustion process are again 

carried out stepwise for a cylinder-volume change (due to 

piston movement) corresponding to a rotation of 

crank-angle equivalent to: 

71-crank angle at the end of delay 
De (3.21) 

number of divisions 

For every step, both working (due to cylinder volume 

change) and heat transfer (between the cylinder contents 

and its surrounding surfaces) are evaluated. 

At the start of each step, there are assumed to 

be two zones, burned and unburned, seperated by a two 

dimensional flame front. During each step a small volume 

of 'the mixture burns as'the flame propagates-and a third 

zone is introduced for this just burned volume. The three 

zones are identified as, the old burned zone (previously 

burned), the new burned zone, and the unburned zone. The 

quantity of fuel burned during each step depends on the 

turbulent flame velocity, surface area of the flame front 

and the time interval. Since the increments are of equal 

crank angle, the times for each of the steps are equal 
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and the important parameters thus affecting the relative 

quantity of fuel burned in each increment are the 

corresponding turbulent flame velocity which is discussed 

later and surface area of the flame front. 

The assumptions made for the analysis of each step for 

the combustion process are listed below: 

For the initial and final state of each step, each 

zone is in thermodynamic equilibrium (for each zone the 

pressure and temperature are uniform, the chemical 

potential of each constituent is uniform and thus 

uniformity of composition and of other intensive 

properties is implied). 

At the beginning of each step where only two zones 

exist, the pressure is equal for the burned and unburned 

zones. 

M. The species in the burned zone are considered to be 

oxides of nitrogen, water, hydrogen, oxygen, nitrogen and 

unburned ammonia when ammonia is the fuel and, to be 

carbon dioxide, carbon monoxide, water, oxygen, hydrogen, 

nitrogen and unburned fuel for other fuels. 

j3E. Heat transfer to the cylinder walls is considered 

for both burned and unburned zones. For these 

calculations, it is assumed that the flame front is 

spherical and relations for burned zone volume and heat 

transfer areas are formulated accordingly. 

Y. Combustion continues to the point at which the 

unburned zone disappears. 
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3.5.1.1. The combustion 2rocess with ammonia as fuel: 

The overall reaction taking place in the mixture of 

anrnonia and air during the combustion process may be 

represented by the equation: 

ý 
NH3+(Al/, O)(02+X N2) - 

al N02+a2 NO+a3 H20+a4 H2+a5 02+a6 N2+a7 NH3 (3.22) 

where 0, Al and X are as described in equation (3.19). 

For thermodynamic equilibrium the number of moles of 

each substance in the resulting mixture corresponds to the 

condition of minimum Gibbs function for the mixture at 

the given temperature and pressure. 

To find the values of al to a7 , seven equations are 

needed. Three are provided by the known amounts of 

nitrogen, oxygen, and hydrogen. These are: 

for nitrogen: 

al+a2+2a6+a7 1+(2Al/, O)(X) (3.23) 

for hydrogen: 

2a3+2a4+3a7 3 (3.24) 

for oxygen: 

, 
2al+a2+a3+2a5 - 2A1/0 (3.25) 

Four more equations are provided by the equilibrium 

constants Kl to K4 respectively for the reactions: 

NO + (1/2) 02 - N02 (3.26) 

NO + H20 - N02 + H2 (3.27) 

(1/2) N2 + 02 - NO (1/2) (3.28) 

(1/2) N2 + (3/2) H2 - NH3 (3.29) 

These equations are: 
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1/2 
al w2 RT 

Kl 
Po V2 

(3.30) 

a2 a5 

al a4 
K2 

a2 a3 
(3.31) 

a2 
- K3 (3.32) 

1/2 
(a5 a6 

a7 (w, 2 RVT2) 
Kl (3.33) 

1/2 3/2 '0 2 
(a6) (a4) 

where PO is the datum state pressure (taken as the 

standard pressure of 101.325 kPa) and w2 is the total mole 

number of constituents resulting from reaction (3.22). 

A Newton-Raphson method is used for calculations of 

the seven parameters al to a7. A subroutine RFK as 

described in Appendix C is employed to find the mole 

fractions of the individual constituents. 

3.5.1.2. The combustion 12rocess with hydrocarbon fuel&L 

The overall reaction taking place in the mixture of 

air and a fuel having the chemical formula CH0 is 
cn hn on 

taken as: 

CH0+ (1 /, 0) (Bl) (02+X N2) - 
cn hn on 

al C02+a2 CO+a3 H20+a4 H2+a5 02+a6 N2+a7 CH0 (3.34) 
cn hn on 

where Bl is the number of moles of oxygen required for 

complete combustion at stoichiometric air fuel ratio 

(Bl-cn+0.25hn-0.5on). 



82 

As before the number of moles of each substance in 

the mixture at equilibrium depends on the requirement for 

the Gibbs function to be a minimum for the system at the 

given temperature and pressure. 

Of the seven independent equations needed to find 

the unknown parameters al to a7, four result from balances 

for the elements carbon, hydrogen, oxygen, and nitrogen: 

for carbon: 

al +a2 +cn(a7)- cn (3.35) 

for oxygen: 

2al+a2+a3+2a5+on(a7)-on+(2/0)(Bl) (3.36) 

for hydrogen: 

2a3+2a4+hn(a7)- hn (3.37) 

for nitrogen: 

a6- 3.7619 (Bl)/, O (3.38) 

Three more equations are provided by the equilibrium 

constants K5 to K7 respectively for the reactions: 

CO+(1/2)02- C02 (3.39) 

CO+H20- C02+H2 (3.40) 

cn (C02)+(hn/2)(H2)-C H0 +(cn-0.5on)02 (3.41) 
cn hn on 

These equations are: 

al (. wl2 RVT2 ] 
1/2 

K5 - (3.42) 
1/2 50 2 

a2 a5 

al a4 
K6 (3.43) 

a2 a3 
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cn-0.5on 
a7 (a5) 

0.5(hn+on)-l 

- K7 
I 

(3.44) 
cn 0.5hn 

(a1) (a4) 

where w2 is the total mole number of constituents 

resulting from reaction (3.34), and PO is the datum state 

pressure. 

The Newton-Raphson method is used to calculate the 

seven unknown parameters al to a7 and subroutine RFKP 

(Appendix C) is employed for finding the mole fýaction of 

individual constituents. 

3.5.2 Flame prMagation 

The fundamental mechanisms of flame propagation, the 

behaviour of the species in the combustion zone, the 

details of flame behaviour, and many of the parameters 

affecting the rate of flame propagation in a real 

spark-ignition combustion chamber are still not completely 

known or understood. 

Theory is however fairly well established for laminar 

flame propagation in a chamber containing a homogenous 

mixture of air and fuel. For convenience the turbulent 

flame propagation velocity which governs the rate of 

energy conversion is considered to be the sum of a laminar 

flame velocity and another quantity presenting the effects 

of the parameters referred to above. 

The laminar bUrnilij velocity of a flame through a 

homogenous air-fuel mixture, depends on the physical 
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properties of the substance 

the combustion products, 

reaction. 

Kuehl [30] proposed 

laminar burning velocity of 

s forming the unburned mixture, 

and the chemical nature of the 

an equation for finding the 

propane Ul of the form: 

x 4.938 
Ul - 7784 (PO/P)/[(10000 K/Tb)+(900 K/Tu)] ( M/S, ) (3 .4 5) 

where Tb and Tu are the thermodynamic temperatures of 

the burned and unburned zones, PO is the datum state 

pressure, and P is the combustion chamber pressure. The 

index x is assigned a value from observations of 

-W-V experimental measurments. 

There are several other forms of equations for 

laminar flame velocity (31-36] but in most instances (as 

with 3.45) these have been developed for propane. It is 

assumed in this analysis that the equation for laminar 

flame velocity of the fuels involved in the present 

investigation is of the same form as that for propane 

(equation 3.45), as was proposed by Kuehl, since it is not 

specifically intended to compare laminar flame velocities 

for different fuels, but to predict the performance, of 

engines operating on these fuels. Such predictions 

depend on the turbulent flame velocities rather than 

laminar velocities. Theoretical characteristics obtained 

for the model show that the turbulent flame velocity is 

sensitive to the following two quantities: (i) the crank 

position for peak pressure and (ii) the fraction of the 

Propane-air mixture at stoichiometric ýatio 

in the present theoretical calculations, the flame 

factor ; Kto which determines the burning velocity of, the,, -.,, - 
cylinder contents, includes the effects of variation of Ulý_' 

with air-fuel ratio. 
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properties of the substance; 

the combustion products, 

reaction. 

Kuehl [30] proposed 

laminar burning velocity of 

s forming the unburned mixture, 

and the chemical nature of the 

an equation for finding the 

propane Ul of the form: 7- 

x 4.938 
Ul - 7784 (PO/P)/[(10000 K/Tb)+(900 K/Tu)] (3.4 5) 

where Tb and Tu are the thermodynamic temperatures of 

the burned and unburned zones, PO is the datum state 

pressure, and P is the combustion chamber pressure. The 

index x is assigned a value from observations of 

-WIV 
experimental measurments. 

There are several other forms of equations for 

laminar flame velocity [31-361 but in most instances (as 

with 3.45) these have been developed for propane. It is 

assumed in this analysis that the equation for laminar 

flame velocity of the fuels involved in the present 

investigation is of the same form as that for propane 

(equation 3.45), as was proposed by Kuehl, since it is not 

specifically intended to compare laminar flame velocities 

for different fuels, but to predict the performance of 

engines operating on these fuels. Such predictions 

depend on the turbulent flame velocities rather than 

laminar velocities. Theoretical characteristics obtained 

for the model show that the turbulent flame velocity is 

sensitive to the following two quantities: M the crank 

position for peak pressure and (ii) the fraction of the 
Propane-air mixture at stoichiometric ratio 

in the present theoretical calculations, the flame 

factor *Kt, which determines the burning velocity of the 
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air-fuel mixture burned. 

Peak pressure can be monitored on an engine using a 

pressure transducer and an oscilloscope. For the model and 

in an actual engine with a given ignition timing, a higher 

turbulent flame velocity shifts the peak cycle pressure 

position towards TDC. It is possible to verify the 

turbulent flame velocity relation, if the rate of burning 

during the combustion process is determined. Other 

investigators [24 and 251, have employed specific 

relations for the purpose of calculating the mass fraction 

burned relative to time. They show that about 50 per-cent 

of the charge is burned during the first half of the 

combustion interval. The combustion is taken to be 

symmetrical about TDC giving a basis for determination of 

the flame velocity, given the position of the spark event. 

Since the flame propagation rate is taken to be the 

sum of the laminar flame velocity and a quantity 

representing the incompletely known effects of other 

parameters, calculation of turbulent flame speed is 

usually based on the laminar flame speed (28,37,381. A 

well established equation for this is: 

Ut - (Kt)X(Ul) 

where Ut and U1 are turbulent fli 

flame velocities respectively. Kt 

the other parameters affecting 

cylinder, not taken directly into. 

the laminar velocity. 

Several equations have been 

(3.46) 

ame velocity and laminar 

is a factor representing 

the burning rate in the 

account in determining 

proposed to represent Kt 
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the flame factor, as a function of the engine speed (N). 

The general form of such equations is linear: 

Kt-l+bN 

Phillips and Orman 137] proposed that the factor b, 

for a Ricardo E6 engine was: 

b- 0.002 min/r. (3.47) 

while Lucas and James [28] found b to be: 

b- 0.00197 min/r. (3.48) 

and Hodgetts [38] found b for a Zodiac Mark III engine to 

be: 

b- 0.0017 min/r. (3.49) 

Tabaczynski [27] related Kt to several parameters 

including the scale of turbulence, combustion chamber 

depth, and unburned mixture density. Heikal et al [391 

presented the relation in terms of flame factor, transport 

properties and piston speed. 

Other investigators [40-44] have proposed global 

reaction rates without relating them to laminar flame 

velocity. Annand [45] concluded that a secondary reaction 

in the burning gas was also of importance in spark 

ignition engine combustion chambers. 

The flame factor Kt, used in the present model is an 

input parameter having a value giving mass fraction burned 

and pressure predictions, closest to experimental 

observations. 

Calculations have been performed, predicting the 

performance of the Ricardo E6 spark-ignition engine 

running on iso-octane (representing gasoline), propane, 
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methanol, and ammonia. The results are presented in 

chapter 5. 

3.5.3 Combustion process calculations 

The combustion process calculations are carried out 

for each increment corresponding to a change of 

crank-angle as expres. sed in equation (3.21). During the 

step, a small layer of mixture will react at the flame 

front as the flame propagates, so that at the end of the 

step the size of the burned zone will have increased and 

that of unburned zone decreased. 

The composition of the unburned zone 

mixture of different ideal gas species 

the effect of fuel dissociation is taken 

described for the compression process. TI 

as described in 3.5.1. 

The initial and final equilibrium 

step are illustrated in figure (3.3). 

is regarded as a 

and for ammonia, 

into account, as 

he burned zone is 

states for each 

Ix. \NW; ý ý1 
, 

ýb\u 
rnedz burned zone zoneý, new 

-4--burned 
1wor king zone 

initiall I&I 
state vi 1heating I V2 

III final 
junburned zonel Junburned zonel state 

Fig. (3.3). Initial and final states for a 
step in the combustion process. 

The initial state is known and the final state is 
found by assuming that the process involves several 
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sub-steps as is considered below. 

SUB-STEP (A). Piston movement with heat transfer 

During this sub-step, there is a small volume change 

of the cylinder above the piston (due to piston movement 

with rotation of crank shaft), and heat transfer takes 

place between cylinder contents to the surrounding 

surfaces. When sub-step (A) is a compression step, the 

calculations are similar to those of section (3.3). The 

initial and final states of this sub-step are shown in 

figure (3.4). 

\Plb, \Vlb'*, Tlb\l p2b, v2b, T2! KN 

w 
I 

w2lý\ 
u ned zone Iu ned zi, 

>n 

Iworking II 
initial IIII final 

state I Plu, Vlu, Tlu Iheating I P2u, V2u, T2u I state 
I wlu II w2u I 
lunburned zonel junburned zonel 
IIII 

Fig. (3.4). Initial and final states 
for sub-step (A). 

After TDC the cylinder volume increases with 

crank-shaft rotation, otherwise the principles of 

calculation are the same. 

SUB-STEP (B) -Combustion of a thin layer of the mixture 

During this sub-step, a small fraction of unburned 

mixture burns, as the flame propagates. The combustion is 

assumed to be adiabatic at constant volume, and the number 

of zones increases to three. 

The amount of material in the new burned zone is 

computed from the time period for the whole step, the 

turbulent flame velocity, and the combustion chamber 
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dimensions. It is assumed that there is no change in 

intensive properties for the unburned and old (previously) 

burned zones, so that at the end of this sub-step the 

three zones have different properties. The initial and 

final states are shown in figure (3.5). 

1 Nold\ old 
, 
\\X 

% 

41 W 

Eý2, V2 
urned zo e burned%zone . 4__T2, v72 

II new 
1working-0 I i; urned 
III zone 

P2u, T2u, w2u Iheating-OIP2u, T2u, w2u-v; 21 
V2u II V2u- Nr2 I 

lunburned zonel Junburned zone I 
initiall III final 

state IIII state 

Fig. (3.5). Initial and final states 
for sub-step (B). 

The principle of energy conservation is applied to 

calculate the state of the new burned zone, at the end of 

sub-step B. 

DE- E2-El - Q+W - 

n 41 

E2 -E (T2) ei M) gi (3.50) 

n 
El -E (T2u) -= ei (T2u) ai 

i-1 

where gi and ai are the number of moles of species i in 

the final and initial states, and ei(T) is the molar 

internal energy for species i at temperature T. 

The procedure for calculation starts with an 

estimation of T2 and the formation of a function F(T*2). 

where: 
A, IV F (T2) -E (T2) -E (T2u) (3.52) 
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and the correct value of 1ý2 would result in function 

F(i2) being zero. If the estimated T*2 is incorrect a new 

-V T2 is calculated by use of the Newton-Raphson method and 

the calculation continues until the difference between two 

successive estimates of T2 is less than a specified limit. 

The-mole fractions of the different species in the 

burned and unburned zones are calculated as described in 

section (3. S. 1) . 
SUB-STEP(C). Unification of the two burned zones 

During this sub-step, the old burned zone and the new 

burned zone which initially have different properties 

become uniform with uniform temperature and pressure, in a 

new equilibrium state. The initial and-final states of 

this sub-step are shown in figure (3.6). 

IP72 T, 2, iW2 
, 
\P21: ý, T2b 

e NX \old Lý\\, unit d 
§ýýburned \, 

zone, 
burned 

\\\ 
6> zone 

I final initial 1ý m 1working-01 
state I state 

IP2u, T2u, V2u-Nr2l IP2u, T2u, V2u-V21 
I w2u-42 1heating-01 w2u-42 I 
Junburned zone I Junburned zone I 
IIII 
IIII 

Fig. (3.6). Initial and final states 
for sub-step (C) 

This sub-step is at constant volume for the whole 

system, and it is assumed to take place adiabatically, so 

the working and heat transfer terms are again zero. 

The unknown final conditions may be determined from 

an energy balance such that: 

DE-E2-El- 0 
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n 
where E2-E(T2)- ei(T2) gi (3.53) 

and gi is the number of moles of species i in the final 

state for thermodynamic equilibrium, El is the sum of the 

internal energies of both burned zones at the beginning, of 

the sub-step which remains constant during the sub-step. 

The following equation is used: 

F(T2)- E2-El 

and for the correct value of T2, F(T2) is zero. The 

Newton-Raphson method is employed for the solution. The 

pressure P2 for the burned zone can then be found from ! F2. 

SUB-STEP (D). Equilibration of Rressure 

During this sub-step, the pressure of the burned and 

unburned zones are equalized, giving a uniform pressure 

for -the- whole cylinder contents, with new uniform 

temperatures for each zone being established. This 

adiabatic constant volume process produces a new 

equilibrium composition for the burned zone. The initial 

and final states are shown in figure (3.7). 

P2, T2, 
\2, 

\ PF, TBF. wbf\ý 
burned zon*e\ý; r ýýurýneýd 

initial I lworking=O final 
state II state 

jP2u, T2u, w2u-iq'2jheating-0j PF, TUF, wuf I 
IIII 
lunburned zone I Junburned zonel 

Fig. (3.7). Initial and final states 
for sub-step (D) 

From equation (3.1): 
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DE - E2-E1 -0 

where El is the sum of initial internal energies for 

burned and unburned zones at the beginning of the sub-step 

which remains constant at the value calculated in the 

previous sub-step and E2 is the sum of final internal 

energies of both burned and unburned zones. 

Three properties of the final condition are unknown: 

PF (the final pressure in the cylinder), TUF and TBF, the 

final temperatures of the unburned and burned zones 

respectively. For the gas in each zone: 

R/cpr 
TUF- T2 (PF/P2) (w2/wuf) (3.54) 

R/cpb 
TBF- T2 (PF/1ý2) (ý72/wbf) (3.55) 

where wuf and wbf are the total numbers of moles of 

species in the unburned and burned zones at TUF. and TBF 

respectively. 

The --calculation procedure starts with an estimate of 

PF and calculates TUF and TBF. For the correct choice of 

PF, the quantity DE (E2-El) is zero. If it is not, by 

using the Newton-Raphson method a new estimation of PF is 

found thus: 

PF new PF old - F(PF)/i(PF) (3.56) 

where F(PF) DE- E2-El (3.57) 

and i(PF) d[F(PF)I/d(PF) (3.58) 

from equation (3.58) we have: 

d[F(PF)I/d(PF)-d[E2]/d(PF)-d[Ell/d(PF) 

where El is constant and d[El]/d(PF) is zero, and 

E2- Z2 + g2 (3.59) 
TBF TUF 
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i(PF)-d[E2]/d(PF)-d[E2 I/d(PF)+d[E2 I/d(PF) 
TBF TUF 

d[i2 I/d(PF)-d[ý2 I/d(TBF)*[d(TBF)/d(PF)l 
TBF TBF 

d(E2 I/d(PF)-d[E2 I/d(TUF)*[d(TUF)/d(PF)l 
TUF TUF 

d[i2 I/d(TBF)-(wbf)*cv (3.60) 
TBF TBF 

d[i2 I /d (TUF) - (wuf ) *cv (3.61) 
TUF TUF 

The parameters d(TBF)/d(PF) and d(TUF)/d(PF) are 

calculated directly from equations (3.54) and (3.55) 

respectively. 

The calculation is repeated for each new estimate of 

PF until the difference between two successive values is 

less than a specified limit. 

The final conditions calculated for sub-step (D) is 

used as the initial conditions for sub-step (A) of the 

next step. The calculations for each step continues until 

all of the fuel is assumed to have reacted (ie when the 

flame has passed through all the unburned mixture). At 

this point the combustion process calculations 

automatically terminate, and the expansion process 

calculations-start. 
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3.6 E2jqansion proceal 

The final specification of the properties of the 

last step of the combustion process is taken as the 

initial specification of the first step of the expansion 

process. 

The expansion process is divided into a number of 

steps each having the same volume change as a step of the 

compression process. 

For every step, both working (due to cylinder volume 

change) and heat transfer (between the cylinder contents 

and the surrounding surfaces)-are taken into account. 

At the end of each step the composition, temperature 

and pressure are uniform and are taken as those for the 

start of the next step. 

In the expansion, the cylinder contents are assumed 

to comprise the same species as the burned zone in the 

combustion process. 

The reactions taking place during the expansion 

process are similar to those in the combustion process, 

as described in section (3.5.1), and the concentrations of 

the products are calculated in the same way. The initial 

and final states of a typical step of the expansion 

process are shown in figure (3.8). 
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Fig-(3.8) Initial and final states for a 
step in the expansion process. 

The procedure to calculate, the final conditions from 

a known initial one, is performed using the principle of 

energy conservation with working and heat transfer 

calculated as described in section (3.3) for the 

compression process. 

The correct T2 would result in a function F(T2) being 

zero where: 

F(T2)-E2-El-Q-W 
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A Ricardo E6 Research Engine was used for the 

experimental investigation. 

Details of the engine and the monitoring equipment 

used to obtain the required information from the engine 

operating with different fuels are shown in figures 

(4.1&4.2) and described in this chapter. 

4.1 E2Werimental engine 

The Ricardo E6/R research engine is a single 

cylinder, four stroke engine. It can be fitted with a 

compression ignition or a spark ignition cylinder head. 

For work performed in this investigation the spark 

ignition configuration was employed. Details of the engine 

are given in table 4.1. 

An important feature of the E6 engine is that the 

compression ratio can be varied from 4.5: 1 to 20: 1. 

In the spark-ignition engine version, the combustion 

chamber is disc shaped with the spark plug situated in 

the top surface towards the edge of the combustion 

chamber, between the inlet and exhaust valves. 

The compression ratio can be adjusted by moving the 

cylinder and cylinder head relative to the crank case in a 

direction perpendicular to the crank shaft axis. It is 

possible to perform this operation while the engine is 

running. 
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The position of the cylinder is measured by means of 

a micrometer. The total movement required to raise the 

compression ratio from 4.5: 1 to 20: 1 is 25.4 mm. 

A calibration curve is used to obtain the compression 

ratio from the micrometer reading. 

Table 4-. 1. Engine specification 

engine type Ricardo E6/R 

serial no. 18-45 

number of cylinders 1 

valve operation single over head camshaft 

bore 7 6.2 rmn 

stroke 111.1 mm 

connecting rod length 231.7 mm. 

speed range 1000-3000 r/min 

spark plug type K. L. G RC. 5/4H 

4.1.1 Lubricating system 

The lubricating system is a wet sump type, with an 

external gear pump driven by an alternating current o. 5 hp 

(0.373 M electric motor. 

Oil is pumped through an oil filter to the 

big-end, main bearings and camsshaft. A pressure relief 

valve allows the excess oil from the pump, to return 

directly to the sump. 

A 500 Watt electric immersion heater is located in 

the sump for warming the oil before starting the engine. 

This heater may also be operated when the engine is 

running to maintain the oil temperature at some prescribed 
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level. An oil cooler is available, enabling the 

temperature of the oil to be controlled at any desired 

value. Water is used as the coolant in this heat 

exchanger. 

4.1.2 Cooling sYstem 

The engine cooling system is a semi-closed loop. 

Cooling passages are provided in the cylinder head and 

barrel. A centrifugal pump, driven by an alternating 

current electric motor is used to circulate water, from 

a header tank. A thermostat is used to limit the maximum 

cooling water temperature. When the engine is cold, the 

coolant circulates in a closed loop through the water 

pump, cylinder jacket, cylinder head and thermostat. When 

the coolant temperature reaches the operating temperature 

of the thermostat then the thermostat (control valve) 

opens and the hot coolant is directed to the laboratory 

cooling water circuit and fresh coolant from the header 

tank enters the loop. The cooling water flow rate through 

the engine is measured by use of a variable area flowmeter 

(rotameter). A calibrated transparent flask is used to 

measure the flow rate of the water returning to the 

laboratory cooling system. The temperature of the coolant 

is measured by copper constantan thermocouples located in 

the inlet and outlet positions. These temperatures 

together with the coolant flow rate, enable the heat 

transfer from the engine to the cooling water to be 

calculated. 
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4.1.3 Ignition system 

A magneto is used to provide the electric pulse to 

the sparking plug to ignite the mixture of fuel and air in 

the combustion chamber. The magneto is driven from the end 

of the overhead camshaft. The timing of the contact 

breaker can be varied by a lever which rotates the cam and 

relative to rotating contant breaker in the magneto. The 

ignition timing is indicated by the position of the lever 

on a plate graduated in degrees of crank-shaft rotation. 

This has a range from 0 to 100 degrees advance before top 

dead centre and is graduated at 1 degree intervals of 

crank-angle. 

4.1.4 Power absorption syste 

A swinging field direct current electric dynamometer 

is provided to absorb the power produced by the engine. 

This dynamometer is coupled directly to the crank-shaft 

of the engine and is of sufficient capacity to absorb the 

maximum power of the normally aspirated E6 engine as 

reported in this thesis. 

The electricity generated in the dynamometer, is 

dissipated in a bank of resistors, located outside the, 

laboratory. The dynamometer can be used as a motor to 

start the engine. A bank of resistors is used to vary 

the field of the dynamometer and hence the load on the 

engine. A rheostat is used to make fine adjustments 

between the increments of the resistors in bank. 
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An electric relay, energized by the dynamometer field 

current is connected to the magneto for the purpose of 

ignition cut-off in an emergency. In the case of a failure 

of the current supply to the dynamometer, during engine 

operation, the relay would act and the ignition would be 

cut-off. In addition to this safety cut-off system a 

manually operated switch is provided to shut down the 

engine if needed. 

4.1.5 Air supRly system 

To find the flow rate of air to the engine an 

orifice plate placed in the end of a large 

pulsation-damping vessel is used. The orifice diameter is 

19.3 mm and the upstream pipe diameter is 51.05 mm. The 

pressure difference between the two sides of the orifice 

is measured by a water manometer. A second manometer is 

used ' to measure the gauge pressure in the 

pulsation-damping vessel. Before entering the engine, the 

air had to pass through the carburettor used in the 

standard fuel supply system. For ammonia and propane a 

special fuel system was designed. These fuels were 

introduced into the inlet tract using a jet with a needle 

valve located in a 20 mm thick stainless steel plate, 

placed between the carburettor and the inlet port to the 

engine(see fig 4.3). 

4.1.6 Fuel su221y system 

At the commencement of the research program the 
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system available for metering fuel into the air was a 

Solex Model HBF carburettor. This carburettor has a 

horizontal choke tube and a butterfly valve for throttling 

the air flow into the engine. The carburettor had been 

modified prior to the current work with a tapered needle 

controlling flow through the main jet. 

The original fuel system consisted of a fuel tank, a 

calibrated fuel flask, a filter and a carburettor. 

The fuel flow rate, in the original fuel system, was 

measured by using the calibrated flask and recording the 

time to use the known volume of fuel from the flask. This 

fuel system was used initially for obtaining data for 

gasoline and methanol. A new fuel supply system was 

designed and installed for propane and ammonia. 

The majority of components used in the new fuel 

system were made from stainless steel to eliminate 

difficulties with material compatibility. 

Ammonia is known to affect some common constructural 

materials, in particular copper and copper containing 

alloys. Methanol also corrodes lead, magnesium, 

aluminium, tin, and iron. Contact with methanol leads to 

swelling of some plastics and rubbers. 

The new fuel system was designed to transfer liquid 

ammonia from the storage cylinder to the inlet tract after 

the Solex carburettor. At a laboratory temperature of 

about 200C, the saturation pressure for the equilibrium 

of liquid and vapour is about 850 kPa in the case of 

ammonia and 825 kPa for propane. Thus all of the 
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components used in this fuel system were carefully 

designed or selected to withstand pressures in excess of 

2 MPa. Since ammonia is hazardous substance, considerable 

care was taken over the safety aspects of design of the 

fuel system. Two solenoid 'shut-off' valves were located 

in the system, one before the fuel filter and the other 

immediately after the ammonia cylinder outlet. These 

valves were arranged to cut-off the fuel flow in the case 

of any undesired change of conditions in the fuel 

system or of the engine (see 4.1.8). In addition to 

the two solenoid valves, two manual 'cut-off' valves were 

also included in the system. 

Two pressure gauges were installed in the fuel line, 

to faciliate regular checks of the pressure in the fuel 

supply system. One was located after the pressure switch 

and the other was after the flowmeter. With the fuel 

system functioning correctly the two gauges should give 

the same reading, a pressure drop due to viscous effects 

with normal flow rates being insignificant. The pressure 

gauges, pressure switch, flow meter, fuel filter, 

one of the solenoid valves, the manual valves, and as 

much as possible of the associated pipe work and fittings, 

were located in a sealed cabinet, specially designed for 

this work (see fig 4.4). 

This cabinet would contain any ammonia leaking 

from the fuel system during the experiment. An ammonia 

sensor installed in this cabinet was able to indicate the 

concentration of any ammonia present inside the cabinet. 
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Two other gas sensors were located in appropriate 

places to detect any significant ammonia concentrations. 

one of these was positioned in the laboratory above the 

fuel system, since ammonia is less dense than air. The 

other was located in the pulsation-damping vessel, in 

case the engine stopped without the solenoid valves 

closing, and for this or some other reason flow of 

ammonia could be into the pulsation-damping vessel. 

Two flexible stainless steel pipes were connected to 

the cabinet, one conveying ammonia from the ammonia 

cylinder to the system inside the cabinet, and the other 

connected to the fuel metering jet in the inlet tract to 

the engine. This jet was located after the carburettor. 

In priliminary attempts to run the engine on liquid 

propane as fuel, the flow meter indicated, that there were 

fluctuations in fuel flow rate, which resulted in erratic 

engine performance. 

Further checks showed that the reason for the 

erratic engine performance at the higher propane flow 

rates, could result from the following events. Due to the 

high enthalpy of evaporation of Propane, ice from water in 

the air formed around the needle seat, where liquid fuel 

was introduced into the flowing air. This resulted in a 

partial blockage of the jet restricting the fuel -flow to 

the engine. The air flow With the reduced fuel -flow was 

probably able to melt the ice and restore the higher 

fuel flow rate. This cycle, when repeated, giving- the 

erratic engine running. 
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In an attempt to provide better control of the fuel 

flow, a modified timed injector was used. A special 

control unit was also designed and built to adjust the 

starting point and duration of fuel injection (see fig 

4.1). This injector was located at the same position as 

the first needle valve. With the new system, all attempts 

to run the engine steadily on propane were unsuccessful 

and erratic combustion was again observed. 

To solve the problem, a very small electric heater 

was located at the extreme tip of the jet first used (see 

fig 4.3), to raise the temperature of the metal around the 

exit from the jet. A controller was built for the heater 

so that the temperature of the metal around the exit could 

be set to a desired value (see fig 4.1). This arrangement 

was effective, no further freezing problems were observed. 

4.1.7 The exhaust system 

The exhaust pipe was connected to a pulsation-damping 

vessel fitted with an orifice plate to measure the 

exhaust gas flow rate. For safety reasons three blow-off 

valves plus a pressure relief valve were mounted in the 

end of the damping vessels. 

A gas sampling probe was provided to extract exhaust 

gas for analysis. The sample point was in the exhaust pipe 

about 650 mm from the cylinder head, just before the 

damping vessel. A chromel-alumel thermocouple was also 

fitted into the exhaust manifold to measure the exhaust 

gas temperature at a distance of 150 mm from the cylinder 
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head. I -? - 

To measure the temperature of the exhaust gas in the 

damping vessel, an iron-constantan thermocouple, was 

located in the middle of the damping vessel. Since there 

was the possibility, when using ammonia, of having some 

unburned'. 'ammonia in the exhaust gas, -, three water spray 

nozzles were in addition fitted into the top surface of 

damping vessel. These nozzles were provided to supply 

sufficient water to dissolve any unburned ammonia present 

in the combustion products. The combustion products 

entered the vessel through a pipe of '40 mm diameter at 

the bottom and left through a-' pipe of 55 nun diameter at 

the top (see fig 4.4). 

Water possibly containing dissolved ammonia formed a 

25 mm deep pool in the bottom of the damping vessel and 

was removed through three pipes to a small tank where 

further dilution with water took place. 

The exhaust, products, 1eaving the damping vessel were 

conducted, to the laboratory exhaust-gas extraction system. 

To determine the composition of the exhaust gas, five 

gas analysers were used to measure the concentration of 

the following gases: -carbon monoxide, carbon dioxide, 

oxides of nitrogen, oxygen and unburnt hydrocarbons. The 

specification and principles of operation of each gas 

analyser is given-in-section 4.2 on instrumentation. 
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4.1.8 Safety and ala= sYstems 

A major objective of the research was to use ammonia 

as an engine fuel. It appeared that using liquid ammonia 

rather than vapour was appropriate for two reasons. First 

supplying and metering liquid should be simple. Second the 

performance of the engine -with liquid ammonia would be 

closer to that when using gasoline. To do this, fuel had 

to be at a relatively high pressure throughout the fuel 

line because of the high saturation pressure of ammonia 

at laboratory temperatures. Use of liquid ammonia 

necessitated the design of the fuel system described in 

section 4.1.6 and associated safety arrangements as 

described below. 

The fuel supply from the cylinder was cut-off by 

solenoid valves operating upon receiving a signal from one 

of the following five sources: 

1. A=nonia supply pressure 

A pressure switch located in the sealed fuel 

system cabinet between a solenoid valve and a pressure 

gauge was adjusted to pre-set maximum and minimum 

pressures. If the pressure in the fuel line went outside 

these limits, the pressure switch would close the solenoid 

valves. 

II. Engine speed 

The speed sensor was also set to a lower limit below 

which the solenoid valves would close. This lower speed 
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limit would occur if the engine was going to stop due to 

incomplete combustion of the fuel. The needle-jet device 

would still have allowed fuel to flow. 

III. Gas sensors 

The three gas sensors provided as described earlier, 

in the sealed cabinet, the inlet air damping vessel, and 

in the laboratory were calibrated and set at a 

concentration of 1 percent ammonia (the minimum adjustment 

level of the sensor). In the event of an ammonia 

concentration higher than 1 percent in any of the three 

locations, a signal would activate the solenoid valves. 

IV. Manual push-buttons 

The operation of either of the two manual 

push-buttons one close to the engine, the other outside 

the laboratory would close the solenoid valves. 

V. Power failure 

Any power failure would also close the solenoid 

valves. 

Should the solenoid valves operate subject to any of 

the above signals, the fuel supply would be cut-off and an 

alarm bell would sound accompanied by a flashing red 

light. 

4.2 Instrumentation 

To obtain the required data to assess the 
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performance of the engine operating with a selection of 

fuels over a range of air fuel ratios and compression 

ratios, the test rig was equipped with the appropriate 

instrumentation. This instrumentation is illustrated 

schematically in figures (4.1&4.2) and described in the 

following section. Further information about the 

instrumentation is provided in appendix [D]. 

4.2.1 Te=eratU= 

The temperatures of the air passing through the 

damping chamber orifice was measured by means of a mercury 

in glass thermometer. This was needed to calculate the air 

flow rate to the engine. The temperature of the coolant 

was measured by copper constantan thermocouples located in 

the inlet and outlet positions. 

The temperature of the air fuel mixture in the inlet 

tract, the engine cooling water temperature in the water 

reservoir, the temperature of the exhaust gas in the 

damping vessel, and the gas temperature in the sample line 

were measured by means of iron-constanIC'thermocouples. A 

digital indicator was used to display Celsius temperature 

measured by these thermocouples. 

Exhaust gas temperature was measured by use of a 

chromel-alumel thermocouple located 150 mm, from the 

exhaust port. The signal from this thermocouple was 

displayed on a moving coil type indicator. ý This 

temperature was of particular importance since ýit also 

directly, provided -information about the efficiency of, 
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The transducer had a very short response time, so that 

near instantaneous changes in cylinder pressure could be 

monitored. This system was particularly important for 

finding detonation limits. 

To get the cylinder volume and the crank position on 

the oscilloscope, a Tektronix function generator was 

coupled to the end of the crank-shaft. This function 

generator could give a saw-tooth wave-form signal 

proportional to the crank position and pulse wave-form 

signal as markers of the crank-angle. It also gave 

modified sine wave-form signal proportional to the 

cylinder volume. - 

The cylinder-pressure signal from the piezo-electric 

transducer applied to the Y axis, provided the 

pressure-crank-angleý diagram when the saw-tooth 

wave-form signal from the function generator was applied 

to the X axis of the oscilloscope, and the pressure-volume 

diagram when the modified sine wave-form signal was 

applied to the X axis. 

The signals created by the function generator, had to 

be conditioned before going to the oscilloscope. For this 

purpose a combination of amplifier and logic stage was 

provided as the interphase circuit, suitable for either a 

two-stroke or a four-stroke engine. This circuit together 

with the storage capability of the oscilloscope enabled 

diagrams for individual cycles to be displayed and held on 

the oscilloscope. 
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4.2.5 Fuel flow-measurments 

Two fuel systems were used, the original used 

with fuels which are liquid at ambient pressure and 

temperature and a new system. The new system was 

designed for substances which would be in the gas phase at 

normal pressures and temperatures. 

I. Standard fuel system: 

A number of runs with gasoline and methanol were 

carried out using the original fuel system in which a 

fuel flask with calibrated volumes of 1/16,1/8 and 1/4 

pint (35.5cc, 71cc and 142cc) was used and the time 

required to consume 1/16 pint (35.5cc) of fuel recorded. 

II. Modified fuel system: 

With ammonia and propane the fuel line was under a 

pressure of about 850 kPa (8.5 bar), and the parts used in 

this line had to be compatible with the fuels involved. A 

turbine-type flow meter made from 316 stainless steel by 

Litre Meter Limited was chosen to measure the fuel-flow 

rate. This consisted of type "Qty 111 transmitter and type 

IILM 05/SS/2011 flow meter. The components of the turbine 

assembly of the meter were made of 316 stainless steel. 

Rotor and bearings were poly vinyl di-fluoride PVDF and 

sapphire respectively. This meter was suitable for use 

at pressures upto 2 MPa (20 bar), and at temperatures of 

upto 135 C. 

The signal from the turbine (rotor assembly) was 
11 
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transmitted to a digital display unit on which flow rates 

were displayed in litres per minute. 

4.2.6 Exhaust gas analysers 

To analyse the composition of the exhaust gases, two 

continuous sample lines were provided. First, an 

electrically (resistance) heated line, to provide samples 

for an oxides of nitrogen analyser, and the second, a 

cooled line, to provide the required sample for carbon 

monoxide, carbon dioxide, oxygen, and hydrocarbon 

analysers. 

The required inlet temperature of the sample line for 

0 the oxides of nitrogen analyser was 130 C. The gas 

temperature in the sample line was adjusted by varying the 

current through the sample line tubing. 

For the second sample line, it was important to 

remove all the water from the sample reaching the gas 

analysers. For this purpose, a water trap comprising an 

ice bath and dessicant (silica gel) was provided. 

There is the possibility that some hydrocarbons would 

be retained in the water trap, particularly when using 

alcohol fuels. This disadvantage is weighed against that 

of condensation of water vapour in the gas analyser. 

Both sample lines were provided with filters to 

remove any particles in the gas, prior to entering the 

analysers. 

A diaphragm pump was placed in the sample line before 

the analysers and each analyser was fitted with a gas flow 
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meter, so that the required flow could be obtained. The 

excess gas drawn through each line by the sample pump, was 

bypassed along with that from the outlets of the gas 

analysers to the laboratory exhaust-gas extraction system. 

4.2.7 Details-of gas analysers 

I. Oxides of nitrogen analyseX 

The oxides of nitrogen analyser, used in the 

experiment, was a Signal "Luminox L201B" analyser. The 

principle of its operation is based on the 

chemiluminescent gas-phase reaction between ozone and 

nitric oxide (NO): 

NO +0- NO +0 
322 

A -proportion of the generated nitrogen dioxide is 

electronically excited. The excited nitrogen dioxide 

radiates energy with a wavelength between 0.6 and 3.0 

micrometers as it decays to its base state. The quantity 

of energy radiated varies linearily with nitric oxide 

concentration and is viewed through a suitable optical 

filter, by a photomultiplier tube. This is calibrated to 

provide the measured nitric oxide concentration. 

To prevent moisture condensation, there is a heated 

sample module, prior to a vacuum pump section of the 

analyser, which is set to each about 130 C by the 

manufacturer. 

The oxides of nitrogen analyser is equipped with an 

ozone generator housed within a screened enclosure. The 

screen minimizes radio frequency radiation. - A high level 
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of this radiation might cause noise in the electronic 

circuits, or malfunction of the logic circuits. - 

To measure nitrogen dioxide, it is necessary first to 

convert it to nitric oxide (NO), because unlike nitric 

oxide, nitrogen dioxide does not react with ozone. The 

conversion occurs at an elevated temperature of about 

0 650 C. 

2NO - 2NO +0 
22 

however the unconverted nitrogen dioxide would in the 

presence of carbon under go the reaction: 

NO +C- NO + CO 
2 

or 2NO +C- 2NO + CO 
22 

The convertor temperature, is sensed by a 

chromel-alumel thermocouple and is monitored by a meter 

on instrument front panel. The convertor is designed to 

prevent undesirable side reactions. 

When the analyser is switched to the NO position, the 

nitric oxide concentration is measured. By switching it to 

the NOx position, the measured value is OF the original 

nitric oxide plus the nitric oxide converted from nitrogen 

dioxide, thus the difference between the readings at the 

two positions is the nitrogen dioxide concentration in the 

sample. 

II. Oxygen analyser: 

The physical property, paramagnetism, distinguishes 

oxygen from many other gases. This property provides a 
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very good basis by which to identify the amount of oxygen 

in a mixture of different gases. The Servomex oxygen 

analyser, "type OA. 25011, used in these experiments, has 

two oxygen-filled spheres at either end of a bar, forming 

a dumb-bell. The bar is suspended horizontally in a 

magnetic field created by a current passing along a 

fine vertical suspension wire through the centre of the 

dumb-bell. The spheres and bar, as a whole, are located 

in a detection or measuring cell. When the sample gas 

passes through the cell, the presence of oxygen in the 

mixture of gases changes the-magnetic field pattern, and 

causes the dumb-bell to deflect about its vertical axis. 

The torque, acting on the dumb-bell is proportional to the 

oxygen concentration. A mirror is located at the centre of 

the dumb-bell, so that a reflected beam of light falls on 

a split photo-cell. The reflected beam is sensed by an 

electronic control circuit, which passes a current through 

a coil on the dumb-bell. This current applies an opposing 

torque to maintain the bar in its original position. This 

current is amplified and displayed on the panel. 

It should be noted that, among the gases, oxides of 

nitrogen have a- high paramagnetic effect, so the 

paramagnetic analyser, can only be used where the 

concentration of these gases is very low. In the exhaust 

gases from a spark-ignition engine, the oxides of nitrogen 

concentrations are so low that the overall paramagnetic 

effect of these gases'is negligible, compared with that of 

oxygen. 
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III. 

Three Grabb Parson Infra-Red Gas Analysers, "model 

SB211, were used to measure the concentrations of carbon 

monoxide, carbon dioxide and unburned hydrocarbons. 

Infra-red radiation from a heater, is reflected 

into two absorption tubes B, and thence, into two energy 

detector vessels C. These vessels are filled with the gas 

to be detected. A rotating shutter is located to allow 

light to pass intermittently, but simultaneously, through 

the absorbing tubes, so there is a heating effect produced 

in both detector absorbing vessels. 

The detector vessels are seperated by, a thin metal 

diaphragm and a metal plate. The combination of the 

diaphragm and plate form an electrical condenser. There is 

a change in capacity, if a diaphragm deformation is caused 

by a pressure difference between the two detector vessels. 

If the gases in both absorbing tubes, are the same, 

the heating effect in the both absorbing vessels is the 

same, without any pressure difference between the two 

vessels. But when one of the tubes (analysing tube) is 

filled with the gas to be analysed and the other with air, 

then the energy balance is upset, because both detector 

vessels do not receive the same energy. This results in a 

deformation of the diaphragm and a capacity change which 

is electronically amplified and observed on the output 

meter. 
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Each analyser is calibrated for a specific gas. Each 

gas has its own absorption wavelength bands, and the 

length of absorbing tube used, depends on the gas to be 

measured and its concentration. Thus the presence of the 

other gases in the sample does not affect the result 

unless the absorption bands overlap those of the gas 

being measured. In this case filter tubes containing the 

interfering gas, would be included in the two optical 

paths. 

The carbon monoxide, carbon dioxide, and unburnt 

hydrocarbon analysers are sensitive but non-linear, so 

calibration is carried out by use of gases with known 

concentrations over the anticipated range of 

concentrations of the gases to be analysed. 

For each analyser, calibration curves were prepared, 

however for day to day checking, a complete calibration 

was not necessary, but a simple internal calibrating 

device was used to adjust the sensitivity control, as 

needed. 

4.2.8. Unburnt ammonia measurments 

A nuclear magnetic resonance NMR normalization method 

was used to measure the quantity of ammonia in the exhaust 

gas. The unburnt ammonia present in the combustion 

products was dissolved in water in the exhaust damping 

chamber and samples of this water were then analysed as 

follows: 

A measured amount of aluminium. nitrate-nonahydrate 
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Al(NO ) 9H 0 was added to a measured volume of the 
332 

solution. The relative concentratio of anunonia and added 

14 
nitrate were then determined by N nuclear magnetic 

resonance NMR spectroscopy. Armnonia and nitrate provide 
14 

well resolved resonances in the N NMR spectrum and the 

relative areas under these two resonances provide a good 

estimate (±5%) of the relative concentrations of the two 

species. 

The NMR spectrometer used was the Bruker "WH-40011 

system with a magnetic field strength of 9.4 T giving the 

14 
N resonance frequency of about 28 MHz. 
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PREDICTION OF ENGINE PERFORMANCE AND EMISSIONS 

5.1 Introduction 

The performance of the Ricardo E6 spark-ignition 

engine with liquid fuels: iso-octane, methanol, propane, 

ammonia, and with ammonia vapour was predicted for a speed 

of 2000 r/min for a range of air-fuel ratios and 

compression ratios. 

The effects of heat transfer between the gases in the 

engine and the surrounding surfaces, ignition-delay time, 

presence of residual combustion products and the duration 

of the combustion process were all considered. 

Dissociation of ammonia during compression was also taken 

into account. For the purpose of evaluating the relative 

effect of any one of these quantities, the model 

facilitiates selective omission of individual parts of the 

calculation or combinations of these parts. Comparison 

with experimental measurments and with other 

investigations [9&14] not considering the effect of any of 

these quantities, have been made in chapter 7 with and 

without inclusion of such effects. 

Exclusion of all of these effects should be regarded 

as an extreme case, with predicted values of quantities 

such as brake mean effective pressure and overall 

efficiency exceeding those obtained in real engines. 

The results obtained from the computer model are 

presented in the following sections. 
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5.2. MODEL 'INCORPORATING THE EFFECTS OF IGNITION DELAY 

TIME, COMBUSTION TIME, HEAT TRANSFER, RESIDUAL 

COMBUSTION PRODUCTS AND AMMONIA DISSOCIATION 

For these calculations, the computer model includes 

the effects of ignition-delay time, combustion duration, 

heat transfer from the cylinder contents to the 

surrounding surfaces, presence of residual combustion 

products and fuel dissociation (for ammonia). Since these 

effects are present in real engine operation, the results 

are directly comparable with actual spark ignition engine 

operation. 

Only the compression and expansion strokes are 

considered, the exhaust and induction loop of the cycle is 

neglected. 

In addition to engine dimensions and speed, other 

information is required as input data for the model. Some 

of these are obtained from experimental work for the 

actual engine and are derived from spark timing, the crank 

angle for the peak cylinder pressure, combustion duration 

and estimated mass fraction burned relative to crank 

position. Also required are cylinder wall temperature, 

induction tract temperature and pressure, air fuel ratio, 

and volumetric efficiency. 

I. The method described by Benson [231 has been used to 

provide an assesment of the ignition delay time. Here the 

delay is defined as the time needed for flame to occupy a 
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volume equal to (1/1000) of the maximum cylinder volume. 

The results presented are for the heat transfer from 

the cylinder contents to the surrounding surfaces obtained 

using the Annand correlation 1461 (equation 3.8). This is 

further compared with that of Rao [47] in chapter7. 

The computational analysis has been performed for 

each of the fuels, at a constant speed of 2000 r/min, over 

a wide range of air fuel ratios and compression ratios. 

5.3. MODEL WITH ASSUMPTIONS OF INSTANTANEOUS COMBUSTION 

AT TDC AND WITH NO HEAT TRANSFER, AMMONIA DISSOCIATION 

OR PRESENCE OF RESIDUAL COMBUSTION PRODUCTa 

In this part of the calculations, the compression 

process starts at BDC and the mixture of cylinder contents 

is compressed as the piston moves toward TDC, at which 

point instantaneous combustion is assumed to take place 

resulting in a step increase in pressure and temperature. 

The piston then moves down towards BDC and the cylinder 

contents expand. For the purpose of the model, only the 

compression process, the instantaneous combustion at TDC 

and the expansion process are considered. The 

exhaust-induction loop of the cycle is again neglected. 

In addition to the assumption of instantaneous 

combustion, the effects of fuel dissociation (for 

ammonia), heat transfer from the combustion chamber 

contents to the surrounding surfaces and presence of 

residual combustion products are ignored and the mixture 
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composition during the compression process consequently 

remains constant. 

The results are primarily of importance in comparison 

with those of the main model to quantify the various 

assumptions. 

The Figures for iso-octane considered seperately and 

propane, methanol, ammonia vapour and liquid ammonia are 

presented along with those for the main model in Figures 

5.1 to 5.48. 

Fig. (5.1) shows the variation of indicated mean 

effective pressure (IMEP) of iso-octane with compression 

ratio. At constant compression ratio, higher IMEP (or 

power output) is obtained with increasing equivalence 

ratio. 

Variation of IMEP with equivalence ratio at constant 

compression ratio is presented in Figure (5.2). As is seen 

from this Figure, at constant air fuel ratio the higher 

compression ratio results in higher power output, with 

corresponding higher temperatures and pressures. At a 

given compression ratio the maximum IMEP is at equivalence 

ratio 1.0. 

Figures 5.3 and 5.4 show the variation of indicated 

thermal efficiency of iso-octane with compression ratio 

and equivalence ratio respectively. These Figures indicate 

that at constant compression ratio, richer mixtures result 

in lower thermal efficiencies. They also show that, at 

constant air fuel ratio the indicated thermal efficiency 

is greater at higher compression ratio, corresponding to 
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the higher IMEP for the given quantity of fuel. 

Fig. (5.5) shows the variation of specific fuel 

consumption with compression ratio at constant air fuel 

ratio, and Fig. (5.6) shows the variation of specific fuel 

consumption with equivalence ratio at constant compression 

ratio. The specific fuel consumption is hi_gher for richer 

mixtures at a given compression ratio and higher for 

constant equivalence ratio at lower compression ratios. 

The effect of neglecting ignition delay time, 

combustion time, heat transfer and residual combustion 

products is shown in Figures 5.7 to 5.12 where equivalent 

trends are seen with correspondingly higher IMEP and 

indicated thermal efficiency and lower ISM 

Figures 5.13 to 5.36 give predicted 
the 

results using main model for the other fuels examined- 

propane, methanol and vapour and liquid ammonia. Similar 

trends are found and these are compared in the following 

Figures. 

Results presented in Figures 5.37 and 5.38 show that 

methanol gives the highest predicted IMEP, with liquid 

arnmonia next and propane, iso-octane, and ammonia vapour 

respectively lower. The value with ammonia vapour, is 

(12-18)% less than that of iso-octane, and about (20-30)% 

less than that of liquid ammonia, at a compression ratio 

of 10. The IMEP of methanol is (20-25)% and of propane 

(4-6)% higher than that of iso-octane. 

For a compression ratio of 10, the indicated thermal 
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efficiency of ammonia (liquid & vapour) is predicted to be 

about 2% higher than that of iso-octane, whereas the 

values for propane and methanol are the same and about 

1.5% higher than that of iso-octane (see Figures 5.39 & 

5.40). 

At a fixed compression ratio of 10, the ISFC of 

ammonia is about 2.3 to 2.4 times that of iso-octane, for 

methanol it is about 1.9 to 2 times and with propane it is 

slightly lower than that of iso-octane (see Figures 5.41 & 

5.42). 

For all of the fuels except for liquid ammonia, the 

results at constant compression ratio indicated a maximum 

IMEP, at around the stoichiometric air fuel ratio. For 

liquid ammonia, the IMEP increases up to an equivalence 

ratio of about 1.1 and remains at this level as the 

equivalence ratio increases further. 

The IMEP, at constant air fuel ratio, increases for 

all of the fuels, with increasing compression ratio. 

For all of the fuels involved, the indicated thermal 

efficiency decreases with increase in 0 at constant 

compression ratio, and increases with increase in 

compression ratio at constant air fuel ratio. 

Since for a given fuel the ISFC is proportional to 

the reciprocal of the indicated thermal efficiency, at 

constant 0 it is higher at lower compression ratio, and at 

constant compression ratio is is higher for richer 

mixtures. 
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When the effect of ignition-delay time, combustion 

duration, presence of residual combustion products and 

heat transfer is neglected, equivalent trends are seen 

but predicted values of IMEP are about 25 to 35% higher 

than the corresponding values predicted for the main model 

(depending on fuel and air fuel ratio). Consequently 

higher indicated thermal efficiencies and lower specific 

fuel consumptions are obtained (see Figures 5.43 to 5.48). 
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ISO-OCTANE SPEED=2000 r/min 
CN 0=1.0 

przo. 9 
CL 

CS) po. a 

CL : w 
0=0.7 

-------------- CO : ,- 

10 
compression ratio 

Fig. (5.1) Variation of indicated mean effective pressure 
with compression ratio at constant equivalence 
ratio, iso-octane. 
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CR=9 CL 
CR=8 
CR=7 CD 

-- /11 
CL 
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1.3 1.5 
FueL air eq. ratio 

Fig. (5.2) Variation of indicated mean effective pressure 
with equivalence ratio (0) at constant 
compression ratio, iso-octane. 
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0-I.. CS) IS0-0 ICOP T AN E SPEED=2000 r/min 

. N: LO -1 
%-If - 

U: M: 
0=0.7 
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0=1.2 

CD 
Cv") 

0=1.5 
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Qj C!; ) 

10 

compression rall., io 

Fig. (5.3) Variation of indicated thermal efficiency 
with compression ratio at constant 
equivalence ratio (0), iso-octane. 
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.7 .91 .11.3 1.5 
FueL air eq. ratio 

Fig. (5.4) Variation of indicated thermal efficiency 
with equivalence ratio (0) at constant 
compression ratio, iso-octane. 
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ISO-OCTANE SPEED=2000 r/min 
OFN (T) CS) 

LL J. 0 
U) LO 
0 --- 4 CD 0=0.7 

10 
c ompression ratio 

Fig. (5.5) Variation of indicated specific fuel 
consumption with, compression ratio 
at constant equivalence ratio (0), 
iso-octane. 
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.71.3 1.5 
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Fig. (5.6) Variation of indicated specific fuel 
consumption with equivalence ratio(O) 
at constant compression ratio, Iso-octane. 
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r,: ISO-OCTANE SPEED=2000 r/min 

CL 
57 0=0.9 ........... 

cy) 0= 0.8 
------- ------- 

-------- 
0=0.7 

10 
compression ratio 

Fig. (5.7) Variation of indicated mean effective pressure 
with compression ratio at constant equivalence 
ratio, iso-octane. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

0 ul 
CL 

ICL - 
LLJ 
2-- - 

A op 
. 10 000, ý 

ol 
�J / 

/ 

cR=lo 
CR=9 
CRZB 
CR=7 

1.5 

Fig. (5.8) Variation of indicated mean effective pressure 
with equivalence ratio (ffl) at constant 
compression ratio, iso-octane. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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w-1, C! D ISO-OCTANE SPEED=2000 r/min %sc Co 
C! D 
Lo 

---- ----- OzO. 7 
--- CL- 

CL 
CS) 021.1 ob 1.2 

C5 CD 
CY) 

CN 

10 
compression ratio 

Fig. (5.9) Variation of indicated thermal efficiency 
with compression ratio at constant 
equivalence ratio (0), iso-octane. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

. co 

CL. 
Cl- CD 
(li V- 
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CD 
04 

1 .31.5 
rat 1o 

Fig. (5.10) Variation of indicated thermal efficiency 
with equivalence ratio (0) at constant 
compression ratio, iso-octane. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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ISO-OCTANE SPEED=2000 r/min 
00 
CS) 

01 CO 

CD 
0=1.2 
0=1.1 

LL 
U) o. o. 7 

789 10 
compression ratio 

Fig. (5.11) Variation of indicated specific fuel 
consumption with compression ratio 
at constant equivalence ratio (0) , iso-octane. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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1.1 1.3 1.5 
FueL air eq. ratio 

Fig. (5.12) Variation of indicated specific fuel 
consumption with equivalence ratio(O) 
at constant compression ratio, iso-octane. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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PROPANE SPEED=2000 r/nin 
, 

0=1.2 
a- 

.--- ---- ---- --- j6=0.9 

0=0.8 

Lu 
0=0.7 

----------------------- 

789 10 
compression ratio 

Fig. (5.13) Variation of indicated mean effective pressure 
with compression ratio at constant equivalence 
ratiojpropane. 
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CR=10 
CR=8 
CR=7 

CL ui 

1.1 1.3 1.5 
Fueý air eq. ratio 

Fig. (5.14) Variation of indicated mean effective pressure 
with equivalence ratio (0) at constant 
compression ratio, propane. 
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PROPANE SPE Ell- 0=2 000 r/min 
--------- -- ff=O. 7 

%-. e g=I. o 
ul 
cn 

CL 

cj tn 
f=- C, ýj - O= 1.5 

1 144 

compression ratio 

Fig. (5.15) Variation of indicated thermal efficiency 
with compression ratio at constant 
equivalence ratio (0) , propane. 
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Fig. (5.16) Variation of indicated thermal efficiency 
with equivalence ratio (0) at constant 
compression ratio, propane. 
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PROPANE SPE-E0=2000 r/min 
Cr) 

0=1.5 

CS) 
0=1.2 

LL --- --------------- 0=1.0 
Lr) U-) 0=0.7 

10 

compression ratio 

Fig. (5.17) Variation of indicated specific fuel 
consumption with compression ratio 
at. constant equivalence ratio (jo) , propane. 
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Fig. (5.18) Variation of indicated specific fuel 
consumption with equivalence ratio(Z) 
at constant compression ratio, propane. 
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METHANOL SPEED=2000 r/min 
0= 1.0 
0=1.2 
0=1.5 CJ 

CL 0=0.9 

0=0.8 CN 

CL d=0.7 
ui -- ------------------------- = Cm 

10 12 13 

compression ratio 

Fig. (5.19) Variation of indicated mean effective pressure 
with compression ratio at constant equivalence 
ratio, methanol. 
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.7 .91 .11 .31.5 FueL oir-eq. ratio 

Fig. (5.20) Variation of indicated mean effective pressure 
with equivalence ratio (, 0) at constant 
compression ratio, methanol. 
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. 4-% C! D METHANOL SPEED=2000 r/min 

------------------- 
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Gj ; rzl. 2 
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cs M 

CS) 
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Fig. (5.21) Variation of indicated thermal efficiency 
with compression ratio at constant 
equivalence ratio 00) methanol. 
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.71.1 1.3 1 .5 PueL air eq. ratio 

Fig. (5.22) Variation of indicated thermal efficiency 
with equivalence ratio (. 0) at constant 
compression ratio, methanol. 
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METHANOL SPEED=2000 r/min 

C-4 
0=1.2 

u -------------------------- 0=1.0 
H 0=0.7 
U) CO - CS) 

10 11 12 13 

compression ratio 

Fig. (5.23) Variation of indicated specific fuel 
consumption with compression ratio 
at constant equivalence ratio (0) methanol. 
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.7 .91.3 1 .5 FueL air eq. ratio 

Fig. (5.24) Variation of indicated specific fuel 
consumption with equivalence ratio(. 0) 
at constant compression ratio, methanol. 
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AMMONIA SPEED=2000 r/min 
VAPOUR 

1.0 0=1.2 
0= 0.9 

0=0.8 

CL 
----------------- jarý= 0.7 

--------- 

10 11 12 13 11 15 16 17 18 
compression ratio 

Fig. (5.25) Variation of indicated mean effective pressure 
with compression ratio at constant equivalence 
ratio, anunonia vapour. 
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FueL air eq. rcL,. lo 

Fig. (5.26) Variation of indicated mean effective pressure 
with equivalence ratio (0) at constant 
compression ratio, ammonia vapour. 
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0-%. C!; ) AMMON IA SPEED=2003 r/min 
N,: LI) -3 
%-. Ie 

VAPOUR fif=0.7 

LL 
1.2 

d Lr) 0=1.3 

L 
ru CS) 

10 11 12 13 11 15 1G 17 18 
compression ratio 

Fig. (5.27) Variation of indicated thermal efficiency 
with compression ratio at constant 
equivalence ratio (0) ammonia vapour. 
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Fig. (5.28) Variation of indicated thermal efficiency 
with equivalence ratio (. 0) at constant 
compression ratio, ammonia vapour. 
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0=1.5 

O= 1.2 

jar= 1.1 
fif= 1.0 
0=0.7 

10 11 12 13 H 15 16 17 18 
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Fig. (5.29) Variation of indicated specific fuel 
consumption with compression ratio 
at constant equivalence ratio 00), 
ammonia vapour. 
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Fig. (5.30) Variation of indicated specific fuel 
consumption with equivalence ratio(O) 
at constant compression ratio, ammonia vapour. 
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Fig. (5.31) Variation of indicated mean effective pressure 
with compression ratio at constant equivalence 
ratio, liquid ammonia. 
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Fig. (5-32) Variation of indicated mean effective pressure 
with equivalence ratio (0) at constant 
compression ratio, liquid ammonia. 
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LIQUID 
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Fig. (5.33) Variation of indicated thermal efficiency 
with compression ratio at constant 
equivalence ratio W), liquid ammonia. 
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Fig. (5.34) Variation of indicated thermal efficiency 
with equivalence ratio (0) at constant 
compression ratio, liquid ammonia. 
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Fig. (5.35) Variation of indicated specific fuel 
consumption with compression ratio 
at constant; equivalence ratio (0) liquid ammonia. 
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Fig. (5.36) Variation of indicated specific fuel 
consumption with equivalence ratio(, O) 

at constant compression ratio, liquid ammonia. 
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Fig. (5.37) Variation of indicated mean effective pressure 
with compression ratio at an equivalence 
ratio of 1.0. 
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Fig. (5.38) Variation of indicated mean effective pressure 
with equivalence ratio (0) at a compression 
ratio of 10. 
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Fig. (5.39) Variation of indicated thermal efficiency 
with compression ratio at an equivalence 
ratio of 1.0. 
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Fig. (5.40) Variation of indicated thermal efficiency 
with equivalence ratio (0) at a compression 
ratio of 10. 
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Fig. (5.41) Variation of indicated specific fuel 
consumption with compression ratio 
at an equivalence ratio of 1.0. 
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Fig. (5.42) Variation of indicated specif ic fuel 
consumption with equivalence ratio(O) 
at a compression ratio of 10. 
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Fig. (5.43) Variation of indicated mean effective pressure 
with compression ratio at an equivalence 
ratio of 1.0. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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Fig. (5.44) Variation of indicated mean effective pressure 
with equivalence ratio (0) at a compression 
ratio of 10. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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Fig. (5.45) Variation of indicated thermal efficiency 
with compression ratio at an equivalence 
ratio of 1.0. 

Instantaneous combustion at TDC with no heat transfer, 

residual combustion products or fuel dissociýtion. 
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Fig. (5.46) Variation of indicated thermal efficiency 
with equivalence ratio (0) at a compression 
ratio of 10. 

Instantaneous combustion at TDC with no heat transfer, 

residual combustion products or fuel dissociation. 
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Fig. (5.47) Variation of indicated specific fuel 
consumption with compression ratio 
at an equivalence ratio of 1.0. 

Instantaneous combustion at TDC with-no heat transfer, 
residual combustion products or fuel dissociation. 
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Fig. (5.48) Variation of indicated specific fuel 
consumption with equivalence ratio(O) 
at a compression ratio of 10. 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 
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5.4. Predicted exhaust emission, % 

Equilibrium concentrations of gases present in the 

combustion products have been calculated. The predicted 

values of these gases at peak cylinder temperature and 

at the -end of the expansion stroke are presented in 

Figures 5.49 to 5.62. 

The concentrations of these substances at peak 

temperatures in the cylinder, follow the same trend withO 

but the values for carbon dioxide are lower, and for 

carbon monoxide and oxygen higher than those at the end of 

expansion. 

For iso-octane, methanol and propane at constant 

compression ratio for conditions at the end of the 

expansion process, the predicted carbon dioxide and water 

vapour concentrations have a peak at stoichiometric air 

fuel ratio. The carbon monoxide concentration is 

negligible at lean mixtures and increases with increase 

in 0. Equilibrium concentrations of unburned hydrocarbon 

for the whole range of air fuel ratio are almost zero 

For all of the fuels examined, the oxygen 

concentration decreases with increase in equivalence 

ratio. For mixtures richer than stoichiometric air fuel 

ratio, traces of oxygen are predicted, because of lack of 

oxygen in the mixture. 

The values of nitrogen dioxide and nitric oxide 

concentration, in the combustion products of both liquid 

and vapour ammonia at constant compression ratio decreases 
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and that of unburned anunonia increases with increase in 

equivalence ratio 

When the effects of ignition delay, combustion time, 

ammonia dissociation, the presence of residual combustion 

products and heat transfer from the cylinder contents were 

neglected, the temperatures predicted for the cycle at the 

end of the expansion process and at the peak temperature 

were correspondingly higher. The predicted values of 

carbon dioxide and water vapour for iso-octane, methanol 

and propane were consequently slightly lower and those of 

carbon monoxide and oxygen slightly higher than the values 

predicted when these effects were included. 

For ammonia fuel, the predicted values of oxygen and 

oxides of nitrogen were slightly higher and those of 

water vapour and unburned ammonia slightly lower when 

these effects were neglected. 
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Including effects of combustion time, combustion delay, 
fuel dissociation (for ammonia), residual combustion 
products and heat transfer. 

at peak temperature 
at the end of expansion 
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Fig. (5.49). Predicted combustion products of iso-octane: 
Variation of concentrations of water vapouro, 
carbon dioxide, carbon monoxide and oxygen 
with equivalence ratio (0) at constant 
compression ratio 8: 1 
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xc Fo 
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Fig. (5.50). Predicted combustion products of methanol: 
Variation of concentrations of water vapours, 
carbon dioxide, carbon monoxide and oxygen 
with equivalence ratio (0) at constant 
compression ratio 12: 1 
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Including effects of combustion time, combustion delay, 
fuel dissociation (for ammonia), residual combustion 
products and heat transfer. 

at peak temperature 
E at the end of expansion 
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N, 

1120 
Ln cs) 02 ---- - -- 

C02 

c 
00 X: 0 x oz 6- 

(L) 
.91 .11 .31.5 FueL air eq. rotic 

Fig. (5.51). Predicted combustion products of propane: 
Variation of concentrations of water vapour., 
carbon dioxide, carbon monoxide and oxygen 
with equivalence ratio (0) at constant 
compression ratio 8: 1 

CD AMMONIA CR=15 N=2000 r/min 

M 
lp CD C4 

CS) 

x 02 
CD Trq 

. 80 . 90 1.00 1.10 1.20 
FueL air eq. rollo 

Fig. (5.52). Predicted combustion products of ammonia: 
Variation of concentration of water vapour 
and oxygen with fuel air equivalence ratio 
at constant compression ratio 15: 1. 
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Including effects of combustion time, combustion delay, 

fuel dissociation (for ammonia), residual combustion 

products and heat transfer. 

at peak temperature 
at the end of expansion 

AMMONIA CR=15 N=2000 r/min 

r= m: CL" 
Q- tý 9 41le 'po ý 

CD 

CS) S' 77"". --1 - 

. 80 . 90 1.00 1.10 1.20 
FueL air eq. ratio 

Fig. (5.53) . Predicted combustion products of ammonia: 
Variation of concentration of nitrogen 
dioxide with fuel air equivalence ratio 
at constant compression ratio 15: 1. 

--cs) AMMONIA CR=15 N=2000 r/min 4 Er- -Y r) 0 0- .4 C') cor 11 A 
4 (S) 

C CN 
0 

0 
CS) 

rTT77 r, ---, Il 

. 80 . 90 1 . 00 1.10 1.20 
FueL air eq. ratio 

Fig. (5.54). Predicted combustion products of ammonia: 
Variation of concentration of unburned 
ammonia with fuel air equivalence'ratio 
at constant compression ratio 15: 1. 
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Including effects of combustion time, combustion delay, 
fuel dissociation (for ammonia), residual combustion 
products and heat transfer. 

at peak temperature 
at the end of expansion 

AMMONIA CR=15 N=2000 r/min Cý 7 

'60 0 O'e, 

CD . 80 . 90 1 . 00 1.10 1.20 
FueL air eq. raLio 

Fig. (5.55) - Predicted combustion products of ammonia: 
Variation of concentration of nitric oxide 
with fuel air equivalence ratio at constant 
compression ratio 15: 1. 
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Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

at peak temperature 
at the end of expansion 

ISO-OCTANE CR=8 N=2000 r/min 
IN* 

C02 

c'o 
oz 00 

x 

.91 .11 .31 .5 FueL air eq. ratio 

Fig. (5.56). Predicted combustion products of iso-octane: 
Variation of concentrations of water vapour, 
carbon dioxide, carbon monoxide and oxygen 
with equivalence ratio (0) at constant 
compression ratio 8: 1 

METHANOL CR=12 N=2000 r/min 
1120 

CS) 112o- 

C02 
_r_- 2 co 
x 02 0 

1.5 
FueL air eq. rauto 

Fig. (5.57). Predicted combustion products of methanol: 
Variation of concentrations of water vapouro, 
carbon dioxide, carbon monoxide and oxygen 
with equivalenc ratio (0) at constant 
compression ratio 12: 1 
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Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

at peak temperature 
ý---=-. at the end of expansion 

CD PROPANE CR=8 N=2000 r/m, in C-4 
N" 1120 

. ........... ....... IN, 
820 

Ln m coz 
C02 

Go 0 
CS) 

.91.11.3 1.5 
FL!,? L air eq. natio 

Fig. (5.58). Predicted combustion products of propane: 
Variation of concentrations of water vapour, 
carbon dioxide, carbon monoxide and oxygen 
with equivalence ratio (0) at constant 
constant compression ratio 8: 1 

AMMONIý CR=15 N=2000 r/min 

CO cn 
Ln cD CN 

CS) 

x 02 
I T-r-rT 

. 80 . 90 1 . 00 1.10 1.20 
PueL air eq. ratio 

Fig-(5.59). Predicted combustion products of ammonia: 
Variation of concentration of water vapour 
and oxygen with fuel air equivalence ratio 
at constant compression ratio 15: 1. 
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Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

at peak temperature 
at the end of expansion 

Fig. (5.60). Predicted combustion products of ammonia: 
Variation of concentration of nitrogen 
dioxide with fuel air equivalence ratio 
at constant compression ratio 15: 1. 

1-1 AMMONIA CR=15 N=2000 r/min 
0 4 
CD- 

CD Illy C$ 

1, C 
0-1 

- rrTT lrrTi 

. 80 SO 1.00 1.10 1.20 
r-ueL air eq. ro. k'. Io 

AMMONIA CR=15 N=2000 r/min 

(Y) 
Q_ 

C*lj ý2 
0ý 

CD 

CD I ITTTTIYI'IrTTTTTT7ýýý TTI I T-rr7 .... 

. 80 . 90 1.00 1.10 1.20 
FueL air eq. ratio 

%-, 
CS) - 

1 

lýI 
ci 

- 

Fig. (5.61). Predicted combustion products of ammonia: 
Variation of concentration of unburned 
ammonia with fuel air equivalence ratio 
at constant compression ratio 15: 1. 

CR=15 N=2000 r/min 

clz A. b, 
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Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

at peak temperature 
the end of expansion 

Lr) 

CD 

CD 

. 80 . 90 1 . 00 1.10 1.20 
1* FueL air eq. ro. Lio 

Fig. (5.62). Predicted combustion products of ammonia: 
Variation of concentration of nitric oxide 
with fuel air equivalence ratio at constant 
compression ratio 15: 1. 

AMMONIA CR=15 N=2000 r/min 
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6.1 introduction 

The experimental results obtained for the Ricardo E6 

engine running on gasoline, methanol, propane, and ammonia 

are presented in this chapter. The operating conditions 

are in all cases: natural aspiration, optimum ignition 

advance (giving the highest torque), wide open throttle, 

an engine speed of 2000 r/min, and wide ranges of air fuel 

ratios and compression ratios. 

In each run the manometer reading (for the pressure 

difference across the inlet air orifice plate), the time 

to consume a measured volume of fuel (or a turbine meter 

reading for ammonia and propane), the ignition advance, 

the dynamometer spring balance reading, and in the case of 

ammonia the exhaust gas flow rate were recorded. In 

addition, the engine cooling-water flow rate, and the 

temperatures of the inlet air, exhaust gas, and engine 

cooling-water at inlet to and exit from the engine were 

measured. The concentrations of carbon dioxide, carbon 

monoxide, oxygen, oxides of nitrogen (nitric oxide and 

nitrogen dioxide) and hydrocarbons (as hexane) in the 

exhaust gas were also measured. The gas sample was taken 

at a point in the exhaust pipe 650 mm from the cylinder 

head. The barometric pressure and ambient temperature were 

observed during the test runs. 
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From the experimental observations, the air and fuel 

consumption rates, brake mean effective pressure, power 

output, brake specific fuel consumption, brake thermal 

efficiency, heat transfer rate to the engine cooling water 

and volumetric efficiency were calculated. 

6.2 Gasoline 

The experimental results obtained from the operation 

of the engine on gasoline are presented below (Figures 

6.1 to 6.10) for a range of compression ratios from 7 to 

10. At each compression ratio a range of equivalence 

ratios of about 0.8 to 2 is covered. 

From Figure 6.1 it can be seen that at constant 

compression ratio, the brake mean effective pressure 

(BMEP) has a maximum value at an equivalence ratio (0) of 

about 1.2 (air fuel ratio 12.5). With increase in 

compression ratio, the engine power output at constant air 

fuel ratio increases, but at the highest compression ratio 

10: 1, the performance of the engine is restricted to 

narrower range of air fuel ratio. 

At constant compression ratio, the brake thermal 

efficiency (Fig. 6.2) is a maximum at an equivalence ratio 

of about 0.9 (air fuel ratio 16.5). For richer mixtures, 

even upto a0 of 1.2, where there is an increase in BMEP, 

the thermal efficiency decreases because of the 

increasing fuel consumption. The highest value of thermal 

efficiency at constant air fuel ratio was 31.0% at a 

compression ratio of 9: 1. 
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Figure 6.3 shows the minimum brake specific fuel 

consumption BSFC, at constant compression ratio, to be at 

jO about 0.9, and for constant air fuel ratio, to be at 

compression ratio 9: 1. This is explained as above for 

thermal efficiency which for a given fuel is inversely 

proportional to BSFC. 

The exhaust gas temperature at constant compression 

ratio, is shown in Figure 6.4 to be a maximum for mixtures 

slightly richer than stoichiometric (jO about 1.05 to 1.1). 

At constant air fuel ratio, the value was generally higher 

for a compression ratio 7: 1, and lower for ratio 9: 1, 

because of the higher brake thermal efficiency with 

the higher compression ratio. 

At constant compression ratio, the exhaust gas 

concentration of carbon dioxide in Figure 6.5 decreases 

with increase injO beyond a value of 1.0, while that of 

carbon monoxide in Figure 6.6 increases because combustion 

is less complete for richer mixtures. Exhaust gas nitric 

oxide and nitrogen dioxide concentrations (Figures 6.7 and 

6.8 respectively) decrease with increase in X, apparently 

because of a lower oxygen availability and reduced 

temperature in the richer mixtures. The oxygen 

concentration in the exhaust gas, at constant compression 

ratio, slightly decreased with increase in ffl, where that 

of unburnt hydrocarbons (hexane) remained fairly constant. 
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GASOLINE SPEED=2000 r/min 

ocý6 0 AA 11 
*00 

O)K 
0 ox 
XX ON 

ox 0 )K 
Cl- CR=7 0 
LLJ CR=8 W 

CR=9 0 
CR=10 A 

.81.0 1.2 1 .41G1.8 2.0 
eq. raLio 

Fig. (6.1) Variation of brake mean effective pressure 
with equivalence ratio (0), gasoline . 

GASOLINE SPEED=2000 r/min 
CR=7 0 

CL- CR=8 
0 CR=() 

0 C11=10 

--A 
04 

00 
C- 

.81.0 1.2 1 .4I. G 1.8 2.0 
eq. raLio 

Fig. (6.2) Variation of brake thermal efficiency 
with equivalence ratio (0), gasoline 
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1ý1 GASOLINE SPEED=2000 r/min CN 
CR=7 0 

Lr) CR= 8 
CR=9 0 

0) CR=10 

m 
V 

LL 
0 )bf 

--uJ in r-7-T- 

.81.0 
1 

.21 .41G1.8 2.0 
eq. ratio 

Fig. (6.3) Variation of brake specific fuel consumDtion 
with equivalence ratio (0) , gasoline . 
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CD 
r- 

GASOLINE SPEED=2000 r/ýnn 
(10 A 

D «; 
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YO -`A brto'a 0 
CR=7 0 
CR=8 )K 
CR=9 0 
CR=10 A 

13 

1.0 1 .21.4 1G1.8 2.0 
eq. ratio 

Fig. (6.4) Variation of exhaust gas thermodynamic 
temperature with equivalence ratio (0), gasoline 
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CD GASOLINE SPEED=2000 r/min C'4 

Lo CR=7 
XA Cll=a 

0 )K X0 CR=9 
C; ) 11 0 )K CR=lo \-- 

JEýox 
0x 

CN 1ý m 
0013 go 'D 

00 CD 13 (-) Lr) X 

CD 

1.0 1.2 1 .41.6 1.8 2.0 
bq. ratio 

Fig. (6.5) Variation of (exhaust gas) carbon dioxide 
concentration with equivalence ratio 00) , gasoline 

CS) GASOLINE SPEED=2000 r/min 
CN 

Ln 

13 
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CD 0 

)KOO A CR=7 0 
CD 0 CR=8 X 
L-) Lr) CJK 

00 a CR=9 o 
CR=10 

CD A 

.81.0 1 .21 .41.6 1.8 2.0 

- eq., ratio 

Fig. (6.6) Variation of (exhaust gas) carbon monoxide 
concentration with equivalence ratio (0), gasoline 
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CD 
CS) 

CD GASOLINE SPEED=2000 r/min 
;r- 11 O)K X 

, -'%, -A CR=7 0 
E CD 
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CR=8 )K 

Cl- CS) CR=9 El 
CN CR=10 

CD 

CD AN 4-01 0 rl Yi II IIaIIIaIIIIIIIaII16 

.81.0 1.2 1.4 1.6 1.8 2.0 
eq. ratio 

Fig. (6.7) Variation of (exhaust gas) nitric oxide 
concentration with equivalence ratio (0) , gasoline 
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Fig. (6.8) Variation of (exhaust gas) nitrogen dioxide 
concentration with equivalence ratio (36), ga7soline 
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CID 

GASOLINE SPEED=2000 r/min 
CR=7 0 
CR=8 

A CR=9 
0 

AA CR=10 A 
0 yoy 

tin 00 
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00 
C) 10 

V 

.81.0 1.2 1.4 I. G 1.9 2.0 
eq. ratiQ 

Fig. (6.9) Variation of (exhaust gas) oxygen 
concentration with equivalence ratio (0) , gasoline 

p GASOLINE SPEED=2000 r/min I 
C14 --i 

12-(! D : (I (, xy 0 ýb 00 

A CR=7 

13 CR=8 
CR=9 

A Eý 1% 
0A CR=10 

1.0 1 .21.4 1G1.8 2.0 
eq. ratio 

Fig. (6.10) Variation of (exhaust gas) unburned hydrocarbon 
(hexane) concentration with equivalence ratio (0), 

gasoline . 
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6.3 Methanol 

The experimental results for the engine running on 

methanol are presented in Figures (6.11 to 6.20) for a 

range of compression ratios from 10 to 13 and a range of 

equivalence ratios of 0.6 to 1.7. 

Figure 6.11 shows that at constant compression ratio, 

the maximum BMEP is obtained for 0 between 1.1 to 1.2 (air 

fuel ratio between 5.4 to 5.9), and at constant air fuel 

ratio, the best engine performance was achieved at a 

compression ratio of 12: 1. 

In Figures 6.12 and 6.13 the brake thermal efficiency 

and brake specific fuel consumption respectively decrease 

and increase with jO over the whole range with higher 

efficiency and lower fuel consumption at the higher 

compression ratio. The expected maxima and minima are 

apparently not shown. 

The exhaust gas temperature (Fig. 6.14) at constant 

compression ratio had a maximum for mixtures leaner than 

the stoichiometric, and the lowest temperature at constant 

air fuel ratio near this value was for a compression 

ratio 12: 1. This and the trends mentioned above could 

result from water ingress through a leaking cylinder head 

gasket. 

At constant compression ratio, Figures 6.15 and 

6.16 show that the exhaust gas concentration of carbon 

dioxide decreases and that of carbon monoxide increases 

with increase in 0, and Figures 6.17 and 6.18, show the 
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nitric oxide and nitrogen dioxide concentrations to 

decrease with increasing 0 as for gasoline. 

Unlike values obtained with gasoline, the oxygen 

concentration in the exhaust (Fig. 6.19), at constant 

compression ratio decreases and the unburned hydrocarbons 

(Fig. 6.20) increases more prominantly with increase in 
jO, 

though the values with unburned hydrocarbons are less than 

half those obtained with gasoline. 
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CN METHANOL SPEED=2000 r/min 

0 0 ON o 11 0 C5 XXxxx0A 0- x 
41 

CS) - 

CR=10 
uj CR=ll 0 
5- CR=12 0 &M 
co 

co : CR=13 & 

.6 .81.0 1.2 IA 1.6 1.8 
eq. ratio 

Fig. (6.11) Variation of brake mean effective pressure 
with equivalence ratio (0) A methanol. 

11 see note on page 172 re-leaking gasket 

/-Il 

* METHANOL SPEED= 2000 r/min .N (!; ) Lr) 0 CR=10 
(S) ý 3KY cn=ll. ( C11=12 13 &a 
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Y on C ) 0 Yon 
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Qj 
c!; ) 

-0 .G .81.0 1 .2 1 .41G1.8 
eq . riaLio- 

Fig. (6.12) Variation of brake thermal efficiency 
with equivalence ratio 00). methanol. 

0 see note on page 172 re-leaking gasket 
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METHANOL SPEED=2000 r/min 

DA 
-2c . "I 1ý - 
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CR=ll 0 

LL CR=12 0&5 
U) CR=13 
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1.0 1.2 1.4 1G1 .8 
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Fig. (6.13) Variation of brake specific fuel consumption 
with equivalence ratio (0) , methanol. 

0 see note on page 172 re-leaking gasket 
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.6 .81.0 1.2 IA I. G 1 .8 
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Fig. (6.14) Variation of exhaust gas thermodynamic 
temperature with equivalence ratio (0) , methanol. 

0 see note on page 172 re-leaking gasket 



176 

CD METHANOL SPEED=2000 r/min 
CN 

CR=10 
CR=ll 

%-. 0 - 
CR=12 

\1 :X CR -- 13 

ILN G) - 11 
CD - -- )K ox 3 41 0 11 A 

)KO 

LO 

1.0 1.2 1A1.6 1.8 
eq. ratio 

Fig. (6.15) Variation of (exhaust gas) carbon dioxide 
concentration with equivalence ratio (. 0) methanol 

11 see note on page 172 re-leaking gasket 
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Fig. (6.16) Variation of (exhaust gas) carbon monoxide 
concentration with equivalence ratio 00) , methanol. 

11 see note on page 172 re-leaking gasket 
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Fig. (6.17) Variation of (exhaust gas) nitric oxide 
concentration with equivalence ratio (0), methanol. 

11 see note on page 172 re-leaking gasket 
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Fig. (6.18) Variation of (exhaust gas) nitrogen dioxide 
concentration with equivalence ratio 00) , methanol. 

a see note on page 172 re-leaking gasket 
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CS) 

Cý METHANOL SPEED=2000 r/min 
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Yo xX CR=10 )K 
CR=ll 0 00 
CR=12 0& 11 

CD 0 
CR=13 

Ln 

CD 
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I-0 im, 

.G .81.0 1.2 I. j 1.6 1 .8 eq. ratio 

Fig. (6.19) Variation of (exhaust gas) oxygen 
concentration with equivalence ratio methanol. 

11 see note on page 172 re-leaking gasket 
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Fig. (6.20) Variation of (exhaust gas) unburned hydrocarbon 
(hexane) concentration with equivalence ratio 

methanol. 

0 see note on page 172 re-leaking gasket 
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6.4 Pr22ane 

The experimental results obtained for the engine 

running on propane are presented in Figures 6.21 to 6.30 

for a range of compression ratios from 8 to 11, and of 

equivalence ratios from 0.7 to 2.0. , 

As explained in 4.1.6, a small electric heater was 

installed around the needle seat (see Figure 4.3) to 

prevent the formation of ice at the jet exit and to 

provide a sustained uniform flow of fuel through the jet. 

This resulted in considerable improvement in engine 

performance as is shown by comparing the brake mean 

effective pressures obtained before and after its 

installation (in Figures 6.21. and 6.22 respectively). 

Figures 6.23 to 6.30 give the results after installation 

of the heater. 

Comparison of the results in Figures 6.21 and 6.22 

shows a gain of up -t; ý 20% in BMEP when the electric heater 

was located at the-jet exit. Also a smoother engine 

operation was observed with the heater. The points in 

Figure 6.21 are, rather scattered, confirming an erratic 

engine performance observed during the test. 

The results shown in Fig. 6.22 indicate a BMEP 

increasing with increase in equivalence ratio upto 1.2 and 

remaining at this level as. 0 increases further. This was 

resulted from a non-uniform distribution of the mixture 

throughout the cylinder possibly caused by very low 

mixture temperatures due to fuel evaporation. 

As with gasoline and methanol the brake thermal 
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efficiency at constant compression ratio decreases with 

increase in 0 (Fig. 6.23), but with values slightly higher 

than for gasoline and lower than for methanol. 

Correspondingly slightly lower values of specific fuel 

consumption (Fig. 6.24) than for gasoline are obtained. 

But the values are considerably less than for methanol 

because of its lower combustion enthalpy. 

The limited experimental results show that the 

exhaust gas temperature with propane (Fig. 6.25) at 

constant compression ratio had a maximum value at 

stoichiometric air fuel ratio. The variation with jO was 

very small and the values for, 0<1.5 were lower than with 

gasoline. But for 0>1.5, due to a better engine 

performance, the exhaust gas temperature was higher than 

with gasoline. 

The concentration of carbon dioxide in the exhaust 

gas with propane has not been presented because the carbon 

dioxide analyser was not functioning correctly during 

tests with propane. Running the engine on propane was 

primarily performed for checking the new fuel system, so 

the tests were not repeated with the analyser functioning. 

As for other fuels the concentration of carbon 

monoxide at constant compression ratio increased with 

increase in 
JO 

(Fig. 6.26), but concentrations of unburnt 

hydrocarbon (Fig. 6.30) were about 10 times those obtained 

with gasoline because of the relatively poor combustion. 

At constant compression ratio, the concentrations of 

nitric oxide (Fig. 6.27) decreased with increase in X but 
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not as rapidly nor to as low a value as for gasoline and 

methanol. 

The effects of compression ratio over the range of 0 

used, was less pronounced than for gasoline though the 

compression ratio range 8-11 was somewhat high. 
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Fig. (6.21 ) Variation of brake mean effectIve pressure 
with equivalence ratio (0), propane. 

without jet heater 
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Fig. (6.22) Variation of brake mean effective pressure 
with equivalence ratio (0), propane. 

with jet heater 
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CR=8 
CR=9 
CR=10 
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Fig. (6.23) Variation of brake thermal efficiency 
with equivalence ratio (0), propane. 

with jet heater 
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Fig. (6.24) Variation of brake specific fuel consumption 
with equivalence ratio (0). propane. 

with jet heater 
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Fig. (6.25) Variation of exhaust gas thermodynamic 
temperature with equivalence ratio (0) , propane 

with jet heater 

Ln PROPANE SPEED=2000 r/min 

NO 43 
00 

0 CD Lr) 0 CR=8 
U 

M CR=9 

A 
CR=10 
CR=ll 

(S) 1 77 1-1 1111 

1 .01 .211 1 .6 1 .82.0 
eq. rolio 

Fig. (6.26) Variation of (exhaust gas) carbon monoxide 
concentration with equivalence ratio (. 0) propane. 

with jet heater 
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Fig. (6.27) Variation of (exhaust gas) nitric oxide 
concentration with equivalence ratio (0) . propane 

with jet heater 
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Fig. (6.28) Variation of (exhaust gas) nitrogen dioxide 
concentration with equivalence ratio (0), propane. 

with jet heater 
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Fig. (6.29) Variation of (exhaust gas) oxygen 
concentration with equivalence ratio (0), propane. 
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Fig. (6.30) Variation of (exhaust gas) unburned hydrocarbon 
(hexane) concentration with equivalence ratio (0), 

propane. 

with jet heater 
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6.5 Ammonia 

The experimental results obtained for the performance 

of the engine fuelled with ammonia are presented in 

Figures 6.31 to 6.40 for a compression ratio of 15: 1. This 

was found to be the only compression ratio at which 

combustion could be sustained and running conditions 

achieved. As is discussed later in chapter 7, the aim of 

these experiments was to run the engine without major 

engine modifications and without preheating the air, 

changing the cylinder cooling-water temperature, or 

pre-dissociating the ammonia. This restriction also 

resulted in a narrow range of equivalence ratios from 0.88 

to 1.15, in which the engine could be run. 

The BMEP with ammonia (Fig. 6.31) was lowest at the 

leanest point (0-0.88), increasing rapidly as 0 increased 

to 1.05. Further increase in 0 resulted in a decrease 

in BMEP with a maximum just richer than stoichiometric. 

For the whole range of air fuel ratio, the values of BMEP 

were lower than for the other fuels and much less than 

expected, because of poor combustion caused by a very cold 

inlet mixture temperature. 

The thermal efficiency trend shown in Fig. 6.32 is 

similar to that of BMEP, but having values considerably 

lower than the corresponding values for the other fuels, 

especially at lean mixtures due to a sharp fall for power 

output. As a result, the BSFC exhibited in Fig. 6.33 has a 

minimum at 0-1.05, increasing sharply as jO 
decreases. 

The exhaust gas temperature (Fig. 6.34) had a maximum 
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at equivalence ratio 1.05, apparently because of a 

relatively better combustion. 

The concentrations of both carbon dioxide and carbon 

monoxide were extensively low (Figures 6.35 and 6.36) and 

were probably produced from burning of the lubricating 

oil. Levels increased with 0 as for BMEP possibly due to 

higher rates of burning of lubricating oil with higher 

combustion temperatures. 

The concentrations of oxides of nitrogen in the 

exhaust gas shown in Figures 6.37 and 6.38 were of the 

same order as values obtained for gasoline and methanol. 

Hydrocarbon concentrations (Fig. 6.40) were almost zero. 

The concentration of unburnt ammonia in the exhaust 

gas was very high. Although measurments were made at only 

three points, the results indicated a minimum value at the 

point of maximum power and a maximum value at the leanest 

condition. The amount of unburnt ammonia in the exhaust 

gas at JO-0.885, 
A=0.97 and at 0=1.05 was about 23.2%, 

20.3% and 11.8% respectively of the ammonia introduced. 
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Fig. (6.31) Variation of brake mean effective pressure 
with equivalence ratio (0), ammonia. 
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Fig. (6.32) Variation of brake thermal efficiency 
with equivalence ratio (. 0), ammonia. 
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Fig. (6.33) Variation of brake specific fuel consumption 
with equivalence ratio (0), ammonia. 
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Fig. (6.34) Variation of exhaust gas thermodynamic 
temperature with equivalence ratio (0), ammonia. 
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Fig. (6.35) Variation of (exhaust gas) carbon dioxide 
concentration with equivalence ratio (. 0) , ammonia. 
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Fig. (6.36) Variation of (exhaust gas) carbon monoxide 
concentration with equivalence ratio (0) , ammonia. 
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Fig. (6.37) Variation of (exhaust gas) nitric oxide 
concentration with equivalence ratio 00) ammonia. 
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Fig. (6.38) Variation of (exhaust gas) nitrogen dioxide 
concentration with equivalence ratio (0) , ammonia. 
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Fig. (6.39), Variation of (exhaust gas) oxygen 
concentration with equivalence ratio 00) j ammonia. 
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Fig. (6.40) Variation of (exhaust gas) unburned hydrocarbon 
(hexane) concentration with equivalence ratio (, 0), 

ammonia. 
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6.6 

Experimental results show that at a given equivalence 

ratio, the brake mean effective pressure with gasoline is 

a maximum for a compression ratio of 9: 1. For a higher 

compression ratio of 10: 1 combustion could be maintained 

only over a narrower range of air fuel ratios. Compression 

ratios of 12: 1 and 9: 1 gave the best engine performance 

with methanol and propane respectively. For ammonia fuel 

the combustion could be achieved and maintained only at a 

compression ratio of 15: 1. All attempts to run the engine 

at other compression ratios with ammonia were unsuccessful 

because of failure to sustain combustion. 

Of the fuels tested, methanol produced the highest 

brake mean effective pressure. With propane the brake mean 

effective pressure was slightly lower than with gasoline, 

because of the relatively poor combustion with liquid 

propane fuelling. Concentrations of unburned hydrocarbons 

in the exhaust gas, with propane were an order of 

magnitude higher than those resulting from combustion of 

gasoline. The brake mean effective pressure with ammonia 

was much lower than expected and exhaust concentration 

of unburnt ammonia was high because of a poor combustion 

when using limited engine modifications. 

The brake thermal efficiency with methanol was 

slightly higher than those of gasoline and propane. The 

value with ammonia was much lower than expected with the 
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highest value at an equivalence ratio of 1.05 the value at 

which unburned ammonia in the exhaust gas was at a 

minimum concentration corresponding to about 12% of the 

fuel introduced into the inlet tract. The maximum unburned 

ammonia concentration measured in the exhaust gas was 

found at an equivalence ratio of 0.885, and corresponded 

to about 23% of the fuel introduced. Engine performance 

improved and unburned ammonia in the exhaust gas decreased 

as the mixture equivalence ratio increased. In all cases 

poor combustion led to unsatisfactory performance. 

The value of specific fuel consumption for propane 

was slightly higher than for gasoline and the value with 

methanol was nearly 2 times higher as would be predicted 

from the combustion enthalpies. The specific fuel 

consumption with ammonia was about 4 times that of 

gasoline (for maximum power output) because of the 

incomplete combustion. 

For the hydrocarbon fuels, carbon dioxide 

concentrations had a maximum value at about the 

stoichiometric air fuel ratio. Insufficient air being 

available for complete combustion of the fuel in richer 

mixtures results in the formation of carbon monoxide. For 

, 0<1 the carbon monoxide concentrations- were very low 

decreasing asO was reduced further. 

The formation of nitric oxide and nitrogen dioxide 

with combustion of fuels with air is favoured by the 

presence of oxygen at high temperatures. At values of jO 
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close to and less than unity concentrations of nitric 

oxide and nitrogen dioxide in the exhaust gas were 

generally higher decreasing for richer mixtures. 

The unburned hydrocarbon concentration measured in the 

exhaust gas with gasoline and methanol was about 100 parts 

per million and 40 parts per million respectively, 

increasing slightly with increase in 0. When liquid 

propane was introduced into the inlet tract, however the 

unburned hydrocarbon concentration in the exhaust gas was 

much higher at about 1000-1200 parts per million under 

most conditions. 

With liquid ammonia as fuel, traces of hydrocarbon 

were also found in the exhaust gas. The concentration was 

nearly constant over the range of air fuel ratios at a 

value about 20-25 parts per million. The source of this 

hydrocarbon was most probable the lubricating oil or 

possibly deposits containing carbon and hydrocarbon from 

earlier tests with the engine running on hydrocarbon 

fuels. Carbon dioxide, carbon monoxide and oxides of 

nitrogen concentrations all increased with increase in 0 

and unburned ammonia in the exhaust decreased with 

increase in 0 from lean- values upto 0 about 1 to 1.1. 

These trends suggest a relation between the combustion of 

ammonia, temperature and the oxidation of the lubricating 

oil. 
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6.7. Engine 2erformance 

The Ricardo E6 Engine used in the experimental work 

was run at compression ratios from 7 to 10 (for gasoline), 

8 to 11 (for propane) and 10 to 13 (for methanol). These 

ranges of compression ratios enveloped the highest useful 

compression ratios of the fuels, and enabled the highest 

power output to be obtained from the engine. 

For gasoline and methanol the engine performance was 

good and combustion was fairly smooth, but for propane a 

slightly poor performance of the engine was obtained. The 

reason for this was probably the high evaporation enthalpy 

of propane which could have adversely affected the 

attainment of a homogenous air propane mixture. This would 

also result in high unburned fuel concentrations in 

the exhaust gas. Unlike the case with gasoline and 

methanol, the BMEP remained at its highest value at very 

rich points (, 0>1.2), possibly because with these ratios 

the evaporation enthalpy so high gives a low inlet, 

temperature and so the fuel enters the cylinder as liquid 

and does not significantly affect the air flow. 

For ammonia fuel, since it was recognized that there 

could be difficulty in starting an engine on ammonia, it 

was decided to have the engine running on methanol and to 

introduce ammonia while reducing the methanol flow. 

Methanol was chosen for two reasons because of its 

tolerence to detonation at high compression ratios and it 

was envisaged that to obtain sustained running on ammonia, 
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it would be necessary to use a compression ratio much 

higher than those appropriate for fuels such as gasoline. 

As the quantity of methanol (as pilot fuel) decreased, the 

flow of ammonia admitted to the inlet tract was increased. 

It was possible to raise the compression ratio as the 

proportion of ammonia in the inlet mixture was increased. 

This method was capable of proceeding a point at which the 

engine was running purely on ammonia without the use of 

any pilot fuel. When steady performance of the engine on 

pure ammonia was achieved, exploratory tests could be 

carried out, maintaining ammonia combustion, while varying 

the compression ratio. This procedure was showed to be of 

limited success. Ammonia combustion was only achieved at a 

compression ratio of 15: 1, with extreme difficulty and 

constant attention. It was not on every occasion possible 

to achieve complete transition from methanol to pure 

ammonia because of very narrow flammability range of 

ammonia. Adjusting the air fuel ratio significantly while 

the engine was using ammonia plus a pilot fuel was 

extremely difficult. This was particularly noticeable when 

the ammonia fuel transfer line was at a pressure close to 

the saturation pressure at the temperature of the fuel in 

the line (about 8 bar). The difficulty was compounded by 

the effect of a very low inlet mixture temperature, in 

some cases was as low as -56 C. This low temperature 

resulted from partial evaporation of the liquid ammonia 

fuel in the inlet tract. Although fuel starvation was 

avoided by use of the jet heater (section 4.1.6), with 
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these low temperatures, achieving combustion was probably 

inhibited, because of lowering of reaction rates and 

quenching of the cylinder contents. Lower temperatures 

produced by the induction of liquid fuel can additionally 

produce mixtures having a non-uniform distribution of fuel 

molecules in the combustion chamber which are more 

difficult to ignite. 

Attempts to maintain combustion at higher or lower 

compression ratios (such as 16: 1 or 14: 1) were not 

successful, and the engine stopped within a short time. 

Even at the compression ratio 15: 1, the combustion tended 

to be erratic though in one test the engine was run 

continuously for 90 minutes, before being stopped. At the 

same compression ratio in other tests the engine stopped 

after 10-15 minutes continuous running, when combustion 

was not sustained. The problem of combustion failure was 

probably related to the ignition'system, and became more 

apparent after a few weeks (see section 7.5) when the 

spark plug could have been damaged by exposure to the 

fuels in high compression ratios involved. 
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Predictions obtained from the computer model developed 

in the present work are compared with results from 

experimental work performed with the Ricardo E6 engine and 

also with calculations and measurments of other 

investigators. The relative effects of neglecting 

combustion delay, combustion duration, the presence of 

residual combustion products and heat transfer from the 

cylinder contents, on the predicted results are evaluated. 

Suggestions are made for practical improvements of 

engine performance for operation with propane and ammonia 

fuels, and proposals are made for further work. 

7.1. Assessment of the effects on the gredicted 

performance Rarameters of heat transfer. combustion 

delay and duration and, residual combustion ]2roducts 

Predictions of 'indicated mean effective pressure 

(IMEP) and indicated thermal efficiency for iso-octane 

including the effects of combustion delay and time of 

combustion, the presence of residual combustion products 

and heat transfer from the cylinder contents are 

considered to be most appropriate to practical 

spark-ignition engine operation and are shown in Figures 

7.1-7.3. Predicted values using the present model and 
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values published by Starkman [14] neglecting residual 

combustion products, heat transfer and assuming 

instantaneous combustion at TDC are also given in Figures 

7.1-7.3. The values of the full model fall 23% and 15% 

lower, for IMEP and thermal efficiency respectively, than 

those of the simple model as is discussed later. 

The IMEP for any fuel is predicted to increase 

continuously with increase in ý compression ratio at 

constant air fuel ratio (see Figure 5.37). In practice, an 

optimum, the highest useful compression ratio (HUCR), is 

reached for which, best performance is obtained and above 

which engine performance is adversely affected by further 

increase in compression ratio. Such effects can not be 

adequately incorporated in the thermodynamic model. 

The higher IMEP at higher compression ratio, follows 

from the higher temperature and pressure, produced during 

compression. The IMEP, at constant compression ratio, has 

a maximum value for air fuel ratios just richer than 

stoichiometric for propane, iso-octane, methanol and 

ammonia vapour, (see Figure 5.38). For liquid ammonia, at 

equivalence ratios higher than 1.1 the IMEP remains 

relatively constant at its highest value. Unlike ammonia 

vapour, liquid ammonia does not significantly displace air 

from the inlet mixture, and its evaporation cools the 

inlet air, increasing density of air induced, giving an 

almost constant air and oxygen flow. All the oxygen in the 

increased mass of air is used oxydising ammonia with an 

almost constant internal energy change. 
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The higher indicated thermal efficiency predicted 

at higher compression ratio for constant air fuel ratio, 

follows from the higher IMEP. For leaner mixtures at 

constant compression ratio, the indicated thermal 

efficiency is higher. For mixtures leaner than for maximum 

IMEP, as the flow rate of the fuel decreases with almost 

constant air flow rate, the predicted power output does 

not decrease proportionally. In an engine, for mixtures 

slightly leaner than stoichiometric, decrease in 
.0 results 

in a higher rate of decrease in power and the maximum 

thermal efficiency corresponds to . 0-0.9. The model 

indicates thermal efficiency continuously increasing with 

decrease in 0 and does not include -an adjustment for 

erratic combustion or lack of ignition for very lean 

mixtures. For mixtures richer than for maximum IMEP, 

incomplete combustion of the fuel results in ýlower power 

with increase in the fuel flow rate for both model and 

actual engine performance. 

For the reasons stated for thermal efficiency, the 

ISFC, at constant compression ratio is higher for richer 

mixtures. Also at constant air fuel ratio the ISFC 

decreases with increase in compression ratio. In the case 

of the model, there is no limit on this as would result 

from the onset of detonation. 

The mechanical efficiency of an engine should be 

obtained from measured indicated mean effective pressure 

IMEP and brake mean effective pressure BMEP. In the 
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absence of recorded values of IMEP, estimates of 

mechanical efficiency have been obtained by using 

predicted values of IMEP, and experimental values of BMEP. 

These have been compared with the manufacturers values. 

The predicted IMEP for iso-octane and experimental values 

of BMEP for gasoline are plotted in Figure 7.4 and show 

similarity in form. 

The difference between the indicated and the brake 

mean effective pressure represent the mechanical losses of 

the engine. Thus mechanical efficiency is calculated from 

the following equation: 

Mechanical efficiency-(BMEP)/(IMEP) (7.1) 

Mechanical efficiency calculated from data extracted 

from Figure 7.4 are presented in Table 7.1. The mechanical 

efficiency apparently varies with air fuel ratio and range 

from 0.738 to 0.839 with an average value of 0.801. 

This is in reasonable agreement with the value of 0.791 

quoted by Ricardo Ltd [49] for a compression ratio of 7: 1 

and a speed of 2000 r/min. 

I )a I V. 0. )j U. J I L. V I L.. L I L. Z. I L. C) 1 1.0 1 

IMechanical efflO. 73810.77710.78210.80210.83510.83910.8361 
1 11 

Table 7.1. Variation of estimated mechanical efficiency 
with equivalence ratio at constant compression 
ratio 7: 1 and constant speed 2000 r/min. 

Further comparison between predicted and experimental 

performance of the engine is made by calculating IMEP 

from experimental BMEP assuming a mechanical efficiency of 

0.8. The indicated thermal efficiency and specific fuel 
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consumption for iso-octane obtained from the computer 

model and values from experiment and the assumed 

mechanical efficiency for gasoline are presented in 

Figures 7.5 and 7.6. As is seen from these Figures, with 

this assumption the computer model predictions agree well 

with the corresponding experimentally based values. 
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Fig. (7.1) Variation of indicated mean effective pressure 
with equivalence ratio (0) at constant 

compression ratio 9: 1, iso-octane. 

Reproduced from Starkman [14] 
Present model 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

--- Present model 
Including effects of combustion time, combustion delay, 
residual combustion products and heat transfer. 
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Fig. (7.2) Variation of indicated thermal efficiency 
with equivalence ratio (, 0) at constant 
compression ratio 9: 1, iso-octane. 

Reproduced from Starkman [14] 
Present model 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

--- Present model 
Including effects of combustion time, combustion delay, 
residual combustion products and heat transfer. 
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Fig. (7.3) Variation of indicated specific fuel 
consumption with equivalence ratio (0) at 
constant compression ratio 9: 1, iso-octane. 

-Reproduced from Starkman (14] 
Present model 

Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

- 
Present model 

Including effects of combustion time, combustion delay, 
residual combustion products and heat transfer. 
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Fig. (7.4) Mean effective pressure of iso-octane(gasoline) 
Variation of predicted indicated mean effective 
pressure and measured brake mean effective 
pressure with equivalence ratio (0) at constant 
compression ratio 
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Fig. (7.5) Variation of predicted and measured indicated 
thermal efficiency with equivalence ratio (0) at 
constant compression ratio for iso-octane/gasoline, 
assuming a constant thermal efficiency of 0.8. 
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Fig. (7.6) Variation of predicted and measured; -indicated 
specific fuel consumption with equivalence ratio at 
constant compression ratio for iso-octane/ gasoline, 
assuming a constant thermal efficiency of 0.8. 
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At a speed of 2000 r/min and compression ratio 15: 1, 

the maximum experimental value of power output with liquid 

ammonia is about 60% that with gasoline at compression 

ratio 9: 1 (see Figures 6.1 and 6.31). 

Measurments reported by Starkman [141 for a CFR 

single cylinder spark-ignition engine, at a compression 

ratio 9: 1 and speed of 1800 r/min, show the indicated 

power with ammonia vapour plus 5% hydrogen and ammonia 

vapour plus 2% hydrogen (by mass) was about 70% and 40% 

respectively of the value for iso-octane. Cornelius (22] 

also using a CFR single cylinder spark-ignition engine, at 

a speed of 2000 r/min, and a compression, ratio 9: 1, with a 

standard ignition system found the indicated power with 

ammonia vapour was about 40% of that for gasoline at the 

same compression ratio. This increased to 60% to 70% if a 

dual ignition system was used. The relative power 

increased to 90% when about 3% hydrogen (by mass) was 

added to the ammonia. 

The fraction of the BMEP of gasoline determined for 

ammonia in the present experimental work, 60%, was 

obtained without adding hydrogen to the ammonia or 

modifying the ignition system. It is higher than that 

obtained by Starkman and Cornelius, but was obtained 

using liquid ammonia. The use of liquid ammonia, as 

mentioned previously, does not significantly reduce the 

air flow rate below the gasoline air flow rate, whereas 

ammonia vapour does, giving lower BMEP for the vapour than 

for the liquid. Since the addition of hydrogen and the 
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modification of the ignition system considerably improves 

the engine performance with ammonia vapour, it is possible 

that a similar improvement would be achieved with liquid 

ammonia. A gain of 20% power could be achieved over-that 

of ammonia vapour if such modifications were made. 

In chapter 5, the average increase in power, at a 

compression ratio of 15: 1, with liquid rather than vapour 

ammonia, was predicted to be about 30%. In practice 

however introduction of liquid ammonia into the inlet 

manifold results in a lower increase, because of 

evaporation in the manifold, decreasing the temperature 

and displacing air from the inlet mixture. Since not all 

of the fuel enters the cylinder as liquid, an increase 

lower than 30% would result, in accord with the 

experimentally obtained value of 20%. 

Equilibrium 

show that at a 

hydrogen produced 

of spark firing 

higher for leaner 

dissociation of a 

leaner mixture p 

a richer mixture. 

calculations for ammonia dissociation 

given compression ratio the quantity of 

from dissociation of ammonia at the time 

(46 degrees of crank-angle BTDC), is 

mixtures. This is possibly because the 

lower concentration of ammonia in the 

coduces a lower pressure increase than in 

At the same equivalence ratio, the quantity of 

hydrogen produced from the dissociation of ammonia is 

higher at higher compression ratios because of the higher 

corresponding temperature, since the higher pressure is of 
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less significant in reducing ammonia dissociation. 

Calculations which take account of the addition of 2% 

and 5% of hydrogen (by mass, relative to ammonia) to the 

ammonia air mixture show that, at the same compression 

ratio and at the time of spark firing, the equilibrium 

concentration of hydrogen in the mixture is respectively 

about 0.25% and 0.65% (absolute) higher than without added 

hydrogen. These calculations indicate that the addition of 

hydrogen to the ammonia-air mixture results in a lower 

increase in hydrogen concentration than would have been 

expected in the cylinder at the time of spark firing. 

Table 7.2 shows the predicted equilibrium concentrations 

of hydrogen obtained from the present computer model. 

I H2 1\ 01 0.8 1 0.9 1 1.0 1 1.1 1 1.2 1 1.3 1 
ladd. ICR, I II I I I I 

1 0% 1 10 1 6.71% 1 6.15% 1 5.7% 1 5.35% 1 5.04% 1 4.79%1 

1 0% 1 12 1 7.1% 1 6.48% 1 6.014%1 5.62% 1 5.29% 1 5.02%1 

1 0% 1 15 1 7.55% 1 6.86% 1 6.34% 1 5.94% 1 5.57% 1 5.22%1 

2% 15 7.85% 7.16% 6.6% 1 6.17% 1 5.8% 1 5.49%1 

5% 15 8.34% 7.57% 6.98% 1 6.49% 1 6.1% 1 5.78%1 

1 0% 1 18 1 7.84% 1 7.134%1 6.59% 1 6.15% 1 5.78% 1 5.48%1 

Table 7.2. Predicted percent of hydrogen (by mass) 
compared to that of ammonia at the time of spark 
firing (46 degrees of crank-angle BTDC). 

Neglect of ignition delay, combustion duration, fuel 

dissociation, residual combustion products and heat 

transfer from the cylinder contents increases the 

predicted values of the IMEP by upto 30% for iso-octane, 
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35% for ammonia, 26% for methanol and 35% for propane (see 

Figures 5.37 to 5.48). The corresponding values of 

indicated thermal efficiency are higher and of specific 

fuel consumption are lower. These predictions shown in 

Figures 7.1 to 7.3 are, very close to those calculated by 

Starkman [14], with small differences reflecting 

difficulties involved in extracting Starkman's data from 

published curves, and different assumptions (for example 

regarding fuel evaporation). 

The individual effects of combustion delay, 

combustion duration, heat transfer and residual combustion 

products on predicted IMEP have been studied separately. 

Table 7.3 shows the effect of each quantity relative to 

the total effect of all of them. 

fuel liso-octanelmethanolipropane jammonial 

Icompression ratiol 7-10 1 10-13 1 8-11 1 10-18 1 
11 11 11 
[equivalence ratiol 0.7-1.5 1 0.7-1.51 0.7-1.510.7-1.31 
11 
Icombustion time IIIII 
I& ignition delay 1 13% 1 13% 1 13% 1 18% 1 
11 11 11 
I heat transfer 54% 54% 54% 47% 

I residual gases 33% 33% 33% 33% 

I dissociation of II 
I ammonia during 1 2%- 

compression I 
I 

Table 7.3. Predicted effects on IMEP of ignition delay, 
combustion duration, heat transfer, presence 
of residual combustion products and ammonia 
dissociation in relation to total effect. 

Of all of these effects, the error in power 

prediction caused by neglecting heat transfer, is the 
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greatest. Predicted values of heat transfer for 

iso-octane, methanol and propane were higher than for 

ammonia because of their higher combustion temperatures, 

and accounted for over half of the total error. 

The error caused by neglecting the residual 

combustion products from the previous cycle, was second to 

heat transfer in significance. For inlet tract 

temperatures and volumetric efficiencies obtained from 

experimental measurments on the Ricardo E6 engine, about 

10% of the combustion products were assessed to remain in 

the cylinder after the exhaust valve had closed. The error 

in calculated power caused by neglecting the residual 

gases was nearly the same for all of the fuels, and 

represented a third of the total error. 

The effect of neglecting ignition delay and 

combustion duration for methanol was the lowest, because 

of its higher flame speed and lower combustion temperature 

giving a minimum delay and combustion duration. The effect 

of ignition delay and combustion duration for ammonia was 

the highest of the fuels due to its lower flame speed and 

combustion temperature. These cause a more advanced spark 

and a lower heat transfer rate with ammonia. Consequently 

a relatively longer delay and combustion duration are 

obtained with ammonia. 

The effect of neglecting ammonia dissociation during 

the compression process was evaluated and found to be 

relatively small. 
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7.2. Prediction of exhaust emissions 

Predictions have been obtained from the model of the 

equilibrium concentrations of carbon dioxide, carbon 

monoxide, water vapour, hydrogen, oxygen, nitrogen and 

unburned fuel. Predictions are for iso-octane, methanol 

and propane at constant compression ratio and varying 

equivalence ratio for states corresponding to: the peak 

temperatures in the cylinder and the end of the expansion 

process. For the state at the end of the expansion 

process, the equilibrium concentrations of carbon dioxide 

and water vapour peak at the stoichiometric air fuel 

ratio. The carbon monoxide concentration increases and 

oxygen concentration decreases with increase in 

equivalence ratio 0 for the full range of jO, see Figures 

5.49-5'. 51. The equilibrium concentration of unburned fuel 

for the whole range of air fuel ratio is almost zero. 

The predicted equilibrium amounts of these substances 

at the state corresponding to the peak temperature, 

exhibit the same trend with 0 but with values of carbon 

dioxide lower, and carbon monoxide and oxygen higher than 

those at the end of expansion, because of the higher 

temperatures. 

The positions of the maximum predicted concentrations 

of both carbon dioxide and water vapour corresponds to the 

correct element balance for complete oxidation of the 

carbon and hydrogen without dilution with extra oxygen and 

nitrogen though the temperature is highest at this 

condition. 
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The carbon monoxide concentration is negligible in 

lean mixtures but increases with 0 as less oxygen is 

available. 

Concentrations of carbon dioxide, carbon monoxide, 

oxides of nitrogen, oxygen and unburned hydrocarbons in 

the exhaust gases were measured for all of the fuels 

tested. 

Measured concentrations of carbon monoxide and carbon 

dioxide in the exhaust gases of gasoline, methanol and 

propane fall between the corresponding equilibrium 

values predicted at the peak cylinder temperature and the 

temperature at the end of expansion. These predictions use 

the upper and lower limits of temperature. A'comparison of 

measured and predicted values of these gases is 

presented for gasoline in Figures 7.7 and 7.8. 

The formation of nitric oxide and nitrogen dioxide 

during the combustion of fuels with air is favoured by the 

presence of oxygen and high temperatures (above 1800 K). 

For gasoline, methanol and propane at 3kl high 

concentrations of nitric oxide and nitrogen dioxide appear 

in the exhaust gas despite the lower combustion 

temperature for lean mixtures and the temperature 

dependence of the rate of reaction for nitric oxide 

formation. Concentrations of oxides of nitrogen for richer 

mixtures are lower because of the lack of oxygen in the 

combustion chamber and the lower combustion temperatures. 
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Fig. (7.7) Variation of predicted and measured 
concentration of carbon monoxide with 
equivalence ratio 0 at constant compression 
ratio (dry basis), iso-octane/gasoline. 
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Fig. (7.8) Variation of predicted and measured 
concentration of carbon dioxide with 
equivalence ratio 0 at constant compression 
ratio (dry basis), iso-octane/gasoline. 
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Current knowledge on the mechanism of formation of 

unburnt hydrocarbon emissions in reciprocating internal 

combustion engines, is incomplete. It is believed that a 

thin layer of mixture is absorbed on the cooled cylinder 

walls or is trapped in cylinder head cavities or is 

absorbed in a lubricating oil layer so that it does not 

attain the temperature needed for combustion or can not be 

reached by the flame front before it is quenched. Such 

effects can not be formulated in terms of a simple 

thermodynamic model and are beyond the scope of this 

investigation. The measured values of unburned 

hydrocarbons exceed those predicted (as unburned fuel) 

from equilibrium concentration which are close to zero. 

Experimental measurments showed average concentrations 

for hydrocarbons of 100 parts per million for gasoline 

(Fig. 6.10), 40 parts per million for methanol (Fig. 6.20) 

and 1000-1200 parts per million for propane (Fig. 6.30) 

over the whole range of air -fuel ratio. The values for 

gasoline and methanol agree with the values of upto 80 and 

70 parts per million for gasoline and methanol 

respectively, reported by Chelliah (15] for the Ricardo E6 

engine at the same speed of 2000 r/min. But the value with 

propane is much higher than that reported by Bob-Manuel 

[18] for a 2.0 litre OHC 4 cylinder spark ignition engine 

using propane vapour at a speed of 2090 r/min. He 

concluded that the exhaust gas concentration of unburned 

hydrocarbons with liquified petroleum gas LPG, was 
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generally lower than with gasoline. The high concentration 

of 'unburnt hydrocarbons with propane, possibly resulted 

from its high evaporation enthalpy, preventing the 

cylinder contents from becoming homogenous and preventing 

the fuel from reaching temperatures high enough to 

completely burn or preventing the mixture igniting in some 

cycles. This irregularity was observed on the 

oscilloscope. Also calculations based on air and fuel flow 

rates* and temperature of the mixture in the inlet tract 

indicated that of the fuel introduced into the engine, 

about 15% (for methanol) and about 50% (for gasoline, 

propane and ammonia) evaporated in the inlet tract of the 

engine. 

ýThe predicted equilibrium values of nitrogen dioxide 

and nitric oxide concentrations, in the combustion 

products of, ammonia (liquid or vapour) at constant 

compression ratio decrease and that of unburned ammonia 

increases with increase in (0), in the same way as 

unburned fuel for hydrocarbon fuels (see Figures 5.53 and 

5.55). For liquid ammonia, the predicted unburned ammonia 

is higher, mainly because of the higher combustion 

pressure which reduces ammonia dissociation during 

compression. 

Unlike the predictions, the measured concentrations 

of oxides of nitrogen apparently increased and unburnt 

armnonia decreased with increase in 0 from 0.88 to 1.05. 

This -is possibly because some ammonia remained 

unevaporated and the actual vapour phase equivalence ratio 
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was much less than calculated and the measured results 

corresponds to a higher combustion temperature and better 

engine performance (see Figures 6.37 and 6.38). The rates 

of reactions for formation of nitrogen dioxide and nitric 

oxide are not fast enough to reach their equilibrium 

values. Thus the measured values of these gases do not 

fall within the corresponding limits predicted by the 

model. The measured values of unburned ammonia in the 

exhaust gases, were much higher than those predicted, 

because of non-evdporation and the effects of cooled 

surfaces. 

The predicted and measured values of nitric oxide 

concentration reported by Starkman [14] and measured 

values reported by Graves [7] are compared with the 

predicted and measured values obtained from the present 

work in Figures 7.9a and 7.9b. The equivalence ratio jO 
in 

Figure 7.9a is based on the amount of fuel introduced into 

the inlet tract, and in Figure 7.9b is based on the fuel 

burned during the cycle, with exclusion of unburned 

ammonia in the exhaust gases attempting to quantify the 

effect referred to-earlier. 

Neglecting combustion delay, combustion duration, 

residual combustion products and heat transfer from the 

cylinder contents, results in the prediction of a higher 

temperature at the end of expansion and a higher peak 

temperature than are predicted when the effects are 

included. As a result the predicted amounts of carbon 

dioxide and water vapour with iso-octane, methanol and 
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propane are slightly lower and those of carbon monoxide 

and oxygen are slightly higher than their corresponding 

values predicted when the effects are included (see 

Figures 5.56-5.58). 

In the case of ammonia, the predicted amounts of 

oxides of nitrogen are higher and those of unburned 

ammonia lower when these effects are neglected than those 

predicted with them included (see Figures 5.60-5.62). A 

slightly higher concentration of oxides of nitrogen is 

predicted for liquid ammonia than for ammonia vapour, due 

to the higher combustion pressure with liquid ammonia. 

As discussed earlier, the comparison of the 

predictions with experimental measurments shows that the 

measured concentrations of unburned fuel and oxides of 

nitrogen in the exhaust gas are outside the expected range. 

This is probably due to incomplete combustion in the cases 

of propane and ammonia, the employment of assumptions for 

calculations (such as: assuming equilibrium composition 

for combustion products) and representing gasoline and LPG 

by iso-octane and propane respectively. 

A slight amount of absorption may have occured for 

carbon dioxide and hydrocarbons in the ice-bath in the 

sample line and measuring in-accuracies (assessed in 

Appendix E) could have added to the differences. 
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Predictions: 

------- Reproduced from Starkman (141 
Instantaneous combustion at TDC with no heat transfer 
residual combustion products or fuel dissocia: tion. 

- Present model 
Including ef f ects of combustion time, combustion delay, 
fuel dissociation (for ammonia), residual combustion 
products and heat transfer. 

Experimental: 

'A Present work 
0 Reproduced from Starkman 1141 
Y% Reproduced from Graves (7] 
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Fig. (7.9a) Variation of predicted (at peak temperature) 
and measured exhaust gas nitric oxide 
concentration with-equivalence ratio 
at constant compression ratio, ammonia. 
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Predictions: 

Reproduced from Starkman 1141 
Instantaneous combustion at TDC with no heat transfer, 
residual combustion products or fuel dissociation. 

Present model 
Including effects of combustion time, combustion delay, 
fuel dissociation (for ammonia), residual combustion 
products and heat transfer. 

Experimental: 
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Fig. (7.9b) Variation of predicted (at peak temperature) 

and measured exhaust gas nitric oxide 
concentration with equivalence ratio .0 
at constant compression ratio, ammonia. 
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7.3. BEAT TRANSFER 

Heat transfer from the cylinder contents to the 

surrounding surfaces, has been calculated using both a 

correlation proposed by Annand'[461 and another proposed 

by Rao and Bardon [47]. The values obtained using these 

correlations have been compared with the corresponding 

experimentally measured values. 

Experimental values of heat-transfer rates to be 

compared with heat-transfer rates calculated from the 

empirical formulae should include the following 

components: 

i. The heat transfer to the engine cooling water. 

ii. The convective and radiative heat transfer from 

the engine to the environment. 

iii. Conductive heat transfer to parts connected to the 

engine. 

The last term was minimized by providing insulation 

for appropriate parts of the rig. The heat transfer to the 

cooling water was measured and the heat transfer to the 

laboratory environment was estimated. The predicted 

results obtained from the present computer model and the 

experimental results obtained from the engine running on 

the fuels tested in this study, are presented in Figures 

7.10 to 7.13. 
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Fig. (7.10) Variation with equivalence ratio of predicted 
and measured total heat transfer rate from cylinder 
contents to surrounding surfaced, iso-octane/gasoline. 
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Fig. (7.11) Variation with equivalence ratio of predicted 
and measured total heat transfer rate from cylinder 
contents to surrounding surfaces, methanol. 
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Fig. (7.12) Variation with equivalence ratio of predicted 
and measured total heat transfer rate from cylinder 
contents to surrounding surfaces, propane. 
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Fig. (7.13) Variation with equivalence ratio of predicted 
and measured total heat transfer rate from cylinder 
contents to surrounding surfaces, ammonia. 
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As can be seen from these Figures, Annand's 

correlation apparently provides heat-transfer rates which 

are in good agreement with the experimental values. In 

this correlation the Nusselt number, Nu, is related to the 

Reynolds number, Re, by the equation: 

b 
Nu-a (Re) (7.2) 

where Re is defined as and Nu is defined as hl/k, 
, 
AVDI 

where V, D and 1 are the mean piston speed, cylinder 

diameter and characteristic length, respectively. 

According to Annand the values of the two 

coefficients, a, and, b, can be adjusted whithin a 

proposed range. This flexibility enables agreement between 

measured and calculated heat-transfer rates to be obtained 

over a wide range of engines and conditions. The values of 

the coefficients a, b and c (see equation 3.8) initially 

proposed by Annand for a four-stroke spark-ignition 

engine are as follows: 

a-0.26 

b-0.75±0.15 
-8 -2 -1 -4 

and c=(3.88±1.39)xlO imsK 

As is seen, the upper limit of b is 1.5 times the 

lower limit, Variation of this coefficient significantly 

changes the calculated heat-transfer rates, for the high 

values of the Reynolds number of the gases in the engine 

cylinder. Heat-transfer rates obtained using Annand's 

correlation, with the upper limit of b, can consequently 

be many times greater than those obtained using the lower 

limit. The present theoretical heat-transfer calculations 
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showed that, for the E6 engine, at a speed of 2000 r/min, 

the heat-transfer rate, using the upper limit of b, is an 

order of magnitude greater than that obtained using the 

lower limit. 

The values of the coefficients a and b were later 

redefined by Annand [46], as: 

a-0.35 to 0.8 

b-0.7 
-8 -2 -1 -4 

and c-0.42928xlO JmsK (for a spark ignition engine). 

The upper limit of a, being more than'twice its lower 

limit- provides for significant changes in4 the heat- 

transfer rate. 

In Figures 7.10 to 7.13, the heat-transfer rates 

determined -from Annand's correlation (equation 3.8) were 

-8 -2 -1 -4 
calculated with the coefficient c-0.42928xlO msK 

for all of the fuels. The following methods were used to 

find the combinations of a and b to give the heat-transfer 

predictions compatible with those experimentally measured. 

i. Coefficient, a, was taken to be 0.26, as Annand [46] 

originally proposed and coefficient, b, was then adjusted 

for each fuel. 

ii. Coefficient, b, was taken to be-0.7 (as redefined by 

Annand [461) and coefficient, a, was adjusted for each 

fuel. The results are as follow: 
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If uel I CR 1 10 1 a-0.26 1 b-0.7 I 

iso-octane 7-10 0.7-1.5 1 b-0.75 I a-0.42 I 

methanol 10-13 1 0.7-1.5 b=0.715 a-0.31 

propane 8-11 0.7-1.5 b-0.72 a-0.31 

ammonia 10-18 0.7-1.3 b=0.74 a-0.4 

Table 7.4 Coefficients a and b of Annand's correlation 
obtained for E6 spark-ign ition engine at a speed 
of 2000 r/min. 

Experimental measu rments of heat-transf er are also 

needed to arrive at the values in Table 7.4. In the design 

of a new engine such data may not be available for the 

performance to- be predicted. The use of the Annand 

correlation would then pose difficulties, unless data for 

a similar engine (and fuel) were available., 

Annand's correlation also suffers from drawback that 

the characteristic velocity and length, are based on the 

mean piston speed and the cylinder diameter, while in a 

real engine cylinder, neither the gas velocity nor the 

length scale (volume/area) is constant with change in 

piston position, and the velocity of the gas is not 

uniform. 

Further problems may arise from using a constant 

Prandtl number of 0.7 in Annand's c, 

value depends on the composition of 

and the temperature. The value thus 

crank position during the cycle, but 

fuel to another. The present heat 

showed a ranges of Prandtl numbers 

orrelation. The actual 

the cylinder contents 

varies not only with 

also varies from one 

transfer calculations 

from 0.723 to 0.752, 
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depending on crank position, fuel and air-fuel ratio (see 

Appendix C for formula employed). Annand calculated the 

thermal conductivity of the mixture, assuming a constant 

Prandtl number of 0.7. This assumption gives errors for 

thermal conductivity and consequently for heat transfer 

predictions, varying from 3.3% to 7.5%. The ranges of 

values for a and b are so wide that for any engine the 

heat transfer can be represented by simply adjusting a or 

b. 

In Rao and Bardon's correlation [47]ý detailed 

consideration of the heat-transfer mechanism is made. 

Turbulent diffusion of the gases is considered to be 

important and the instantaneous heat-transfer coefficient 

is related to the turbulence intensity of the charge. The 

fluid motion inside the engine combustion, chamber is 

highly turbulent. This turbulence appears during the 

suction stroke and, intensifies throughout the cycle, and 

affects many performance- parameters including heat- 

transfer rates. The nature of the fluid behaviour in the 

engine however is so complex that it -is difficult to 

calculate the characteristics- of the turbulence and 

identify the effects on different parameters. To simplify 

the calculations, Rao and Bardon made assumptions which 

may be better suited to one engine or fuel than others and 

may differ from conditions existing in real cases. one 

such assumption made involves ignoring the increase in 

overall turbulence 'intensity of the charge due to 
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combustion. Other assumptions include isotropic turbulence 

in the engine with little variation throughout the 

cylinder. By neglecting laminar convective heat transfer 

in comparison with turbulent heat transfer a Stanton 

number (hýovcP) of unity results. The turbulent specific 

kinetic energy at the start of the compression stroke was 

assumed to be about one eighth of the square of the mean 

piston speed. These assumptions particularly the last one 

are--not expected to apply for every engine and fuel. The 

turbulent kinetic energy for example at the start of the 

compression stroke for an engine-with swirl creating vanes 

in the inlet portf, would be expected to be different from 

that for the same engine with a simple inlet port. The 

turbulent kinetic energy of a very cold inlet mixture 

which includes condensed phaseý particles (such as is 

produced by-introduction of liquid ammonia into the inlet 

manifold) should also be different to that produced by 

introduction of a vapour. 

Rao and Bardon neglect the thermal conductivity of 

the mixture and the characteristic length which affect 

convective heat-transfer rates. The heat-transfer rate in 

the combustion chamber of an internal combustion engine 

would not be expected to be independent of the thermal 

conductivity of the contents of the cylinder. 

Calculations using Rao's correlation thus provide 

heat-transfer rates which for some fuels are not in good 

agreement with the corresponding experimental values. As 

is seen from figures 7.10 to 7.13, the results obtained 
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for propane agree well with the experimental values, but 

the agreement for iso-octane, methanol and ammonia is less 

satisfactory. However it should be noted that no 

parameters have been adjusted while applying the Rao 

equation. 

The radiative heat-, transfer in a spark-ignition 

engine is a minor part of the total heat transfer and is 

much less than the radiative heat transfer in compression 

ignition engines, according to Taylor (171, Annand [46], 

Woschni [48] and Sitkei [50]. For this work the radiative 

heat transfer obtained from the Annand equation is in the 

range 3 to 5% of the total. The radiation term-- of 

heat-transfer correlations examined in' this study 

(Stefan-Boltzmann Law, see equations 3.8 and 3.10) 

contains the coefficient c recommended by Annand to be 

-8 -2 -1 -4 
0.42928xlO JmsK for a spark-ignition engine using 

any fuel. He does not include effects caused by changing 

composition of the cylinder contents. The emissivity of 

carbon dioxide and water vapour is high while that of the 

other gases normally found in the combustion products of a 

spark-ignition engine is negligible. Thus a mixture with 

higher concentrations of carbon dioxide and water vapour. 

at a given temperature has a higher radiative 

heat-transfer rate and should have a higher value of the 

coefficient c. 

Of the fuels and equivalence ratios considered in 

this research, the total mole fraction of water vapour and 
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carbon dioxide in the combustion products of methanol is 

about 33% higher than that of gasoline. It is expected 

therefore that the radiative heat transfer coefficient c 

for the combustion products of methanol would be about 33% 

higher than that of gasoline. 

Combustion of pure ammonia does not -produce carbon 

dioxide and only traces may be present due to the burning 

of the engine lubricating oil. The concentration of water 

vapour however is much higher than that produced by 

iso-octane or-, methanol combustion. Calculation of 

radiative-heat transfer showed that the emissivity of the 

water vapour-in the ammonia combustion products was less 

than 5% greater than the emissivity of the combined water 

vapour 'and carbon dioxide components in the iso-octane 

combustion products. 

The ratio of radiative heat transfer rate to that of 

convection is small, with values upto 5% Taylor [171 and 

3-5% calculated ., for the present work. Using the above 

radiative heat-transfer correlation with the same value of 

the coefficient c for any fuel would thus have little 

effect on the overall engine performance predictions. 

, The predicted values of heat-transfer using Annand's 

correlation, for 0<1.0, are upto 25% of the enthalpy-of- 

combustion rate (flow rate of fuel multiplied by enthalpy- 

of-combustion) for the fuels tested. In this region of 

air-fuel ratios, both the enthalpy-of-combustion rate and 

the heat-transfer rate are lower for leaner mixtures 

(because there is less fuel and a lower combustion 



232 

temperature) and the ratio of the two -remains fairly 

constant. For 0>1.0 because of the increase in fuel flow 

rate, and the decrease in predicted temperature and 

consequently the heat-transfer rate, the proportion is 

considerably lower (12% at, 0-1.5). With all of the fuels 

the-predicted heat-transfer rate has a maximum value at 

the stoichiometric air-fuel ratio, because the predicted 

temperature difference between the cylinder contents and 

the surrounding surfaces is higher. In practice, at 

constant compression ratio, the maximum mixture 

temperature for gasoline, methanol and ammonia was not at 

stoichiometric air fuel ratio. The experimental values of 

heat-transfer were highest at slightly lower air-fuel 

ratio for gasoline and ammonia but higher for methanol 

corresponding to the maximum exhaust-gas temperature. I 

7.4. 

An expected advantage of ammonia fuel is the absence 

of carbon dioxide, carbon monoxide and unburned 

hydrocarbons in its combustion products. However 

lubricating oil is a possible, source of these substances 

and in practice small concentrations of these gases were 

observed. If lubricating oil is a source of these gases 

when the engine uses ammonia fuel only, the maximum rate 

of, production of them can be estimated from the 

lubricating oil consumption. However when fuels containing 

carbon are used before or along with the ammonia, some 
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carbon or carbon compounds could be deposited later when 

the engine runs on ammonia only, resulting in the 

formation of carbon containing -species and misleading 

observations. 

With ammonia, carbon monoxide#, - carbon dioxide and 

hydrocarbons were detected in the exhaust gas. The 

concentration of the hydrocarbons (measured as hexane) was 

nearly constant for the whole range of air-fuel ratios 

(see Fig. 6.40)., Measured carbon monoxide and carbon 

dioxide concentrations appeared to depend on air-fuel 

ratio (see Figures 6.35&6.36) with minimum values at the 

leanest point (0-0.88). Higher combustion temperatures 

possibly cause more lubricating oil to evaporate and burn 

(or carbon containing deposits to burn). 

The average concentration of unburnt hydrocarbons 

measured for gasoline was 100 parts per million and for 

ammonia was below 25 parts per million. The total 

concentration of carbon monoxide and carbon dioxide for 

gasoline varied from 15 to 20ý and for ammonia from 750 to 

1500 parts per million (all data on dry basis), depending 

on air fuel ratio. It can be deduced that only a fraction 

of carbon monoxide, carbon dioxide and unburnt 

hydrocarbons, is produced by combustion of the lubricating 

oil. Under the test conditions, calculations indicate an 

average lubricating oil consumption of about (1/170) or 

0.6% that of gasoline by mass. This is compatible with the 

lubricating oil consumption range of 0.5% to 1% measured 

by Ricardo Ltd for E6 engines running on gasoline and an 
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approximate value of 0.72% assessed on the engine used in 

this work. This latter value however includes slight 

leakage of lubricating oil from various joints. 

7.5. Flammability limits and combustion develoiDment 

The information available on the combustion of 

different substances shows that the lower and upper 

flammability limits of ammonia in air are much closer 

together than those of hydrocarbons and methanol. For a 

temperature of 180C and at atmospheric pressure, the 

flammability range of fuels examined in this research work 

are presented in Table 7.5 along with stoichiometric 

ratios (ratio of moles of fuel to total moles of air-fuel 

mixture) and equivalence ratio ranges for combustion (data 

from Schmidt [8] and Rose (51]). 

Iflammability rangelstoichiometricl I 
I lin air (mole %) Iratio (in air)l range of I 
I fuel I higher I lower II 

limit I limit (mole %) I 
I 

-I- liso-octanel 1.2 1 7.1 1 1.65 10.78-4.32 1 
111-III 
I methanol 1 6.7 1 36 1 12.28 10,512-4.191 
11 

. 
1-1 11 

I propane 1 2.2 1 10 14 10.535-2.641 
111111 
1 ammonia 1 15 1 28 1 21.9 10.63-1.39 

Table 7.5. Flammability range and stoichiometric ratio 
(volume per-cent in air) and range of 0 for 
iso-octane, methanol, propane and ammonia. 

The flammability limits in an internal combustion 

engine are affected by certain parameters which narrow the 

range of flarmability. In a spark-ignition engine, the 

spark energy may not be high enough to effectively 
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initiate the combustion, or the compression ratio may be 

too low, compared- with the highest useful compression 

ratio, for the mixture to ignite or for the engine to run 

over the expected range of air fuel ratios. During the 

present experimental-work, the engine was unable to run on 

ammonia outside a narrow range -of equivalence ratios, 

with the forementioned range extending from 0.88 to 

1.147. Methods exist for increasing this range if 

appropriate modifications are made. These can include the 

use of a spark of longer duration, specially designed long 

reach spark plugs, use of an additional spark plug, 

preheating the inlet air, increasing the cylinder-jacket 

temperature and creating swirl in the incoming air to the 

engine. The aim of the present work' was however to 

evaluate the potential for using ammonia as a fuel in a 

spark-ignition engine with minimum modifications and with 

running conditions as similar as possible to those of 

other fuels. It was recognized that the compression ratio 

would need to be high. 

In the combustion process the flame speed with 

ammonia is much lower than with hydrocarbon fuels or 

methanol. The theory of laminar flame speed with 

hydrocarbon fuels particularly propane is well 

established. Examination of published literature suggest 

that, in an internal combustion engine, the flame speed in 

a mixture of ammonia and air is about 70-80% of that for 

iso-octane [2] indicating that ammonia requires a more 

advanced spark. During the experimental work (under engine 
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operating conditions presented in chapters 4& 6), it was 

concluded that the most suitable spark setting for ammonia 

fuel was 46 degrees before TDC (crank-shaft rotation). 

Table 7.6 gives the engine running conditions used in the 

present work,. along with those reported by other 

investigators who used single cylinder engines. 

present ISawyer IStark- ICornel- I Gray I 
work 1 [201 Iman[14]Jius [2211 [51 1 

1 1 
engine I - Ricardo 

1 
I CFR 

11 
I CFR I 

1 
CFR I . CFR I 

type 

fuel 
phase I 

I 
liquid I vapour 

I 
I vapourl 

I I 
vapour I 

I 
vapour I 

I 
1hydrogen I no 1--je-s - I yes -&I yes I 
laddition I yes I 

I 
I 
I I 

I CR 1 15: 1 1 -1 1 -7- 1 -0**.. 1 - 4*1 12: 1 

I SPEED 1 2000 1 1300 1 1800 1800-32001900-1600 
(r/min) I 

I 
I 
I1 

II 
11 

I 
1 I 

1 
10 

10.88-1.14710.65-1.410.6-1.21 
III-1 

0.9 1.010.95-1.351 
11 I, 

ISPARK ADVI 46 1 1 53-55 95-108 1 20-45 '1 
Icrank'degI 
1 

.1 

BTDC I BTDC 
1 

I BTDC 
11 

BTDC I 
1 

BTDC I 

.1 
Table 7.6. Comparison of different engines running 
conditions with ammonia introduced into the inlet manifold 

Gray [5] concluded that the optimum spark advance 

with ammonia was 25 degrees of crank greater than that 

with iso-octane. A higher compression ratio was needed in 

the present work to increase the mixture pressure and to 

reach the minimum temperature required for combustion, 

1123 K [8]. 

Comparison of the experimental optimum spark advance 

of about 35-37 degrees BTDC, obtained for gasoline at a 
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compression ratio 8: 1, with the 46 degrees quoted for 

ammonia, shows that it is 76-80% of the ammonia value. In 

a spark-ignition engine the combustion times before and 

after TDC are nearly equal Annand [52], so that the total 

combustion duration for gasoline would be 76-80% of that 

for ammonia. The flame speed with ammonia is thus about 

76-80% that of gasoline, which is in agreement with the 

70-80% value reported by Starkman [2]. 

The flame speed with methanol is higher than that 

with gasoline and at a compression ratio of 12: 1 the spark 

setting was 27 crank degrees before TDC. The flame speed 

with gasoline would thus have been 23 to 27% lower than 

that of methanol and close to value of 80% reported by 

Annand [52] for a4 cylinder Ford engine at a speed of 

2000-3250 r/min. Available data on laminar flame speeds 

Gallopoulos [41, also gives a laminar flame velocity for 

gasoline of about 71% that of methanol. 

The spark advance with gasoline and propane are 

nearly the same, suggesting that there is a negligible 

difference between their flame speeds despite the lower 

temperature of the cylinder content with propane. 

Results obtained from the computer model for 

predicted ignition delay times and combustion times (in 

degrees of crank) for the fuels considered in this work 

are given in Table 7.7. 
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I uU1111jul-rdu L.. LILIU /UuyLutýs OL uzallic. I 

at 2000 r/min 

fuel IgasolinelmethanollpropanelammoniaI 

I ignition delayl 15 1 10 1 15 1 20 1 
111 111 
1combustion timel 1 27-28 1 40 1 39 1 
1 

Table 7.7. Ignition delay time and combustion time 
predicted by the present computer model. 

The lower value of ignition delay time with methanol 

and higher value with-ammonia were due to the effective 

flame speeds used in the pre-combustion phase assumptions, 

as suggested by Benson [23] and described in Chapter 3. 

The predicted combustion time with ammonia is shorter than 

that obtained in the experimental work or that given by 

Starkman. 

Buckly [531 states that for ammonia combustion, a 

much higher minimum ignition energy is required, than is 

required for hydrocarbon fuels. He quotes a value of about 

680 mi, compared, with less than 0.5 mJ for propane, 0.4 mJ 

for n-hexane and 0.3 mi for n-heptane. The higher ignition 

energy requirement of ammonia is reflected in the variety 

of ignition -system modifications (for example adding a 

second spark plug, increasing the spark duration or 

installing a long reach spark plug [20&22]) listed in the 

survey (2.4). An alternative to the high energy spark 

method of assisting ignition is the addition of hydrogen 

to the ammonia, to reduce the energy requirement for 

initiation. Starkman (141 reduced the required minimum 

ignition energy by dissociating upto 25% of the ammonia 
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before induction into the engine. Verkamp [54] also found 

that ignition of ammonia (in gas turbine burners) required 

much less- energy when he increased the proportion of 

dissociated ammonia and concluded that the minimum 

ignition energy occured when 28% of the ammonia was 

dissociated. The minimum ignition energy was found to be 

approximately equal to that required for methane(O. 2 mJ). 

7.6. CgMatibility of fuels with structural materials 

As was stated in chapter 4, the-test rig was equipped 

with two different fuel systems, standard system, used for 

tests with gasoline and part of the tests with methanol 

and a new fuel system, used for tests with propane, 

ammonia and some tests with methanol. Examination of 

materials in contact with the fuels showed that there were 

signs of damage to the spark plug. The high compression 

ratio of 15: 1 at which the ammonia tests were carried out, 

probably contributed to mechanical failure of spark plug. 

Components of the new fuel system fabricated from 

stainless steel did not show any sign of corrosion or 

deterioration through exposure to ammonia or methanol. 
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8.1. CONCLUSION 

The following conclusions are drawn from the present 

work: 

1. A computer model has been developed for in-cylinder 

calculations of processes in the spark-ignition engine, 

designed for fuels having the general chemical formula 

CH0 (where cn, hn and on are atom numbers of carbon, 
cn hn on 

hydrogen and oxygen respectively) and for ammonia. The model 

incorporates sections for the processes of ignition delay 

and combustion duration, the presence of residual combustion 

products, heat-transfer from the cylinder contents to the 

containing surfaces and dissociation of ammonia prior to 

combustion. The model can be run with any of the above 

refinements omitted. It calculates pressure, temperature, 

composition of the cylinder contents, working and heating for 

small increments of crank-shaft rotation during the 

compression, ignition delay, combustion and expansion 

processes. From these incremental calculations the indicated 

mean effective pressure, indicated specific fuel consumption, 

indicated thermal efficiency, heat-transfer and volumetric 

efficiency are determined. 

2. Comparison of the predicted values of the model for 

fuels examined experimentally in this research work shows 

reasonable agreement with the corresponding experimental 
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values for indicated mean effective pressure, indicated 

specific fuel consumption and indicated thermal efficiency. 

3. Predictions obtained from the computer model, assuming 

instantaneous combustion at TDC and neglecting fuel 

dissociation during compression, residual combustion products 

and heat-transfer were close to other published data [14]. 

Neglecting the effects of all of the above aspects resulted 

in increases in the predicted values of indicated mean 

effective pressure of upto 30% for iso-octane, 26% for 

methanol and 35% for propane and ammonia. The predictions 

showed that the error in the predicted power caused by 

neglecting heat-transfer accounted for more than half of the 

total error caused by neglecting all of the effects for 

iso-octane, methanol and propane and was just under a half 

for ammonia. The error caused by neglecting ignition delay 

and combustion time was about one eighth (for iso-octane, 

methanol and propane) and about a fifth (for ammonia). 

Neglecting the residual combustion products caused about a 

third of the total error but the effect of neglecting ammonia 

dissociation prior to combustion was small, about 2% of the 

total error. The overriding importance of the heat transfer 

to performance parameters obtained from a computer model is 

therefore demonstrated. The combustion processes are shown to 

be less significant. 

4. Experimental results showed that for the fuels 

examined, methanol gave the highest power output and the 

lowest concentrations of unburnt hydrocarbons, carbon 

monoxide and oxides of nitrogen when compared with those of 
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gasoline and propane. The fuel consumption of methanol was 

however nearly twice that of gasoline and propane. 

The introduction of liquid propane into the inlet tract 

of the engine resulted in low inlet mixture temperatures, 

caused by fuel evaporation and led to high concentrations of 

unburned hydrocarbons in the exhaust gases and lower power 

than expected. 

5. The Annand heat-transfer correlation for prediction of 

heat-transfer rates from the cylinder contents to the 

surrounding surfaces was found to be applicable for any fuel 

only because the associated coefficients could be adjusted 

over wide ranges. The Rao correlation however was found to 

give an adequate prediction of heat-transfer for propane, but 

the values for other fuels were not in good agreement with 

the corresponding experimental values. 

6. The use of ammonia as a substitutes for hydrocarbon 

fuels has been considered because unlike these limited 

resources, it can be produced from air and water with 

electricity from nuclear sources. 

7. Introduction of ammonia as a liquid into the inlet 

tract of a spark-ignition engine provides a low mixture 

temperature by evaporation before reaching the combustion 

chamber, resulting in a higher volumetric efficiency. In 

practice this is limited by the ability of the mixture to 

sustain stable combustion. A gain of upto 20% in power may be 

achieved over that obtained with ammonia vapour. 

8. Equilibrium calculations show that hydrogen gas may be 

produced by ammonia dissociation in the inlet manifold 
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contributing to better engine performance. These calculations 

also indicate that the addition of hydrogen to the aomonia- 

air mixture may result in a lower increase in the hydrogen 

concentration in the cylinder at the time of the spark than 

would have been expected. 

9. In practice ammonia combustion was achieved only over 

a narrow range of fuel air equivalence ratios from 0.88 to 

1.147. The maximum power was about 60% of that with gasoline 

and the unburned ammonia concentration represented some 20% 

of the ammonia introduced to the engine. The peak 

concentration of oxides of nitrogen was below that for the 

hydrocarbon fuels. 

10. The exhaust gas analyses were compatible with an 

engine lubricating oil consumption of about 0.6% that of 

gasoline, and indicates that the lubricating oil is a 

relatively small source of pollutants compared with the 

hydrocarbon fuels in a normal spark-ignition engine. 

8.2 RECOMMENDATIONS FOR FURTHER W 

1. The computer model can be improved by incorporating a 

calculation of the oxides of nitrogen in the combustion 

products for the hydrocarbon fuels. The rate equations for 

the relevant chemical reactions would be used in addition to 

the present equilibrium composition determination. 

2. In the model,, evaporation of liquid fuels during 

induction and a step by step treatment of evaporation during 

the compression process would be more representative than the 

total evaporation at the beginning of compression employed at 
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present. 

3. For predicting the performance with ammonia, a more 

appropriate form of equation for flame propagation is needed 

instead of the present empirical method based on propane and 

other hydrocarbon fuels. 

4. Improvements to the available heat-transfer correlations 

could be attempted with measurments for the different fuels 

over a range of speeds. 

5. Using ammonia as a fuel gives a means of obtaining 

detailed information on the chemical species containing 

carbon that originate from the lubricating oil of an engine. 

6. Ammonia combustion would be improved considerably and 

the engine would be expected to run over wider ranges of 

compression ratio and air-fuel ratio, by combinations of the 

following modifications: 

. i. Preheating the incoming air to the engine to compensate 

some of the evaporation enthalpy of the fuel. 

ii. Increasing the cylinder jacket temperature, to reduce 

the heat-transfer rate from the cylinder contents to the 

surrounding surfaces. 

iii. Providing an additional spark-plug to start combustion 

more effectively. 

iv. Increasing the concentration of hydrogen gas in the 

inlet air by partial dissociation of ammonia possibly by 

addition of exhast heated reaction chamber. 

v. Mixing of the fuel and air prior to introduction into 

the engine to provide a better distribution of the fuel in 

the cylinder. 
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THERMODYNAMIC AND TRANSPORT PROPERTIES 

A. 1 Introduction 

For calculations in the computer model, thermodynamic 

and transport properties of the contents of the combustion 

chamber and cylinder are required. These properties are 

for the mixture which may be undergoing chemical reaction 

and are provided by appropriate equations. 

In the case of the thermodynamic properties, the 

individual constituent and therefore the mixture have been 

assumed ideal gases to make the calculations possible. To 

economise in computing time, polynomial equations in 

temperature have been used for molar heat capacity (and 

therefore of molar enthalpy) of the seperate constituents. 

Thus appropriate values of coefficients can be obtained 

for these properties, using the mixture composition or 

coefficients of stoichiometric equations for equilibrium 

constants. 

The combining rules of Chapman-Enskog, Mason and 

Saxena, wassiljewa and Wilke as reported by Reid (55] have 

been employed for the transport properties. 

A. 2 Thermodynamic Rroperties. ideal gas 

on assuming the individual constituents to be ideal 

gasesf then for pressure-volume-temperature equations only 

the molar ideal gas constant R, is required. The value 

recommended by CODATA of 8.3144 J/(mol K) has been 
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employed. To determine other properties, an equation for 

the molar isobaric heat capacity is required. 

A. 2.1 isobaric molar heat ca2acity. 

The following polynomial equation was used to relate 

the isobaric molar heat capacity cP, to temperature T, 

for the substances existing in the combustion products 

of a spark-ignition engine: 

r+s 
r-i 

cP(T)- Fi (T) 

To find the best values of r and s, a computer 

program with a least square fitting procedure was 

employed. This computer program also calculated the 

coefficients Fi for combinations of r and s. 

The thermodynamic temperature was divided by 1000 K 

to make the range of the independent variable close to 

unity over the range of temperature considered. 

Rose [511, JANAF [561, Rohsenow [57], Weast (58] and 

Din [59] were used for the reference data, and for every 

combination of r and s considered, the mean deviation 

between calculated and reference quantities of cP for the 

range of temperature from 298 K to 6000 K was calculated. 

The results indicated that the combination of r-4 and 

s-6 gave the minimum standard deviation. So the equation 

of cP used in the computer model is: 

32 -1 -2 -6 
cP(T)-Fl[T]+F2[T]+F3[T]+F4+F5[T]+F6[T]+.... +FlO[T] (A. 1) 

where T is thermodynamic temperature divided by 1000 K, 
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and cP(T) is isobaric molar heat capacity divided by 

(J/mole K). 

The values of isobaric molar heat capacity from (56], 

and the values calculated from equation (A. 1) for carbon 

dioxide, carbon monoxide, water vapour, hydrogen, oxygen, 

nitrogen, oxides of nitrogen, and ammonia for the range of 

temperature (298-6000 K), and also deviations of values 

for equation (A. 1) from fitted data are presented in 

Figures (A. 1) to (A. 18). 

Coefficients Fl to F10 of equation (A. 1) have been 

calculated for the individual substances involved in the 

computer model. These coefficients are presented in Tables 

(A. 1), (A. 2) & (A. 3). 

According to the results, the best fit is for 

nitrogen dioxide (Fig. A. 14), with maximum deviation of 

calculated values from reference values, less than 0.006% 

(or 6/100,000) relative to the reference values. The 

biggest deviation is for ammonia (Fig. A. 17) with maximum 

deviation about 0.3% (or 3/1000) relative to reference 

values. 
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Fig. (A. 1) Variation of isobaric molar heat capacity of 
carbon dioxide with temperature. 
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Fig. (A. 2) Relative deviation of calculated values of isobaric molar heat capacity of carbon dioxide, cPc, from reference values [56], cPr. 
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Fig. (A. 3) Variation of isobaric molar heat capacity of 
carbon monoxide with temperature. 
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Fig. (A. 4) Relative deviation of calculated values of 
isobaric molar heat capacity of carbon monoxide, cPc, 
from reference values (56], cpr. 
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Fig. (A. 5) Variation of isobaric molar heat capacity of 
water vapour with temperature. 

CS) cs: ) 

NE 

r) 
u 

(! D 

u 
I 
u 
0-- 
u 

H20 

j( : -ý 

0 1000 2000 3000 1000 5000 6000 
temp. /K 

Fig. (A. 6) Relative deviation of calculated values of 
isobaric molar heat capacity of water vapour, cPc, 
from reference values [561, cPr. 



251 

n H2 

0 Lo 
r=- Cn 

reference values [1561 X 
m fitted curve 

U 
Lr) 04 

0 1000 2000 3000 4000 5000 6000 
temp . /K 

Fig. (A. 7) Variation of isobaric molar heat capacity of 
hydrogen with temperature. 
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Fig. (A. 8) Relative deviation of calculated values of 
isobaric molar heat capacity of hydrogen, cPc, 
from reference values [56], cPr. 
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Fig. (A. 9) Variation of isobaric molar heat capacity of 
oxygen with temperature. 
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Fig. (A. 10) Relative deviation of calculated values of 
isobaric molar heat capacity of oxygen, cPc, 
from reference values [56], cPr. 
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Fig. (A. 11) Variation of isobaric molar heat capacity of 
nitrogen with temperature. 
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Fig. (A. 12) Relative deviation of calculated values of 
isobaric molar heat capacity of nitrogen, cPc, 
from reference values (561, cpr. 
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Fig. (A. 13) Variation of isobaric molar heat capacity of 
nitrogen dioxide with temperature. 
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Fig. (A. 14) Relative deviation of calculated values of 
isobaric molar heat capacity of nitrogen dioxide, cPc, 
from reference values [56], cPr. 
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Fig. (A. 15) Variation of isobaric molar heat capacity of 
nitric oxide with temperature. 
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Fig. (A. 16) Relative deviation of calculated values of 
isobaric molar heat capacity of nitric oxide, cpc, 
from reference values [56], cPr. 
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Fig. (A. 17) Variation of isobaric molar heat capacity of 
ammonia with temperature. 
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Fig. (A. 18) Relative deviation of calculated values of 
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If. lP I 

Fi 

carbon carbon water 
dioxide monoxide vapour 

Ii1 (C02) I (CO) I (H20) I 
11 11-, I 

110.403245244E-11 0.345461674E-21-0.5279655E-01 

2 1-0.60161736E+001-0.65155475E-011 0.117073556E+ll 

3 0.4295712E+01 0.7950259E+00 1-0.98607166E+Oll 

4 0.4858323E+02 I 0.34238409E+021 0.10508887E+031 
11 111 

5 0.2907922E+02 0.926764TE-+Ol 1-0.110922766E+31 

16 1-0.52010676E+021-0.231138517E+21 0.82404926E+021 
11 111 
1710.35636030E+021 0.1721038E+02 1-0.32454031E+OýFj 
11 1- 

--II 18 1-0.12977802E+021-0.6179635E+01 I 0.62403744E+Oll 
11 111 
1910.245780187E+ll 0.11046943E+011-0.36555854E+001 
11 1 

-1 ,I 1 10 1-0.190067E+00 1-0.79103257E-011-0.23675937E-011 
11 1 

-1 
1 

Table (A. 1) Coefficients Fl to F10 of equations (A. 1), (A. 2) 
and (A. 3) for carbon dioxide, carbon monoxide 
and water vapour. 
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Fi 

gaseous gaseous gaseous 
hydrogen oxygen nitrogen 

(H2) (02) (N2) 

1 1-0.13695lY-4E+001 0.11014635E+001 0.885404484E-21 
1 

2 
1111 
1 0.25251019E+011-0.219311169E+11-0.12721983E+001 

13 1-0.17204383E+021 0.16342432E+021 0.1065012E+01 

4 0.1047427E+03 1-0.105269ý-5E+021 0.33453620E+021 
1 
15 

111 
1-0.146199i-94E+31 0.7476891E+02 I 

1 
0.11089876E+021 

1 
16 

1111 
1 0.14882755E+031-0.7170888E+02 1-0.28040285E+021 

1 
17 

11, I 
1-0.8644139E+02 I 0.37633916E+021 ,I 0.22357557E+021 

1 
18 

1111 
0.2881757E+02 1-0.11225228E+021-0.8644876E+01 I 

1 
19 

1-II 
1-0.512735T8E+Oll 0.17968266'E+Oll 

I 
0.166476111E+ll 

1 
10 

1 

1111 
1 0.37656852E+001-0.1200775E+00 1-0.128242424E+01 
1111 

Table (A. 2) Coefficients Fl to F10 of equations (A. 1), (A. 2) 
and (A. 3) for hydrogen, oxygen, and nitrogen. 
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Fi 

nitrogen nitric ammonia 
dioxide oxide vapour 

i (N02) (NO) (NH3) 

1 0.5294852E-02 I 0.33519438E-021 0.1714265E-01 

2 1-0.10242515EOO 1-0.7169125E-01 1-0.34530E+00 I 

3 1 0.79748EOO 0.819994EOO 170-. 643735E+01 

4 0.54947E+02 0.3457288E+02 0.5726946E+02 

5 0.764016E+01 0.7545086E+01 0.4801407E+02 

6 1-0.180594'ý9E-+021-0.17103953E+02170-. 12832328E+031 
1 

7 
1 
1 0.85171E+01 

11 
I 0.11218981E+021 0.1125316E+03 

8 1-0.169474ý-8E+011-0.350579E+01 1-0.4877615E+02 

9 0.11339552EOO 0.5406824E+00 0.10517571E+021 

1 10 
1 

1 0.30313833E-021-0.33014144E-011-0.8981053E+00 I 
1111 

Table (A. 3) Coefficients Fl to F10 of equations (A. 1) (A. 2) 
and (A-3) for nitrogen dioxide, nitric oxide, 
and armnonia vapour. 
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A. 2.2 Molar enthalRy. -molar entroRy. molar internal 

energy. and isochoric molar heat ca2acity 

The equation for isobaric molar heat capacity can be 

used to provide equations for molar enthalpy, molar 

entropy, and other thermodynamic properties. For molar 

enthalpy h(T)-fcP(T)dT. Thus integration of A. 1 gives: 

432 
h(T)-(Fl/4)[T]+(F2/3)[T]+(F3/2)[T]+(F4)[T]+(F5)ln(T)- 

-1 -2 -5 
(F6)[T]-(F7/2)[T] ........ -(FlO/5)(T] +Cl (A. 2) 

where Cl is a constant of integration. 

For molar entropy s(T) -f1 cP(T)/T]dT. Thus 

32 
s(T)-(Fl/3)(T]+(F2/2)[T]+(F3)[T]+(F4)ln[T]-(F5)[T] - 

-2 -3 -6 
(F6/2)[T]-(F7/3)[T] ....... -(FlO/6)[T] +C2 (A. 3) 

In equations (A. 2) and (A. 3) T is thermodynamic 

temperature divided by 1000 K, h(T) is molar enthalpy 

devided by (J/mole), and s(T) is molar entropy devided by 

(J/mole K). cP(T), h(T), and s(T) are isobaric molar heat 

capacity, molar enthalpy, and molar entropy at temperature 

T/(K), respectively. Constants of integration Cl and C2 

have been individually determined for each substance to 

give the molar enthalpy of formation and molar entropy of 

formation at 25 C respectively. These coefficients are 

presented in Table (A. 4). 

Molar internal energy, and isochoric (constant volume) 

molar heat capacity for each substance can be calculated 

from the following equations (A. 4) and (A. 5) respectively. 

e(T)-h(T)-RT (A. 4) 
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cV (T) =cP (T) -R (A. 5) 

Having the coefficients Fl to F10, Cl and C2 for all 

of the substances, facilitates the calculation of all of 

the thermodynamic properties of those substances as well 

as the equilibrium constants for any reaction involved. 
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Cl C2 

carbon dioxide 1 -448.60157 1 66.58836 

carbon monoxide -139.775946 1 127.5393 

water vapour 1 -248.2128 1 -70.212831 

hydrogen 37.7384785 -42.834562, 

oxygen 1 -30.44439 1 72.142596 

nitrogen 1 -31.836348 38.23060865 

nitrogen dioxide 1 -4.2110876 1 -6.7062926 

nitric oxide 1 
ý 

65.025543 1 51.305647 

ammonia vapour 1 -159.53742 1 -40.49861 

Table (A. 4) Constants of integration Cl & C2 of equations 
(A. 2) & (A. 3) for carbon dioxide, carbon- 

monoxide, water vapour, hydrogen, oxygen, 
nitrogen, nitrogen dioxide, nitric oxide, 
and ammonia vapour. 
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A. 3 Transport properties 

A. 3.1 Viscosity 

The most suitable form of equation relating the 

dynamic viscosity to thermodynamic temperature T, for the 

various substances is indicated by equation A. 6. The 

procedure of section A. 1 was repeated, with the square 

root of thermodynamic temperature divided by 1000 K. The 

best combination of r and s needed as the independent 

variables giving the minimum standard deviations of values 

of viscosity from Rose [51], was in the form: 

5/2 4/2 3/2 1/2 

,, u(T)-fl(T) +f2(T) +f3(T) +f4(T) +f5(T) +f6+ 

-1/2 
f7(T) (A. 6) 

where T is temperature divided by 1000 K, and/i is 

viscosity divided by 11 Pa s). 

The values of dynamic viscosity from [51] and the 

-values from equation (A. 6) for the different substances, 

for a temperature range of (298-1500 K), and also 

deviations of values for equation (A. 6) qac, -from refrence 

values IýIr, for this range of temperature are presented in 

Figures (A. 19) to (A. 30). These Figures show that the 

maximum deviation of calculated values from reference 

values, is less than 0.4% (for hydrogen, Fig. A. 26). For 

temperatures higher than 1500 K, viscosity was calculated 

by extrapolation. This was performed by assuming that 

viscosity increases linearly with the square root of 

thermodynamic temperature. The appropriate slope was 

determined from the data in the temperature range 

1400-1500 K. 
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Coefficients fl to f7 of equation (A. 6) have been 

individually calculated for the substances involved in the 

present research. These coefficients are presented in 

Tables (A. 5 & A. 6). 
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Fig. (A. 19) Variation of dynamic viscosity of carbon dioxide 
with temperature 
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Fig. (A. 20) Relative deviation of calculated values of 
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Fig. (A. 21) Variation of dynamic viscosity of carbon monoxide 
with temperature 
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Fig. (A. 22) Relative deviation of calculated values of 
dynamic viscosity of carbon monoxide, 1-1c, from reference 
values [51],, pr. 
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Fig. (A. 23) Variation of dynamic viscosity of water vapour 
with temperature 
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Fig. (A. 24) Relative deviation of calculated values of dynamic viscosity of water vapouro, p c, from reference 
values [51], Ir. 
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Fig. (A. 25) Variation of dynamic viscosity of hydrogen 
with temperature 
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Fig. (A. 27) Variation of dynamic viscosity of oxygen 
with temperature 
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Fig. (A. 29) Variation of dynamic viscosity of nitrogen 
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fi 

carbon carbon water 
dioxide monoxide vapour 

Ii 1 (C02) I (CO) I (H20) I 
I II 

1-0.715564124E-51 
1 

-1 0.601607632E-51 0.44207E-05 
1 

2 
111 
1 0.119455ý07E--21-0.908034525E-3'1:: 0.85446512E-031 

13 
II 
1-0.8189494E-01 I 

I 
0.563308958E-11 0.67765BOE-01 

14 1 0.294316327E+11-0.1831336567Ell-O. 277763718E+lI 
I 
15 
I 

II 
1-0.56520781E+021 
II 

II 
0.345709284E+21 0.64635263E+021 

1 
16 .1 1 0.58721450E+031-0.322170584E+31-0.775703164E+31 
1 
17 
1 

11 
1-0.254649ý2E+041 
11 

11 
0.12180588E+041 0.37541515E+041 

11 

Table (A. 5) Coefficients fl to f7 of equation (A. 6) for 
carbon dioxide, carbon monoxide and water vapour. 

fi 

gaseous gaseous gaseous 
hydrogen nitrogen oxygen 

(H2) (N2) (02) 

1 
1-0.58218339E-051 
1 1 

0.10198342E-041 0.14812045E-041 

12 -1 
1 

-- 1 0.984930266E-31-0.169658482E-21-0.25729891E-021 
1 
13 

11 
1-0.686239551E-11 

11 
0.115351533E+01 0.183973014E+01 

14 1 0.252383032E+il-0.408901275E+11-0.69132923E+OlI 

15 
I 

1-0.50668363E+021 
II 

0.811949557E+21 0.14574254E+031 
I 

16 
1 

I 
1 0.542477916E+31-0.8157314E+03 1-0.158091682E+41 
111 

17 
I 

1 -0.23557E+04 I 
II 

1 
0.331492E+04 I 0.699384315E+41 

II 

Table (A. 6) Coefficients fl to f7 of equation (A. 6) 
for gaseous hydrogen, nitrogen, and oxygen. 
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A. 3.2 Thermal conductiv"y 

The form of equation for thermal conductivity was the 

same as that used for viscosity and shown before. 

5/2 4/2 3/2 1/2 
k(T)=fl(T) +f2(T) +f3(T) +f4(T) +f5(T) +f6+ 

-1/2 
f7 (T) (A. 7) 

where T is thermodynamic temperature divided by 

1000 K, and k is thermal conductivity devided by (mW/m K). 

The values of thermal conductivity from [51] kr, and 

the values from equation (A. 7) kc, are presented in 

Figures (A. 31) to (A. 42). 

Coefficients fl to V of equation (A. 7) for thermal 

conductivity for the various substances found by least 

square fitting are presented in Tables (A. 7 & A. 8). 

The maximum deviation of calculated values from 

reference values is seen to be about 0.5% (for water 

vapour, Fig. A. 36). For temperatures higher than 1500 K, 

thermal' conductivity was calculated by extrapolation. The 

method was the same as that used for viscosity. 
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Fig. (A. 31) Variation of thermal conductivity of carbon dioxide 
with temperature. 
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Fig. (A. 32) Relative deviation of calculated values of 
thermal conductivity of carbon dioxide, kc, from 
reference values [511, kr. 
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Fig. (A. 33) Variation of thermal conductivity of carbon monoxide 
with temperature. 

CD 
CS) CN 

co 

X 
X 

XXX 
N, - -X- -X- )K - -r X -X-)K- XX 

Ile, X 
IX 

0 500 1000 1500 
temp /K 

Fig. (A. 34) Relative deviation of calculated values of 
thermal conductivity of carbon monoxide, kc, from 
reference values [511, kr. 
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Fig. (A. 35) Variation of thermal conductivity of water vapour 
with temperature. 
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Fig. (A. 36) Relative deviation of calculated values of 
thermal conductivity of water vapour, kc, from 
reference values (511, kr. 
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Fig. (A. 37) Variation of thermal conductivity of hydrogen 
with temperature. 
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Fig. (A. 38) Relative deviation of calculated values of 
thermal conductivity of hydrogen, kc, from 
reference values (511, kr. 
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Fig. (A. 39) Variation of thermal conductivity of oxygen 
with temperature. 
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Fig. (A. 40) Relative deviation of calculated values of 
thermal conductivity of oxygen, kc, from 
reference values [51], kr. 
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Fig. (A. 41) Variation of thermal conductivity of nitrogen 
with temperature. 
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Fig. (A. 42) Relative deviation of calculated values of 
thermal conductivity of nitrogen, kc, from 
reference values [511, kr. 
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fi 

carbon carbon water 
dioxide monoxide vapour 

Ii 
* 

1 (C02) I 
- 

(CO) I 
ýI 

(H20) I 
I I I-I 

1 0.286235T3-lE--41-0.56740506'2E-51 0.57588575E-041 
1 1 

12 
11 
1-0.437858546E-21 

1 
0.8989591E-03 1-0.10431863E-011 

1 1 
13 

111 
1 0.27472624 1-0.559325337E-11 0.773518 

14 1-0.90503553E+Oll 0.175902715E+11-0.299799891E+21 
1 
15 

111 
1 0.16972115E+031-0.26128942E+021 

1 
-1 0.648246424E+31 

1 1 
16 

I 

11 
1-0.167915953E+41 0.200402123E+31-0.736759024E+41 

I 
7 

1 

I, I 
1 0.68096572E+041 
11 

-I -0.553826-E+03 
I 

0.34363664E+051 
1 

Table (A. 7) Coefficients fl to f7 of equation (A. 7) for 
carbon dioxide, carbon monoxide and water vapour. 

fi 

gaseous gaseous gaseous 
hydrogen nitrogen oxygen 

(H2) (N2) (02) 

1-0.28049209E-031-0.15981446E-041 0.505506634E-51 
11 111 
1210.4900336-34-E-ll 0.26194415'7E-21- . 49611314E-031 
11 111 
13 1-0.346734087E+11-0.178517980E+01 0.986193364E-21 
11 111 
1410.127783235E+31 0.647992093E+ll 0.532724275E+01 
11 111 
15 1-0.25719082E+041-0.129143508E+31=0-. 24644087E+021 
11 111 
1610.271933T2--8E+51 0.13938338E+041 0.419008656E+31 
11 11 
17 1-0.1170237E+06 I -0.620356E+04 1-0.2424357E+04 I 

Table (A. 8) Coefficients fl to f7 of equation (A. 7) 
for gaseous hydrogen, nitrogen, and oxygen. 
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A-4 PrgRerties of the gas mixtures 

It is assumed that the individual constituents of 

mixture of cylinder contents obey the ideal gas equation 

of state: 

Pv-RT 

where v is molar volume, 

constant. Consequently 

ideal gas equations (the 

mixtures [60]). 

If Mi is the numb 

mixture, then: 

(A. 8) 

and R is the molar ideal gas 

the mixture as a whole obeys the 

Gibbs-Dalton rule for ideal gas 

er of moles for substance i in the 

n 
mi (A. 9) 

i-1 

where M is the total number of moles, and n is the 

number of species in the mixture respectively. 

The mole fraction of substance i in the mixture is: 

xi- Mi/M (A. 10) 

n 
and 2- xi- 1.0 

iml 

pi- xi 11) 

n 
and pi 

where pi is partial pressure of substance i, and P is the 

total pressure of the mixture. 

If Ai is molar enthalpyr molar internal energy, 

isobaric molar heat capacity, isochoric molar heat 

capacity, or molar Gibbs function of substance i, xi is 
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the mole fraction of substance i, and n is the number of 

species in the mixture, then A, molar enthalpy, molar 

internal energy, isobaric molar heat capacity, isochoric 

molar heat capacity, or molar Gibbs function of the 

mixture is calculated using equation (A. 12). 

n 
57- xi Ai (A. 12) 
i-1 

To find the thermal conductivity of the mixture, 

equation (A. 13) due to Wassiljewa [551 is used. 

n xi Ki 
Km - 5- (A. 13) 

n 
7- xj Aij 
j-i 

where Km is thermal conductivity of the mixture, Ki is the 

thermal conductivity of substance i in the mixture, xi and 

xj are the mole fractions of substances i and j 

respectively, and finally Aij is a function (according to 

the Mason and Saxena modification [55) ) of the form: 

1/2 1/4 2 
{1+[(Kri/Krj)l (Mi/Mj) I 

Aij -F (A. 14) 
1/2 

18X[l+ (Mi/Mi) I) 

where Mi and Mj are relative molecular mass of 

substances i and J, Kri and Krj taken as pure substance 

thermal conductivity of substances i and j respectively, 

and F is a constant near to unity. For the computer model 

F is equal to 1. 

To find viscosity of the mixture, equation (A. 15) 

due to Chapman-Enskog [551 has been used. 
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nm - 
xi pi 

(A.. 1! 5 

n 
> xj Oij 
J-1 

pi is the dynamic viscosity of substance i, xi is the mole 

fraction of substance i,, Am is dynamic viscosity of the 

mixture, and Oij is expressed by Wilke (55] to be in the 

orm: 
1/2 1/4 2 

1+ E ()Qi/)a j) I[ (Mi/Mj) 

1/2 
{8xll+(Mi/Mi) I) 

where Mi and Mj are the relative molecular mass of 

substances i and j respectively. 

The computer program and details of the method of 

computing the thermal conductivity and the dynamic 

viscosity of the mixtures are given in Appendix 
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When a chemical reaction occurs the process does not 

necessarily proceed until one or more of the initial 

constituents (reactants) is completely eliminated. In fact 

a thermodynamic equilibrium state with amounts of all the 

reactants and products may be reached. The composition of 

the system in this condition, then remains constant, 

depending on the temperature, the pressure as well as the 

amounts of the reactants present before reaction took 

place. For this temperature and pressure, the equilibrium 

state has the composition corresponding to the minimum 

Gibbs function. 

For a system of ideal gases which undergoes the 

reaction specified by the stoichiometric equation: 

7- 
ui j -0 (B. 1) 

i-1 

the minimum Gibbs function occurs when 

n 

zri n LTj i-1 
OT xi ) [P/Pol -K (B. 2) 
i-i 

where J represents a chemical species, Zrj is the 

stoichiometric coefficient (negative for reactants and 

positive for products), xj is the mole fraction of J, p 

the (total) pressure of the system, Po a reference 

pressure and K is the equilibrium constant. 
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The equilibrium constant K is a function of 

temperature only and can be calculated from equation (B. 3) 

below: 

nTT 

K= i Pj dT -T cPJ/T)dT+hoj-Tsoj]/RT (B. 3) 
f1c 

rf( 

i-1 To To 

hoj and soj are datum state values of molar enthalpy and 

entropy respectively and selected to be the properties of 

formation at reference temperature To and correspond to 

constants Cl and C2 in the equations A. 2 and A. 3. 

nn 
Thu s Vj hoj and ZIJ soj are the corresponding 

properties of reaction for the reaction described by 

equation (B. 1). 

It should be noted that the mole fraction xj can be 

written as xj-PJ/P where Pj is the partial pressure of 

constituent J and equation (B. 2) given in terms of partial 

pressures instead of mole fractions. 

With the above information together with the equations 

of Appendix [A], the equilibrium constants can be 

evaluated. The reader is referred to computer program in 

Appendix [C] for further details about the procedure of 

calculation of the equilibrium composition of the ideal 

gas reacting mixture. 
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APPENDIX [C] COMPUTER PROGRAMS 

1 PROGRAM SUB 
2C This program is to calculate the factors of c 

6T)Pauation 3 DIMENSION A(20,20), AM(20,, 20), F(20), X(61)IW( t-(61) Y(20), 
4 IS (61) H (61) Rj (61),, DH (61) C (61) DC (61) P (61) Sj (61) FDS (61) 
5 1, DCPC (61) 
6 N=59 
7 READ (5, (T (I) GJ (I) , SJ (I) HJ (I) I=1, N) 
81 R-- 4 
9 IS=6 

10 M--IR+IS+l 
11 DO 5 I=1, N 
12 X(I)=T(I)/1000.0 
13 5 CONTINUE 
14 10 K=l 
15 DO 22 I=1? IR+IS 
16 DO 21 J=1, IR+IS 
17 IF((I+J). NE. 2*IR)GCrTO13 
is A(I, J)=N 
19 GOT021 
20 13 Sun--0.0 
21 DO 20 L--lN 
22 SUn--SUM+((X(L))**(2*IR-I-J)) 
23 20 CONTINUE 
24 A(I, J)=SUM 
25 21 CONTINUE 
26 22 CONTINUE 
27 SUMY=0-0 
28 DO 40 I=1, N 
29 SUMY=SUMY+ci(i) 
30 40 CONTINUE 
31 'DO 51 I=1, IR+IS 
32 IF(I. NE. IR)GOT046 
33 Y (I) =SUw 
34 GOT051 
35 46 Y(I)=O. O 
36 DO 50 L--l, N 
37 Y(I)=Y(I)+((X(L))**(IR-I))*CJ(L) 
38 50 CONTINUE 
39 51 CONTINUE 
40 M--M-l 
41 DO 125 I=1, IR+IS 
42 DO 125 J=1, IR+IS 
43 AM (I, J) =A (I, J) 
44 125 CONTINUE 
45 DO 127 I=1, IR+IS 
46 AM(I, M)=Y(I) 
47 127 CONTINUE 
48 128 K=K+l 
49 DO 130 I=K, IR+IS 
50 DO 130 J=K, IR+IS 
51 A (I, J) = (A (I, J) /A (IK-1) (A (K-1, J) /A (K-1, K-1) 
52 AM(I, J)=(AM(IJ)/AM(I, K-1))-(AM(K-1, J)/AM(K-1, K-1)) 
53 130 CONTINUE 
54 IF(K. EQ. (IR+IS-1))GOT0133 
55 GOM128 
56 133 FI=1.0 
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57 DO 135 I=1, IR+IS 
58 DO 135 J=1, I 
59 Fl=Fl*(AM(I, J)/A(I, J» 
60 135 GONTINUE 
61 Fl=Fl* (A (IR+IS-1, IR+IS-1) /AM (IR+IS-1, IR+IS-1» 
62 l(A(IR+IS, IR+IS)/AM(IR+ISoIR+IS»* 
63 l(A(IR+IS, IR+IS-1)/AM(IR+IS, IR+IS-1» 
64 F (M) =Fl* ( (AM (IR+IS� IR: +IS) *AM (IR+IS-1, IR+IS-1) - 
65 lAM(IR+IS-1�IR+IS)*AM(IR+IS, IR+IS-1»/ 
66 1 (A (IR+IS� IR+IS) *A (IR+IS-1 i, IR+IS-1) - 
67 lA(IR+IS-1, IR+IS)*A(IR+IS�IR+IS-1») 
68 C IF (M. LE. 3. OR. M. GT. 5) F (M) =F (M) * (FLOAT (IR+l-, M) 
69 IF(M. EQ. 1)GOT0295 
70 GOT010 
71 295 HC)--(F(l)/4.0)*«X(l»**4)+(F(2)/3.0)*«X(l»**3)+(F(3)/2.0)* 
72 1 «X (1» **2) +F (4) *X (1) +F (5) *LOG (X (1» -F (6) * «X (1» ** (-1» - 
73 1 (F (7) /2.0) *( (X (1» ** (-2) )- (F (8) /3.0) *( (X (1) ) ** (-3) (F (9) 
74 14.0) * «X (1» ** (-4» - (F (10)/5.0) * «X (1» ** (-5» 
75 Cl=C1F-HO 
76 SC: (F (1) /3.0) *( (X (1» **3) + (F (2) /2.0) *( (X (1) ) **2) +F (3) *X (1) + 
77 1F (4) *LOG (X (1» -F (5) * «X (1» ** (-1» - (F (6)/2.0) * «X (1» ** (-2» - 
78 1 (F (7) /3.0) *( (X (1) ) ** (-3) )- (F (8) /4.0) *( (X (1) (-4) (F (9) /5.0) 
79 l* «X (1» **(-5»- (F (10)/6.0) *«X (1» **(-6» 
80 C2=C2F-SO 
81 DO 300. I=1, N 
82 C (I) =F (1) *( (X (I) ) **3) +F (2) (X (I) ) **2) +F (3) (X (1» **1) + 
83 1F (4) +F (5) * «X (I» ** (-1» +F (6) * «X (I» ** (-2» +F (7) * «X (I) ) 
84 1**(-3»+F(8)*«X(I»**(-4»+F(9)*«X(I»**(-5»+ 
85 lF(10)*«X(I»**(-6» 
86 DC (I) =C (I) -CJ (I) 
87 DCPC(I)=DC(I)*100.0/CJ(I) 
88 H (I) = (F (1) /4.0) *( (X (I) ) **4) + (F (2) /3.0) *( (X (I) )* *3) + (F (3) /2.0) 
89 1 «X (1» **2) +F (4) *X (I) +F (5) *LOG (X (I» -F (6) * «X (I» ** (-1» - 
90 1 (F (7) /2.0) *( (X (I» ** (-2) ) -(F (8) /3.0) *( (X (I) ) ** (-3) (F (9) /4.0) 
91 1 «X (I» ** (-4» - (F (10)/5.0) * «X (I» ** (-5» +Cl 
92 DH (I) =-C1F+H (I) -IU (I) 
93 S (I) = (F (1) /3.0) *( (X (I) ) **3) + (F (2) /2.0) (X (I) ) **2) +F (3) *X (I) + 
94 1F (4) *LOG (X (I» -F (5) * «X (I» ** (-1» - (F (6) /2.0) * «X (I) ) ** (-2» - 
95 1 (F (7) /3.0) *( (X (I) ) ** (-3) )- (F (8) /4.0) *( (X (I) ) ** (-4) )- (F (9) /5.0) 
96 l* «X (I» ** (-5» - (F (10) /6.0) * «X (I» ** (-6) ) +C2 
97 P (I) = (H (I) /X (I) ) -S (I) 
98 DS(I)=S(I)-SJ(I) 
99 300 CONTINUE 

100 WRITE(6,320)Cl, C2 
101 320 FOMIAT(lOX, F30.20,10X#F30.20, ///`//) 
102 WRITE (6,3 50) ( (F (M) ) o, M--1 #, IR+IS) 
103 350 FORMAT(lOX, E30.15, /) 
104 WRITE(6,400) «T(I) C(I) #DC(I) H(I)�S(I»�I=1�N) 
105 400 FORMAT (F7.2 , lX, Fl 2.7,2X, Fl 2.7,2X, Fl 2.7�2X p Fl 2. '1) 
106 STOP 
107 END 
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1 PROGRA14 VISCOSITY 
2C This program is used to find out the factors of equations 3C for viscosity & thermal conductivity 
4 DIMENSION A (20,20) AM, (20,20) ,F (20) Xj300) VJ (300) fT (300) "Y (20) 
5 1S(61) H(61) RJ(61), DH(61), V(300) DV(61), P(61) SJ(61) pDS(61) 6 1, PDV(61) 
7 N--23 
8 READ(5, *)((T(I),, VJ(I))j=1, N) 
9 IIt--6 

10 IS=1 
11 B1=0.0 
12 M--IR+IS+l 
13 DO 5 I=1, N 
14 X(I)=(T(I)**0.5)/1000.0 
15 5 CONTINUE 
16 10 K=l 
17 Do 22 I=1, IR+IS 
18 Do 21 J=1, IR+IS 
19 IF((I+J). NE. 2*IR)GOT013 
20 A(IIJ)=N 
21 GOI021 
22 13 SUM--0.0 
23 Do 20 L--l, N 
24 SUDT--SUM+((X(L)) **(2*IR-I-J)) 
25 20 CONTINUE 
26 A(IJ)=SUM 
27 21 CONTINUE 
28 22 CONTINUE 
29 SUMY=0.0 
30 DO 40 I=1, N 
31 SUMY=SUMY+Vj(I) 
32 40 CONTINUE 
33 DO 51 I=1, IR+IS 
34 IF(I. NE. IR)GOT046 
35 Y(I)=SUMY 
36 GOM51 
37 46 Y(I)=O. O 
38 DO 50 L--lN 
39 Y(I)=Y(I)+((X(L))**(IR-I))*VJ(L) 
40 50 CONTINUE 
41 51 CONTINUE 
42 M--M-l 
43 DO 125 I=1, IR+IS 
44 DO 125 J=1, IR+IS 
45 AM (I, J) =A (I, J) 
46 125 CONTINUE 
47 DO 127 I=1, IR+IS 
48 AM (I, M) =Y (I) 
49 127 CONTINUE 
50 128 K=K+l 
51 DO 130 I=K, IR+IS 
52 DO 130 J=KIIR+IS 
53 A (I, J) = (A (I, J) /A (I,, K-1) (A (K-1,, J) /A (K-1,, K-1) 
54 AM(I, J)=(AM(I, J)/AM(I, K-1))-(AM(K-1, J)/AM(K-1, K-1)) 
55 130 CONTINUE 
56 IF(K. EQ. (IR+IS-1))GOT0133 
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57 GOM128 
58 133 F1=1.0 
59 DO 135 I=1, IR+IS 
60 DO 135 J=1, I 
61 Fl=Fl*(AM(I, J)/A(IIJ)) 
62 135 CONTINUE 
63 Fl=Fl*(A(IR+IS-1,, IR+IS-1)/AM(IR+IS-1,, IR+IS-1))* 
64 l(A(IR+IS, IR+IS)/AM(IR+IS, IR+IS))* 
65 l(A(IR+IS,, IR+IS-1)/AM(IR+IS,, IR+IS-1)) 
66 F(M)=Fl*((AM(IR+ISIIR+IS)*AM(IR+IS-llIR+IS-1)- 
67 1MI(IR+IS-1, IR+IS)*AM(IR+IS, IR+IS-1))/ 
68 l(A(IR+IS, IR+IS)*A(IR+IS-1, IR+IS-1)- 
69 1A(IR+IS-1, IR+IS)*A(IR+IS, IR+IS-1))) 
70 IF (M. EQ. 1) GOT029 5 
71 GOM10 
72 295 DO 300 I=1, N 
73 V(I)=F(1)*((X(I))**5)+F(2)*((X(I))**4)+F(3)*((X(I))**3)+ 
74 1F(6)+F(5)*((X(I))**(+l))+F(4) *((X(I)) **(2))+F(7)*((X(I)) 
75 1**(-l)) 
76 DV (I) =V (I) -VJ (I) 
77 PDV (I) =DV (I) *100.0/VJ (I) 
78 Bl=Bl+ (DV (1) **2) 
79 C SLOPE IS THE SLOPE OF THE CURVE AT DATA POINT -- N 
80 IF (I . EQ. N) SLCPE= (0 . 000 5* (T (I) ** (-0 . 5) ))* (5.0 *F (1) * (X (1) **4.0) + 
81 14.0 *F (2) * (X (I) * *3.0) +3.0 *F (3) * (X (I) * *2.0) +2.0 *F (4) *X (I) +F (5) - 
82 1F (7) * (X (I) ** (-2)) 
83 300 CON-TIME 
84 Bl=(Bl/N)**0.5 
85 WRITE(6,350)((F(M)), M--l, IR+IS) 
86 350 FORMAT(10X, E30.15) 
87 WRITE (6,380) 
88 380 EURMAT(///, 2X, 'T(CK)', 10X, 'REF. V. 1,10X, 'CAL. V. 0 
89 1,8X, 'DEVIATION', 6X, DEV PC'j/) 
90 WRITE(6,400)((T(I), VJ(I), V(I), DV(I), PDV(I)), I=1, N) 
91 400 FORMAT(F7.2t5XF12.5t5X, F12.5,5X, F12.5,5X, F8.4) 
92 C WRITE(6,500)B1 
93 C500 FORMAT(19X, F8.6) 
94 WRITE(6,600)((T(I), VJ(I)), I=1, N) 
95 WRITE(6,600)((T(I)FPDV(I)), I=1, N) 
96 600 FORMAT(El2.5,2X, E12.5) 
97 STOP 
98 END 
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1 PROGM1 OTIO 
I 2 DIMENSION F (40,7), A(7), E (7) jC (7) PP (7) X (7) ANGLE (50) TIME (50) 3 1, G (7) , FI (7,7) , FII (7,7) VIS (7) TK (7) VELG (50) VELP (50) TETA (50) 

4 1, GG(7) PPLOT(200), VPLOT(200), CAPLCT(200) #, FRBURN(200), TEMP(200) 
5 1, APL0T(7,200), XB(7) 
6 C- (AFR: WEIGHT) - (HREA: J/MOL) - (P: N/M**2) - (T: K) - (SPEED: RPM) 
7 READ (5, *) CR, AFR, HREAP0, TS, PA, PEX, TARPM, TW, TL-rAIG 
8 1, FLAMEF, CN, HN, ON, AMMONIA, QQ, DISS, AMLIQtQQC, QQR, FLAMLF 
9 1, DELF, VRF, HT, (F(I, 7), I=1,40) 

10 C- -NN IS THE NO. OF DIVISIONS FOR COMPRESSION & EXPANSION STROKES 
11 C- -FOR HEAT TRANSFER QQ=1.0 & FOR NO HEAT TRANSFER QQ=0.0 
12 C- FOR DISSOCIATION OF AMiONIA DISS=1.0 AND FOR NO DISSOCIATION DISS=0.0 
13 C -TETAIG IS IGNITION DEGREE (AFTER T. D. C. ) 
14 C- -FLAMEF IS TURBULENT FLAME FACTOR(TUR. VEL. /LAM. VEL. ) 
15 FIX=0.0 
16 IF(TETAIG. EQ. 180.0)FIX=1.0 
17 PI=3.1415927 
18 TETAIG MTAIG*PI/180.0 
19 TETAIVC--35.0*PI/180.0 
20 NC=10 
21 IGI=5 
22 NN=20 
23 IF(Ab=NIA. EQ. 0.0)DISS=0.0 
24 IF(AWIONIA. EQ. O. O)RMOLit--12.0*CN+HN+16.0*ON 
25 IF(AMM0NIA. NE. 0.0)RWLW--17.032 
26 AC2=1.0E-4 
27 KKK=4 
28 KDK=7 
29 IF(DISS. EQ. O. O)KKK=5 
30 FAC=1.0 
31 STROKE--0.111125 
32 OONRL--0.2317 
33 DIA=0.0762 
34 k--8.31439 
35 SPEED--RPM/60.0 
36 VS=(PI/4.0)*(DIA**2)*STR0KE 
37 VF--l. 0-VRF 
38 VPISTON=2.0*STRCKE*SPEED 
39 DIVISION=STROKE/FLOAT(NN) 
40 C--ANGLE(I) IS DEGREE OF CRANKANGLE FOR EACH VOLUME DIVISION(DV) 
41 C- TIME(I) IS THE REQUIRED TIME FOR EACH VOLUME DIVISION(DV) 
42 DO 15 I=1, NN 
43 IF(I. LE. NN/2)TETA2=PI/4.0 
44 IF(I. GT. NN/2)TETA2=0.75*PI 
45 J=o 
46 11 TETA1=TETA2 
47 J=J+l 
48 F3=CONRL*(-1.0+(1.0-((STROKE*SIN(TETA1)/(2.0*00ýRL))**2.0))**0.5) 
49 1+(STRCKE/2.0)*(1.0-COS(TETAl))-I*DIVISION 
50 DF3= (STROKE/2.0) *SIN (TETAl) - ((STROKE* *2.0) /4.0 *CONRL) *SIN (TETAl) 
51 1*CDS(TETA1)*((1.0-((STROKE*SIN(TETA1)/(2.0*CONRL))**2.0))**(-O. S)) 
52 TETA2=TETA1-(F3/DF3) 
53 ERROR--1.0-(TETAl/TETA2) 
54 IF (J. GE. 10 0) GOT01 2 
55 IF(ABS(ERROR). GE. 1.0E-3)GOTO11 
56 GOM13 
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57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
lic 
ill 
112 

12 TETA2=10.0**50 
13 TETA(I)--TETA2 
15 CONTINUE 

ANGLE (1) --TETA (1) 
DO 18 I=2, NN 
ANGLE (I) ---TETA (I) -TETA (I-1) 

18 CONTINUE 
DO 19 I=1, NN 
TIME (I) =ANGLE (I) / (2.0 *PI*SPEED) 

19 CONTINUE 
DO 5 I=1,40 
DO 5 J=lp6 
F(I, J)=O. O 

5 CONTINUE 
C-F(1, I) TO F(10, I) ARE COEFFICIENTS OF HEAT CAPACITY OF SUBSTANCE I 
C-F(11, I) AND F(12, I) ARE CONSTANTS OF INTEGRALS 
c FOR ENTHALPY & ENTROPY OF SUBSTANCE I 
C-F(13, I) IS MOL. WEIGHT OF SUBSTANCE I 
C-F(21, I)-TO-F(30g, I) ARE COEFF. OF VISCOSITY OF SUBSTANCE I 
C-F(31, I)-TO-F(40, I) ARE COEFF. OF THERMAL COND. OF SUBSTANCE I 

IF (AMMONIA. EQ. 0.0) GOT025 
c -No2- 

F (1 fl) =0.5294852E-02 
F (2,1) =-0.10242515EOO 
F(3,1)=0.79748EOO 
F(4,1)=0.54947E+02 
F(5,1)=0.764016EO1 
F(6,1)-0.18059449EO2 
F(7,1)=0.85171EO1 
F(8,1)-0.16947488EO1 
F(9,1)=0.11339552EOO 
F (10,1) =0.30313833E-02 
F(11,1)-4.2110876 
F(12,1)-6.7062926 
F(1311)=46.008 
F(29,1)=1.79036 
F (30,1) -16.377 
F(39,1)=3.7216 
F (40,1) -47.9812 
F(25,1)=1.79036 
F (26,1) -16.377 
F(35,1)=3.7216 
F (36,1) -47.9812 

NO 
F (1,2) =0.33519438E-02 
F (2,2) -0.7169125E-01 
F(3,2)=0.819994E00 
F (4,2) =0.3457288E+02 
F (5,2) =O . 754 50 86 E+01 
F(6,2)-0.17103953E02 
F(7,2)=0.11218981E02 
F(8t2)=-0.350579E01 
F(9,2)=0.5406824E00 
F (10,2) -0.33014144E-01 
F(l1,2)=65.025543 
F(l2,2)=51.305647 
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113 F(13,, 2)=30.008 
114 F(29,2)=1.8 
115 F(30,, 2)-11.999 
116 F(39,2)=2.923 
117 F (40,2) -24.813 
118 F(25,2)=1.8 
119 F(26,, 2)-31.999 
120 F (35,2) =2.923 
121 F(36,, 2)-24.813 
122 GOM16 
123 C 
124 25 F(lil)=0.403245244E-01 
125 F(2,1)=-0.60161736EOO 
126 F(3,1)=0.4295712EO1 
127 F(4,1)=0.4858323EO2 
128 F(5,1)=0.2907922EO2 
129 F(6,1)=-0.52010676E+02 
130 F(7,1)=0.35636030E+02 
131 F(8,1)=-0.12977802E+02 
13 2 F (9,1) =0.2457880187E+01 
133 F(10,, l)=-0.190067EOO 
134 F (U, l) -448.60157 
135 F(12fl)=66.58836 
136 F(13,1)=44.0 
137 F(21,1)=-0.715564123739737E-5 
138 F(22,1)=0.11945560678485E-2 
139 F(23,1)-0.818949399490175E-1 
140 F(24,1)=0.294316327250755El 
141 F(25,1)=-0.565207810460412E2 
142 P(26,1)=0.587214501307039E3 
143 F(27,1)=-0.254649519102445E4 
144 F (29,1) =1.74 
145 F(30,1)-13.68991 
146 F(31,1)=0.28623543096887E-4 
147 F(32,1)=-0.43785854568061SE-2 
148 F(33,1)--0.274726239080604 
149 F(34,1)=-0.905035528573147El 
150 F(35,1)=0.169721148833233E3 
151 F(36,1)=-0.167915953384947E4 
152 F(37#1)=0.680965720861039E4 
153 F(39,1)=4.73 
154 F(40,1)-86.1921 
155 c 
156 F(1,2)=0.345461674E-02 
157 F(2,2)-0.65155475E-01 
158 F(3,2)=0.7950259EOO 
159 F(4,2)=0.3423B409E+02 
160 F(5,2)=0.9267646E+01 
161 F(6,2)=-0.231138517E+02 
162 F(7,2)=0.1721038EO2 
163 F(8,2)-0.6179635E+01 
164 F(9,2)=0.11046943E+01 
165 F(10,2)=-0.79103257E-01 
166 F(11,2)-139.775946 
167 F(12,2)=127.5393 
168 F(13,2)=28.0 
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169 F(21,2)=0.601607632198073E-5 
170 F(22,2)=-0.9080345247194OIE-3 
171 F(23,2)=0.563308957969373E-1 
172 F(24,2)-0.18313365669Ol4lEl 
173 F(25,2)=0.34570928405463lE2 
174 F(26,2)=-0.322170583639342E3 
175 F(27,2)=0.121805880199135E4 
176 F(29,2)=2.0 
177 F (30,2) =-22.55966 
178 F (31,2) =-0.567405061859817E-5 
179 F(32,2)=0.89895909869722E-3 
180 F(33,2)=-0.559325337098088E-1 
181 F (34,2) =0.175902715124277El 
182 F(35,2)=-0.26128941910986lE2 
183 F(3612)=0.200402123173742E3 
184 F(37,2)=-0.553820719506548E3 
185 F(39,, 2)=3.8 
186 F (40,2) -55.6733 
187 C H2 
188 16 F (1,3) =-0.5279655E-01 
189 F(2,3)=0.117073556E+01 
190 F (3,3) =-0.98607166E+01 
191 F(4,3)=0.10508887E+03 
192 F(5,3)=-0.110922766E+03 
193 F(6,3)=0.82404926E+02 
194 F(7,3)=-0.32454031E+02 
195 F(8,, 3)=0.62403744E+01 
196 F (9 j, 3) =-0.36555854E+00 
197 F (10,3) -0.23675937E-01 
198 r"(11,3)=-248.2128 
199 F (12,3) -70.212831 
200 F(13,3)=18.016 
201 F (21,3) =0.442069975143482E-5 
202 F(22,3)=-0.854465118166273E-3 
203 F (2313) =0.677658006281887E-1 
204 F(24r3)=-0.277763717771136El 
205 F(25,3)=0.646352630339382E2 
206 F(26,3)=-0.775703164380496E3 
207 F(27,3)=0.375415155487313E4 
208 F (29,3) =3.05 
209 F(30,3)=-60.526 
210 F(31,3)=0.575885748584722E-4 
211 F (32,3) -0.10431862776767E-1 
212 F(33,3)=0.773517967356173 
213 F (34,3) =-0.299799890837792E2 
214 F(35,3)=0.648246423881185E3 
215 F (36,3) -0.736759024239705E4 
216 F(37,3)=0.343636643422195ES 
217 F(391,3)=7.6 
218 F(40,3)=-154.3467 
219 C -H2- 220 F(1,4)=-0.13695124E+00 
221 F (2,4) =0.25251019E+01 
222 F(3,4)=-0.17204383E+02 
223 F (4 r4) =0.1047427E+03 
224 F(5,4)=-0.146199194E+03 
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225 ? (6,4)=0.14882755E+03 
226 F(7,4)=-0.8644139E+02 
227 F(8,4)=0.2881757E+02 
228 F(9,4)=-0.51273528E+01 
229 F (10,4) =0.37656852E+00 
230 F(11,4)=37.7384785 
231 F(12,4)-42.834562 
232 F(13,4)=2.016 
233 F (21,4) -0.582183387510048E-5 
234 F(22,4)=0.98493026618814E-3 
235 F (23,4) =-0.686239550931527E-1 
236 F(24,4)=0.252383032266206El 
237 F (25, A) =-0.506683629705834E2 
238 F(26,4)=0.542477915930317E3 
239 F (27,4) -0.235569918036794E4 
240 F(29,4)=0.975 
241 F(30,4)=-10.661587 
242 F (31,4) -0.2804920901813E-3 
243 F(3214)=0.490033034371718E-1 
244 F(33,4)=-0.346734086952623El 
245 F(34,4)=0.127783234664834E3 
246 F(35,4)=-0.257190821298804E4 
247 F (36,4) =0.27193332765827lE5 
248 F(37,4)=-0.117023691409592E6 
249 F (39,4) =31.7 
250 F(40,4)-610.7357 
251 C -02- 
252 F(1#5)=0.11014635E+00 
253 F (2,5) =-0.219311169E+01 
254 F (3,5) =0.16342432E+02 
255 F (4,5) -0.10526925E+02 
256 F(5,5)=0.7476891E+02 
257 F (6,5) -0.7170888E+02 
258 F(7,5)=0.37633916E+02 
259 F (8,5) -0.11225228E+02 
260 F(9,5)=0.17968266E+01 
261 F (10,5) -0.1200775E+00 
262 F(l1,5)-30.44439 
263 F(l2,5)=72.142596 
z2604 F(l3,5)=31.9988 
265 F(21�5)=0.148120452650210E-4 
266 F(22,5)=-0.257298909765441E-2 
267 F(23,5)=0.183973013623977 
268 F(24,5)=-0.691329228965504E1 
269 F(25,5)=0.145742539942986E3 
270 F(26,5)=-0.158091681991217E4 
271 F(27,5)=0.699384314906737E4 
272 F (29,5) =2.15 
273 F(30,5)=-19.56914 
274 F (31,5) =0.505506633941078E-5 
275 F (32,5) =-0.496113138118966E-3 
276 F(33,5)=0.98619336365277E-2 
277 F(34,5)=0.532724275476215 
278 F(35,5)=-0.246440867337966E2 
279 F (36,5) =0.419008655862222E3 
280 F(37,5)=-0.242435698436114E4 
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281 
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289 
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320 
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325 
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328 
329 
330 
331 
332 
333 
334 
335 
336 

F(39,5)=4.09 
F (40,5) =-60.205 

-N2- 
F(1,6)=0.885404484E-02 
F(2,6)-0.12721983E+00 
F(3,6)=0.1065012E+01 
F(4F6)=0.33453620E+02 
F (5,6) =0.11089876E+02 
F(6,6)-0.28040285E+02 
F(7#6)=0.22357557E+02 
F(8,6)=-0.8644876E+01 
F(9,6)=0.166476111E+01 
F(10,6)=-0.128242424E+00 
F(11,6) -31.836348 
F(12,6)=38.23060865 
F (13,6) =28.0134 
F(21,6)=0.101983419398279E-4 
F(22,6)=-0.169658481892467E-2 
F(23,6)=0.115351532765375 
F(24,, 6)=-0.40890127503615El 
F(25,6)=0.811949557520354E2 
F(26,6)=-0.815731397242769E3 
F(27,6)=0.33149197601973lE4 
F(29,6)=1.78 
F(30,6)-15.2391 
F(31,6)=-0.15981445765192E-4 
F(320,6)=0.261944157543567E-2 
F(33,6)=-0.178517980101429 
F(34,6)=0.647992092659366El 
F(35,6)=-0.129143508418506E3 
F(36,6)=0.139383378198918E4 
F(37,6)=-0.620355905331732E4 
F (39,6) =2.58 
F(40, E)-17.92297 
Vl: '--VS/ (CR- 1.0 
VI=VS+VC 
VIVC--Vl- (PI/4.0) * (DIA**2.0) (CONRL**2.0- (0-5*STROKE* 

1SIN (TETAIVC)) **2.0) **0.5+0.5*STROKE* (1.0-00S (TETAIVC) 
1) -OONRL) 

DV=VS/FLOAT(NN) 
WORKT--0.0 
HEATI--0.0 
DO 20 I=1,7 
X(I)=O. O 

- XB (I) =0.0 
A (I) =0.0 
G(I)=O. O 
GG(I)=O. O 

20 CONTINUE 
N=O 
Pl=PA 
Tl=TA 
IF(MIONIA. EQ. 0.0)GOT022 
AFST--4.7619*0.75*(28.96/17.032) 
FAEQ=AFST/AFR 
A (5) =O. 75/FAEQ 
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337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 
385 
386 
387 
388 
389 
390 
391 
392 

31 

33 

22 

32 
23 

40 

60 

IF (AMLIQ. NE. 1.0) WRITE (6,3 1) 
F0RMAT(lHl,, 50Xj, 'FUEL--VAP0R AMMONIA't//) 
IF(AMLIQ. EQ. 1.0)WRITE(6,33) 
F0RMAT(lHl, 50X, 'FUEL--LIQUID MIONIA',, //) 
GOT023 
AFST--4.7619*(CN+0.25*HN-0.5*ON)*28.96/(12.0*CN+HN+16.0*ON) 
FAEQ=AFST/AFR 
A(5)=(CN+0.25*HN-0.5*ON)/FAEQ 
WRITE(6,32)CN, HN, ON 
FORMAT (lHl, 40X, 'C--'#, F4.1,2X,, 'H--'iF4.1,2X, 10='rF4.1 p//) 
A(6)=3.7619*A(5) 
A(7)=1.0 
WRITE(6,40)FAEQ, CR, AFR 
FOPMAT(15X, 'FUEL AIR EQ. RATIO=. 1jF6.3,5Xr 

lla)MP. RATIO: =' f F5.2,5X, 'AIR FUEL RATIC)='tF6.3, ///) 
W-RITE(6,60)PArTA,, PO#TS,, TW, FLAMEF,, RPM 
FORMAT(10X, 'TRAPPED PRESSURE='FFIO. 3, '(N/M**2)1, /, 

11OX, ITRAPPED TEMP. =ljFl0.1, l(K)l, /, 
11OX, 'REFRENCE PRESSURE--', FlO. 3, '(N/m**2), /, 
11OXt'REFRENCE TEMP. =', FlO. 3, '(K)', /, 
11OX, 'CYL. WALL TEMP. =', F6. lt'(K)', /, 
11OX, 'FLAME FACTOR-`, F7.4, /, 
11OX, 'ENGINE SPEED=', Fl0.1,1(r/min)l, ///) 

C -TPAPPED STATE 
DO 160 I=KKK,, 7 
CALL SHC(TIITS, I,, C(I)tPP(I),, E(I)tF, R, TK(I)FVIS(I)) 

160 CONTINUE 
IF(AMMONIA. NE. 1.0. OR. AMLIQ. NE. 1.0)GOT0163 
ETO=0.0 
DO 161 I=KKK, 7 
ETO=ETO+A(I)*E(I) 

161 CONTINUE 
WAIR--(Pl*Vl*1.0)/(R*Tl) 
W--MIR*28.96/ (RMOLW*AFR) 
WEIGHT--W*RM0LW*(l. 0+AFR) 

162 DIP--Pl/PO 
CALL MOLF(WM1, R, PP, FIFAEQIDIP,, C, E, El#A, CV, TK, VIS#BK, BVISFI, DISS, X) 
G010164 

163 DIP--Pl/PO 
CALL ViOLF(ýM1, R, PP#, F, FAEQ, DIPIC, EE1, A, CV,, TK, VIS, BK,, EVIS, I, DISS, X) 
W=(Pl*Vl)/(WM1*R*Tl) 
WEIGHT--W*(RMOLW)*(1.0+AFR) 

164 ETl=El 
WF--W*VF 
VOLEF--100.0*(WF*RMOLýl*AFR)/(PO*Vl*28.96/(R*TS)) 
WRITE(6,165) 

165 FORMAT(/, 40X, 'TRAPPED CONDITIONS', ///) 
WRITE (6,167) 

167 FORMAT(11X, 'CA',, 14X, 'P', 13Xt'T', 9X, 'X(H2)', BX, 'x(02)', 
17X, Ix (N2) 1,, 6X x (fuel) I 10X, I e') 
WRITE (6,168) 

168 FORMAT(10X, I(deg)1,9X, I(N/m**2)', BX, '(K)', 57X, 'J/mol fuel', /) 
TETAV=0.0 
KPLOT--O 
KPLOr--KPLCD+l 
PPLDr (KPLCT) =Pl/100000.0 



296 

393 VPLCT(KPL0T)=Vl*l000000.0 
394 CAPLOT (KPLOT) ---'TETAV 
395 FRBURN(KPLDT)=0.0 
3^26 -r f--. TEMP ("iAij. ) aTi Ke 
397 DO 169 I=1,7 
398 APLOT(I, KPLOT)=X(I) 
399 169 CONTINUE 
400 WRITE(6,170)N, TETAV, P1, Tl, (X(I), I=4,7)iET1 
401 170 FORMAT (lX, 12,3X i E12.6,3X , E12.6,3X, E10 . 4,3X, 4 (Ell . 5,, 1X) , IX,, E13.6) 
402 C START OF COMPRESSION 
403 WRITE (6,230) 
404 MITE (6,167) 
405 WRITE(6,168) 
406 DO 240 N--l, NN 
407 IF(FAC. LT. 1.0)GOT0240 
408 IF(TETAIG. GE. TETA(N))GOTiOl71 
409 ANGL--TETAIG-TETA(N-1) 
410 FAC=ANGL/ANGLE(N) 
411 NIG--N 
412 DIVIG--CONRL* (-1.0+ (1.0- ((STROKE*SIN (TETAIG)/(2.0*CONRL)) **2.0)) 
413 1**0.5)+(STRCKE/2.0)*(1.0-COS(TETAIG)) 
414 V2=VS+VC-(PI/4.0)*(DIA**2.0)*DIVIG 
415 GOI0172 
416 171 V2=Vl-DV 
417 172 T2--Tl*((Vl/'V2)**(R/CV)) 
418 P2=Pl*(Vl/V2)*(T2/Tl) 
419 DEVSITY=WEIGHT/V2 
420 AREA=(4.0*V2/DIA)+(PI/2.0)*(DIA**2.0) 
421 KJ=O 
422 200 DIP--P2/PO 
423 KJ=KJ+l 
424 DO 210 I=KKK, 7 
425 CALL SHC (T2, TSI, C(I), PP(I), E(I),, F#RTK(I), VIS(I)) 
426 210 CONTINUE 
427 CALL MOLF(WM2, R, PP, F#, FAEQ, DIPiC, E,, ElA, CV, TK, VIS, BK, EVIS,, I#, DISSX) 
428 ET2=El 
429 C REYNOLD=(DENSITY*VPISTON*DIA)/(BVIS*0.001) 
430 C BK=BK/1000.0 
431 C PRAN=BVIS*0.001*(CV+R)*W*WM2/(WEIGHT*BK) 
432 C IF(HT. EQ. 1.0)DQ=(BK/DIA)*(REYNOLD**0.75)*(QQC*((Tl+T2)/2.0-Tw))+ 
433 C IQQR*(((Tl+T2)/2.0)**4.0-(IW**4.0)) 
434 C IF(Hr. EQ. 2.0)DCý--W*WM2*(CV+R)*VPISTON*(1.0*0.058*0.288/V2)* 
435 C 1((VIVC/V2)**0.3333)*((T2+Tl)*0.5-TW) 
436 C 1+QQR*(((Tl+T2)/2.0)**4.0-(TW**4.0)) 
437 C DQ=-DQ*AREA*TIME(N)*FAC 
438 C DQ--DQ*QQ 
439 DQ=0.0 
440 DW--0.5*(Pl+P2)*(V2-Vl) 
441 FE=W*(ET2-ET1)+DW-DQ 
442 ERROR--FE/(W*WM2*CV) 
443 RERROR--ERROR/T2 
444 IF(MIONIA. NE. O. O)ERROlt--ERROR*0.5 
445 IF(KJ. EQ. 200)GOT0999 
446 IF(ABS(RERR0R). LT. AC2)GOTO220 
447 T2=T2-ERROR 
448 P2=Pl*(Vl/V2)*(T2/'Tl)*(WM2/WM1) 
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449 GOT0200 
450 220 ET1=ET2 
451 Tl---T2 
452 Pl=P2 
453 Vl=V2 
454 MRKT--WRKT+DW 
455 HEATT--HEATT+DQ 
456 WM1=NM2 
457 TETAV=TETA(N)*(180.0/PI) 
458 IF(FAC. LT. 1.0)TETAV=TETAIG*(180.0/PI) 
459 230 E`ORMAT(///, 50X, 'OOMPRESSI0N STROKE', ///) 
460 KPIOr--KPLCT+l 
461 PPLOT(KPLOT)=P2/100000.0 
462 VP-LGT(KPLOT)=Vl*1000000.0 
463 CAPLOT (KPLOT) --TETAV 
464 FRBURN(KPLOT)=0.0 
465 TEMP (KPLOT) --Tl 
466 DO 231 I=1,7 
467 APLUT (I, KPLOT) =X (I) 
468 231 CONTINUE 
469 WRITE (6,170) NjTETAV, P2, Tl r (X (I) , I=4,7) ET2 
470 240 CONTINUE 
471 DO 241 I=1,7 
472 GG(I)=A(I) 
473 241 CONTINUE 
474 IF(FIX. EQ. 1.0)GOM244 
475 C START OF COMBUSTION (CONSTANT VOLUME) 
476 TETAOOM--0.0 
477 WRITE(6,242) 
478 242 FORMAT(///, 50X, 'OOMBUSTION DELAY'i, ///) 
479 RAD1=0.0 
480 ýýTETAIG 
481 DO 243 IIG--l, IGI 
482 244 A(4)=O. O 
483 TR--T2 
484 PR--P2 
485 IF(FAEO. LE. 1.0)T2=TR+2500.0*FAEQ 
486 IF(FAEQ. GT. 1.0)T2=TR+2500.0*FAEQ-700.0*(FAEQ-1.0) 
487 DIP--PR/P0 
488 DO 340 I=KKK, 7 
489 CALL SHC(TR, TS, I, C(I), PP(I), E(I),, F,, RTK(I), VIS(I)) 
490 340 CONTINUE 
491 CALL MOLF(WMR, R, PP, F, FAEQ, DIP, C,, E, El, AtCV, TKVIS, BKBVISIDISSFX) 
492 JJ=o 
493 345 DO 350 I=1,7 
494 CALL SHC(T2, TS, I, C(I), PP(I)#, E(I), F, ReTK(I), VIS(I)) 
495 350 CONTINUE - 496 IF(AMMONIA. NE. O. O)CALL RFK(PP, R, FAEQ, W, T2, PO, V2pWMG, XB) 
497 IF(AMMONIA. ED. O. O)CALL RFKP(PP, R, FAEQ, W#, T2tPO, V2, WM, G 
498 1, CN, HN, ON, XB) 
499 E2=0.0 
500 CP=0.0 
501 jj=0j+l 
502 DO 360 I=1,7 
503 CALL SHC(T2, TS, I, C(I), PP(I), E(I), F, RTK(I), VIS(I)) 
504 CP= (C (I) *G (I) /WM) +CP 
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505 E2=E2+G (I) *E (I) 
506 360 CONTINUE 
507 DQ--0.000000000000000 
508 FD=W*(E2-El)-DQ 
509 CV=CP-R 
510 ERROR--FE/ (W*WM*CV) 
511 RERROR--ERROR/T2 
512 IF(ABS(RERROR). LT. AC2)GOT0361 
513 T2=T2-ERROR 
514 IF(JJ. EQ. 100)GOT0999 
515 GCYI0345 
516 361 TB=T2 
517 PB; = (WM/WMR) * (TB/TR) *PR 
518 IF(FIX. NE. 1.0)GOI0359 
519 P2=PB 
520 WRITE (6,373) 
521 IF (AbZIONIA. NE. 0.0) WRITE (6,411) 
522 IF(AMMONIA. EQ. O. O)WRITE(6,421) 
523 WRITE (6,412) 
524 CVB=CV 
525 WM2=WM 
526 NEX=NN-1 
527 TETAIG--180.0 

KPLOD--vPLOT+1 
529 PPL0r(KPL0T)=PB/100000.0 
530 VPIDr(KPL0T)=Vl*1000000.0 
531 CAPLOT (KPLOT) ---TE'TAIG 
532 FRBURN(KPLOT)=0.0 
533 TEMP (KPLOT) --. 'T2 
534 DO 357 I=1,7 
535 APLOT (I,, KPLOT) =XB (I) 
536 357 CONTINUE 
537 WRITE (6,450)NjTETAIG, PBjT2j, (XB(I), I=1,, 7) FE2 
538 WRITE (6,, 413) 
539 IF (AMMONIAXE. 0.0) WRITE (6,411) 
540 IF (AMMONIA. BQ. 0.0) MUTE (6,421) 
541 WRITE (6 t412) 
542 DO 358 I=1,7 
543 A (I) =G (I) 
544 358 CONTINUE 
545 GOT0418 
546 C- FLAMLV IS FLAME LAMINAR VEDOCITY-FLAMTV IS FLAME TURB. VEU)CITY 
547 359 CONTINUE 
548 FLAMLV=FLAMLF*((PO/PB)**(0.09876))/ 
549 1(( (10 00 0. O/TB) + (9 0 0. O/TR) *4.93 8) 
550 FLAMrV=FLAMLV*FLAMEF 
551 RAD2= (( (DELF*l. 5* (VS+VC) / (PI*IGI) + (RAD1* *3.0) 
552 1**(1.0/3.0)) 
553 ALFADEL--(2.0*PI*SPEED/FLAMrV)*(RAD2-RADl) 
554 TETACOM=TETACOM+ALFADEL 
555 TIMEC-- (RAD2-RADl) 1FLAHrV 
556 DIVCOM=CONRL*(-1.0+(1.0-((STROKE*SIN(TETAOOM)/(2.0*CONRL)) 
557 1**2.0) ) **0.5) + (STROKE/2.0) * (1. O-COS (TETACOM) ) 
558 V2=VS+VC- (PI/4.0) * (DIA**2.0) *DIVCOM 
559 T2--Tl*((Vl/V2)**(R/CV)) 
560 P2=Pl*(Vl/V2)*(T2/Tl) 
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561 DENSITY=WEIGHr/V2 
562 AREA=(4.0*V2/DIA)+(PI/2.0)*(DIA**2.0) 
563 KJ=0.0 
564 370 DIP--P2/PO 
565 KJ=KJ+l 
566 DO 371 I=KKK, 7 
567 CALL SHC(T2, TSiIrC(I), PP(I)tE(I)tF#, RrTK(I)lVIS(I)) 
568 371 CONTINUE 
569 CALL MOLF(WM2, R, PPiFiFAEQ, DIP, CrEtEllAtCV,, TKfVISIBKIBVISII, DISSIX) 
570 ET2=El 
571 C REYNOLD=(DENSITY*VPISTON*DIA)/(BVIS*0.001) 
572 C BK=BK/1000.0 
573 C PRAN=BVIS*0.001*(CV+R)*W*WM2/(WEIGHT*BK) 
574 C IF(HT. EQ. 1.0)DQ=(BK/DIA)*(REYNOLD**0.75)*(QQC*((Tl+T2)/2.0-Tw))+ 
575 C IQQR*(((Tl+T2)/2.0)**4.0-(TW**4.0)) 
576 C IF(hr. BQ. 2.0)DQ=W*WM2*(CV+R)*VPISTON*(1.0*0.058*0.288/V2)* 
577 C 1((VIVC/V2)**0.3333)*((T2+Tl)*0.5-TW) 
578 C 1+QQR*(((Tl+T2)/2.0)**4.0-(TW**4.0)) 
579 C DQ=-DQ*AREA*TIMEC 
580 C, DQ--DQ*QQ 
581 DQ=0.0 
582 Mý0.5*(P1+P2)*(V2-Vl) 
583 FE=W*(ET2-ET1)+DII-DQ 
584 ERROR--FE/(W*WM2*CV) 
585 RERRO11-7-ERROR/T2 
586 C The following relation is sometimes needed to get to the converging 
587 C point. 
588 IF(AMMONIA. NE. O. O)ERROlt--ERROR*0.5 

. 
589 IF(KJ. EQ. 100)GOM999 
590 IF(ABS(RERR0R). LT. AC2)GCT0372 
591 T2---T2-ERROR 
592 P2=Pl*(Vl/V2)*(T2/Tl)*(WM2/WMi) 
593 GM0370 
594 372 F11=ET2 
595 Tl--T2 
596 Pl=P2 
597 Vl=V2 
598 WM1=WM2 
599 RADl=RAD2 
600 N1=0 
601 WORKrr--WORKT+DW 
602 HEATr--HEATT+DQ 
603 TETAV=TETACOM*(180.0/PI) 
604 KPLOr. V--KPLCT+l 
605 PPLOT(KPLOT)=P2/100000.0 
606 VPLCjT(KPL0T)=Vl*l000000.0 
607 CAPL0T(KPLCT)=TETAV 
608 FRBURN(KPLOT)=0.0 
609 TEMP(KPLOT)=T1 
610 DO 356 I=1,7 
611 APL0T(IjKPL0T)=X(I) 
612 356 CONTINUE 
613 WRITE(6, l70)NlTETAV, P2, Tl, (X(I), I=4,7) jET2 
614 243 0ONTIh1JE 
615 
616 WRITE (6,373) 
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617 373 FORMAT(///, 50X, ICOMBUSTION STROKE', ///) 
618 IF(AMMONIA. NE. O. O)WRITE(6,411) 
619 IF(AMY]ONIA. EQ. 0.0)WRITE(6,421) 
620 WRITE (6,412) 
621 WMR1=WM1 
622 WB=0.0 
623 TETAC1=TETACOM 
624 TlR--Tl 
625 DIVC1=DIV0OM 
626 RAD1=RAD2 
627 VB1=0.0 
628 VR1=Vl 
629 EB2=0.0 
630 pll:; t--Pl 
631 CVB2=0.0 
632 WMB2=0.0 
633 CVB--CV 
634 CVR--CV 
635 WR1=W 
636 WB2=0.0 
6.37 PB2=0.0 
638 IYTETAC=(PI-TETACOM)/NC 
639 IN=O 
640 374 IN=IN+l 
641 TETAC2=TETAC1+DTETAC 
642 IF(IN. EQ. NC)DIVC2=STRCKE 
643 IF(IN. EQ. NC)GOT0364 
644 CHAN=0.0 
645 IF(TETAC2. GT. PI)CHAN=1.0 
646 IF(TETAC2. GT. PI)TETAC2=2.0*PI-TETAC2 
647 DIVC2=CONRL* (-1.0+ (1.0- ((STROKE*SIN (TETAC2)/ (2.0*CONRL)) 
648 1**2.0))**0.5)+(STRCKE/2.0)*(1.0-ODS(TETAC2)) 
649 364 V2=VS+VC-(PI/4.0)*(DIA**2.0)*DIVC2 
650 XDIV=V2/((PI/4.0)*(DIA**2.0)) 
651 TIMEC=DTETAC/(2.0*PI*SPEED) 
652 PJ02=RAD1+FLAMTV*TIMEC 
653 IF(RAD2. LE. (DIA/2.0))VB2=2.0*PI*(PAD2**3.0)/3.0 
654 IF (RAD2. LE. (DW2.0) AND. RAD2. GT. XDIV) VB2=- (PI/3.0) 
655 1((RAD2-XDIV)**2.0)*(2.0*RAD2+XDIV)+VB2 
656 IF (RAD2. GT. (DW2.0))VB2=PI* (0.25* (DIA**2.0) * ((RAD2**2.0 
657 1-0.25* (DIA**2.0)) **0.5) +0.3333* ((RAD2- ((RAD2**2.0-0.25* (DIA**2.0) 
658 1) **0.5)) **2.0) *(2. O*RAD2+((RAD2**2.0-0.25* (DIA**2.0)) **0.5))) 
659 IF (RAD2. GT. (DIA/2.0) AND. RAD2. GT. XDIV) VB2=VB2- (PI/3.0) * 
660 1 ((RAD2-XDj'V) **2 . 01'* (2.0*RAD22 +XDIV) 
661 IF(PAD2. GT. (DIA/2.0))AREAB--PI*(DIA**2.0)/4.0 
662 1+PI*(DIA)*(((RAD2**2.0)-(DIA/2.0)**2.0)**0.5) 
663 IF(RAD2. LE. (DIA/2.0))AREAB--PI*(RAD1**2.0) 
664 AREA=(4.0*V2/DIA)+PI*(DIA**2.0)/2.0 
665 AREAR--AREA-AREAB 
666 VR2=V2-VB2 
667 AXX=0.0 
668 IF(XDIV. LT. RAD2)AXX=PI*((PAD2*((1.0-((XDIV/RAD2)**2) 
669 1)**0.5))**2.0) 
670 AREAB--AREAB+AXX 
671 AREAlt--AREAR--AXX 
672 IF(CHAN. EQ. 1.0)TETAC2=2.0*PI-TETAC2 
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673 T2R-7TlR*((Vl/V2)**(R/CVR)) 
674 P21Z-7PlR* (Vl/V2) * (T2R/TlR) 
675 DENS ITY=WEIGHT/V2 
676 DISS=0.0 
677 KJ=O 
678 375 DIP--P2R/PO 
679 KJ=KJ+l 
680 DO 376 I=KKK, 7 
681 CALL SHC(T2R, TS, IrC(I), PP(I), E(I)IF, RrTK(I), VIS(I)) 
682 376 CONTINUE 
683 CALLMLF (WMR2, RtPP, F, FAEQ, DIP, C jE El rA, CVFTK, VISBK, BVIS jI, DISS pX) 684 CvR--cv 
685 ET2=El 
686 REYNOLD=(DENSITY*VPISTON*DIA)/(BVIS*0.001) 
687 BK=BK/1000.0 
688 PRAN=BVIS*0.001*(CV+R)*W*WM2/(ý\7EIGHT*BK) 
689 IF (11T. EQ. 1.0) DQ= (BK/DIA) * (REYNOLD**0.75) * (QQC* ((T2R+TlR)/2.0-, iw) 
690 1+QQR*(((TlR+T2R)/2.0)**4.0-(TW**4.0)) 
691 IF (HT. EQ. 2.0)DQ=WR1*WMR2* (CV+R) *VPISTON* (1.0*0.058*0.288/V2) 
692 1((VIVC/V2)**0.3333)*((T2R+TlR)*0.5-TW) 
693 1+QQR*(((TlR+T2R)/2.0)**4.0-(TW**4.0)) 
694 DQ=-DQ*AREAR*TIMEC*QQ 
695 Dlt--O. 5* (P2R+PlR) * (V2-Vl) * (VR1/Vl) 
696 DD--(ET2-ET1)*W-Rl 
697 FE=DE+DW-DQ 
698 ERROR7--FE/ (WR1*WMR2*CVR) 
699 RERR0R7--ERROR/I2R 
700 IF(KJ. EQ. 100)GOT0999 
701 IF (ABS (RERROR) LT. AC2) GCY10377 
702 T2R--T2R-ERROR 
703 P21ý--PlR*(Vl/V2)*(T2PVTlR)*(WMR2/WMR1) 
704 G010375 
705 377 Ml-T2R 
706 Pft--P2R 
707 BEATT--HEATT+DQ 
708 ViORKT--WPKT+O. 5* (V2-Vl) * (P2R+PlR) 
709 IF(IN. EQ. 1)GOM391 
710 TB2--TB1*((VI/V2)**(R/CVB)) 
711 PB2=PB1*(Vl/V2)*(TB2/TBl) 
712 KJ=0.0 
713 382 DIP--PB2/PO 
714 KJ=KJ+l 
715 DO 383 I=117 
716 CALL SHC(TB2, TS, I, C(I), PP(I)iE(I), F, R, TK(I), VIS(I)) 
717 383 CONTINUE 
718 IF(KJ. EQ. 100)GOT0999 
719 IF (AMMONIAME. 0.0) CALL RFK(PP, R, FAEQ,, ýM, TB2, POVB1, WMB2, G, XB) 
720 IF(AMMONIA. EQ. O. O)CALL RFKP(PP, RFAEQ, WB, TB2, PO, VB1, 
721 1TA-MB2, G, CN, HN, ON, XB) 
722 IF(XB(7). BQ. O. O)KDK=6 
723 CONTINUE 
724 EB2=0.0 
725 BK=0.0 
726 BVIs--o. o 

727 CP=0.0 
728 DO 385 I=1,7 
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729 CALL SHC (Tý2 ITS iI, C (I) r PP (I) E (I) j, FiR oTK (I) lVIS (I) 
730 CP--CP+(C(I)*G(I)/IiMB2) 
731 EB2=EB2+G(I)*E(I)*WB 
732 385 CONTINUE 
733 CVB2=CP-R 
734 DO 386 I=1, KDK 
735 DO 386 J=1, KDK 
736 FI (I, J) =( (1.0+ ( (VIS (I) /VIS (J) )**0.5) *( (F (13,, J) IF (13 11) ) 
737 1**0.25))**2)/((8.0*(1.0+(F(13, I)/F(13, J))))**0.5) 
738 FII (I, J) =((1.0+((TK (I) /TK (J)) **0.5) * ((F (13, J)/F (13,, 1)) 

739 1**0.25)) **2)/((8.0*(1.0+(F(13, I) /F(13, J)))) **0.5) 
740 386 CONTINUE 
741 DO 388 I=1, KDK 
742 XB (I) =G (I) /WMB2 
743 BV=0.0 
744 BBK=0.0 
745 DO 387 J=1, KDK 
746 BV"-BV+XB(I)*FI(I, J) 
747 BBK=BBK+XB(I)*FII(I, J) 
748 387 CONTINUE 
749 EVIS=BVIS+(XB(I)*VIS(I)/BV) 
750 BK--BK+(XB(I)*TK(I)/BBK) 
751 388 CONTINUE 
752 DW=0.5 *( (PB1+PB2) * (V2-Vl) * (VB1/Vl) 
753 DE: --EB2-EB1 
754 REYNOLD=(DENSITY*VPISTON*DIA)/(BVIS*0.001) 
755 BK--BK/1000.0 
756 PPAN=BVIS*0.001*CP*W*WMB2/(WEIGHT*BK) 
757 IF (HT. EQ. 1.0) DQ= (BK/DIA) * (REYNOLD**O . 75) * (QQC* (TB1+TB2) /2.0-Tw) + 
758 1QQR* ( ((TB1+TB2)/2.0) **4.0- (TW**4.0)) 

759 IF (HT. BD. 2.0) DQý=WB*WMB2*CP*VPISTlON* (1.0*0.058*0.288/V2) 

760 1 ((VIVC/V2) **0.3333) * ((TB2+TBl) *0.5-TW) 
761 1+QQR*(((TB1+TB2)/2.0)**4.0-(TW**4.0)) 

762 DQ---DQ*AREAB*TIMEC*QQ 
763 FD--DE+DW-DQ 

764 ERROR--FE/(WB*WMB2*CVB2) 

765 RERROI; t--ERROR/TB2 
766 IF(ABS(RERROR). LT. AC2)GOT0389 
767 TB2---TB2-ERROR 
768 GOM382 
769 389 PB2=PB1*(Vl/V2)*(TB2/TB1)*(WMB2/WýM) 

770 HEATT--HEATT+DQ 

771 TB22=TB2 
772 391 WB2 =( (VB2) - (vBl *V2/vl) (WRl/VR1) 

773 WR2=WRl-WB2 

-774 WB2F---WB2*VF 
775 WR2F--WB2-WB2F 
776 TB=3000.0 
777 392 DO 393 I=117 
778 CALL SHC(TBiTS, I, C(I)tPP(I), E(I),, F, RiTK(I), VIS(I)) 
779 393 CONTINUE 
780 VBNE'--(VB2-VB1)*VF 
781 VBN=VB2-VB1 
782 IF (AMONIAME. 0.0) CALLRFK (PP, R, FAEQWB2F, TBpPOlVENF, WMBIG jXB) 
783 IF(WIONIA. EQ. O. O)CALL RFKP(PP, R, FABQ, WB2F, TB, PO, 
784 1VENF, WMB, G, CN, HN, ON, XB) 
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785 EMBO=0.0 
786 CP=0.0 
787 DO 394 I=1,7 
788 CALL SHC(TB, TS, I, C(I), PP(I), E(I)#, F, R, TK(I),, VIS(I)) 
789 CP--CP+ (C (I) *G (I) /WMB) 
790 EMBOý-EMEO+G (I) *E (I) 
791 394 CONTINUE 
7 -9 

2. F E, -- EMB0 -E. 1 

793 CVB--CP-R 
794 ERRORF-FE/WMB*CVB) 
795 RERROR--ERR0R/'IB 
796 IF(ABS(RERROR). LE. AC2)GOT0395 
797 TB; -TB-ERROR 
798 G010392 
799 395 PB=PM*(TB/TM)*(WMB/WMR2) 
800 PBB--PB 
801 WMBB=WMB 
802 TB-- (WB2F*CVB*WMB*TB+WR2F*CVR*ýZM*TM)/ 
803 l(WB2F*CVB*WMB+WR2F*CVR*WMR2) 
804 KJ=o 
805 303 DIP--PB/PO 
806 KJ=KJ+l 
807 DO 304 I=1,7 
808 CALL SHC (TB,, TS , Ij, C (I) r PP (I) IE (I) yF1, R JK (I) jVIS (I) 
809 304 CONTINUE 
810 IF W1MONIA. NE. 0.0) CALLRFK (PP jR, FAEQ jWB2, TB j, PO, VBN WMB G XB) 
811 # # , IF (AMMONIA. EQ. 0.0) CALLRFKP (PP s, R, FABQ jWB2 jTB, PO, 
812 1VEN, WMB, GCN, HN, ON, XB) 
813 EMB2=0.0 
814 CPB--O. O 
815 DO 306 I=1,7 
816 EMB2=EMB2+E(I)*ViB2*G(I) 
817 CPB<PB+ (C (I) *G (I) /WMB) 
818 306 CONTINUE 
819 CVB--CPB-R 
820 EXO=0.0 
821 DO 307 I=1,7 
822 CALL SHC(T2R, TS, I, C(I), PP(I), E(I), F, R, TK(I), VIS(I)) 
823 EXO=EXO+G(I)*E(I)*WR2F 
824 307 CONTINUE 
825 EB--EMBO*WB2F+EXO 
826 FE--EMB2-EB 
827 ERROR=FE/(WB2*WMB*CVB) 
828 RERROR--ERROR/TB 
829 IF(ABS(RERROR). LT. AC2)GOTO308 
830 IF W. EQ. 100) CKY10999 
831 TB--TB-ERROR - 
832 GOT0303 
833 308 PB=(WB2*WMB*R*TB)/VBN 
834 TB2=(WB*CVB2*ýM2*TB2+WB2*CVB*WMB*TB)/ 
835 l(WB*CVB2*WMB2+WB2*CVB*WMB) 
836 CPR=CVR+R 
837 CPB--CVB+R 
838 WB=WB+WB2 
839 EB=EB2+EMB2 
840 IF(IN. EQ. 1)GOT0408 
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841 KJ=O 
842 403 DIP--PB/PO 
843 KJ=KJ+l 
844 DO 404 I=1,7 
845 CALL SHC (TB2, TS,, I, C(I), PP(I), E(I), F, RTK(I)FVIS(I)) 
846 404 CONTINUE 
847 IF (AMMONIA. NE. 0.0) CALL RFK(PPiRtFAEQ, WBoTB2#. PO, VB2, WMB, G, XB) 
848 IF (AMMONIA. EQ. 0.0) CALL RFKP(PPR, FAEQ, WB, TB2, PO, 
849 1VB2, WMB, G, CN, HN, ON, XB) 
850 EBF--0.0 
851 CPB=0.0 
852 DO 406 I=1,7 
853 EBF--EBF+; M*G (I) *E (I) 
854 CPB--CPB+ (C (I) *G (I) AM) 
855 406 CONTINUE 
856 CVB=CPB-R 
857 Fa--EBF-EB 
858 ERROR--FE/(WB*WMB*CVB) 
859 RERROR--ERROR/TB2 
860 IF(ABS(RERROR). LT. AC2)CDT0407 
861 IF(KJ. EQ. 100)GOT0999 
862 TB2=TB2-ERROR 
863 GOI0403 
864 407 PB=(WB*WM*R*TB2)/VB2 
865 WMB2=IqMB 
866 408 IF(IN. EQ. 1)TB2--TB 
867 IF(IN. EQ. 1)WlB2=WMB 
868 KJ=O 
869 PF--(VR2*PM+VB2*PB)/V2 
870 WME--WMR2 
871 WBF--WMB2 
872 396 TMF--TM*((PF/PM)**(R/CPR))*WMR2/WMF 
873 TBF--TB2*((PF/PB)**(R/CPB))*WMB2/WBF 
874 VBB2=VB2*(PB/PF)*(TBF/TB2)*(WBF/WM) 
875 VRR2=VR2*(PM/PF)*(TMF/'TM)*(WMF/UMR2) 
876 DIP--PF/PO 
877 KJ=KJ+l 
878 DO 397 I=KKK, 7 
879 CALL SHC (TMF, TS o, IIC (I) I PP (I) p, E (I) j, FIR TK (I) IVIS (I) 
880 397 CONTINUE 
881 CALL MOLF (WMF jR jPP IF, FAEQ DIP jC IE IEl pA, CV, TK,, VIS IBKIBVIS fI rDISS, X) 
882 ET2F--El 
883 CvR--Cv 
884 CPR--CVR+R 
885 DO 398 I=1,, 7 
886 CALL SHC(TBF, TS, I, C(I) jPP(I), E(I), F, R, TK(I), VIS(I)) 
887 398 CONTINUE 
688 IF (AMMONIA. NE. 0.0) CALL RFK(PPR, FAEQ, WB, TBF, POpVB2#WBF#G, XB) 
889 IF (AMMONIA. EQ. 0.0) CALL RFKP(PP, R#FAEQ, WB#, TBF, PO, 
890 1VB2, ý4BF, GjCNpHNr0N, XB) 
691 EBF--0.0 
892 CPB=0.0 
893 DO 399 I=1,7 
894 EBF--EBF+E(I)*WB*G(I) 
895 CPB=CPB+(C(I)*G(I)/WBF) 
896 399 CONTINUE 
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897, 
898 
899 
900 
901 
902 
903 
904 
905 
906 
907 
908 
909 
910 
911 
912 
913 
914 
915 
916 
917 
918 
919 
920 
921 
922 
923 
924 
925 
926 
927 
928 
929 
930 
931 
932 
933 
934 
935 
936 
937 
938 
939 
940 
941 
942 
943 

-944 
ý 945 

, 946 

, 
947 
948 

, 949 
ý 950 
. 951 
, 952 

400 

411 

421 

412 

CVB=CPB-R 
FE--EBF+E'C2F*WR2-(EB+ET2*WR2) 
DFE=(WMB2*CVB*WB) *(R/CPB) *TB2* (PB**(-R/CPB)) *(PF**(-CVB/CPB)) 

1+ (WMR2*CVR*WR2) * (R/CPR) *TM* (PM** (-R/CPR)) * (PF** (-CVR/CPR) 
ERROR--FE/DFE 
RERROR--ERROR/PF 
IF(ABS(RERROR). LT. AC2)GDT0400 
IF(KJ. EQ. 1000)GOT0999 
PF'-PF-ERRDR 
GOT0396 
CONTINUE 
IF (XDIV. GE. RAD2. AND. RAD2. LE. (DIA/2.0))PAD2=(1,5*VBB2/ 

IPI) ** (0 . 3333) 
Plk--PF 
TlR--TMF 
PB1=PF 
TB1---TBF 
ETl=ET2F 
Vl=V2 
IM1=WBF 
WMR1=WMF 
RAD1=RAD2 
WR1=WR2 
VR1=Vl-VB2 
TETACl=TETAC2 
DlVC1=DlVC2 
VB1=VB2 
EB'L=EBF 
ELMLV=ELAMLF*((PO/PF)**(0.09876))/ 

1(((10000.0/TB)+(900. OMIF))**4.938) 
FLAMIV=FLAMLV*FLAMEF 

TETAC2*(180.0/PI) 
WRITE (6,450) ]: N,, TETAV, PFjTMF#, (X (I) I=1,7) #, ET2F 
FORMAT (9X p, 'CA' #, 11X, 'P,, 13X, 'T'18X r'X (N02) ', 6X, Ix (NO) ',, 5X 

11 x (H20) 1,5X, Ix (H2) 1,6X, 'x (02) ', 6X, Ix (N2) 1,5X, Ix (NH3) 1 r9X# e 1) 
FORMAT (9Xi, I CAI,, llXi, I PI,, 13X, 'T', 8X,, 1 x(C02)'t6X, 1x(CO) ',, SX,, 

lI x(H20) 1,5X, I x(H2) ', 6X, 'x(02)1,6X,, I x(N2) 1j5Xr I x(fuel) ll9X#, Ie I) 
FORMAT (8X j, I (deg) 6X,, I (N/m*, * 2) 1 8X rI (K) 1,, 8 3X, 

VJ/mol fuel', //) 
WW--WB/W 
KPLOT--KPLOT+1 
PPLOT(KPLOT)=PF/100000.0 
VPL0T(KPL0T)=Vl*l000000.0 
CAPLOT (KPLOT) =TETAV 
FRBURN (KPLOT) =WW 
TEMP(KPLOT)--TBF 
DO 354 I=1,7 
APL0T(I, KPLOT)=XB(I) 
CONTINUE 
EBFF--EBF/WB 
WRITE(60,450)INrWWIPF,, TBFI(XB(I)FI=lr7), EBFF 
WRITE(6,401) 
FORMAT (/) 
IF(WW. GT. O. 99. OR. VR2. LT. O. O)GOT0419 
GOM374 

354 

401 

C--- START OF EXPANSION 
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953 419 WRITE(6,413) 
954 413 FORMAT (///, 50X, I EXPANSION STROKE',, ///) 

955 IF(AMMONIA. NE. 0.0)WRITE(6,, 411) 
956 IF(ANIONIA. EQ. O. O)WRITE(6,421) 
957 WRITE (6,412) 
-958 T2=TBF 

ý959 
P2=PF 

960 V2=Vl 
961 CV=CVB 
962 WM2=WBF 
963 DO 414 I=1,7 
964 A (I) =G (I) 
965 414 CONTINUE 

'966 E2=0.0 

-967 
DO 416 I=1,7 

968 CALL SHC (T2, TS, I, C (I) PP (I) E (I) F, R, TK (I) VIS (I) 
969 E2=E2+A(I)*E(I) 
970 416 CONTINUE 
971 VOLR--VS+VC-Vl 
972 NEK=VOLR/DV 

, 973 FAC= (VOLR-NEX*DV) /DV 
'974 418 DO 455 Ný-NN-NEX, NN 
'975 Jj=0 
976 Tl=T2 

'977 Pl=P2 

ý978 
Vl=V2 

979 El=E2 
980 WMl=WM2 

,, 981 IF (N. GE. (NN+1-NEX) ) FAC--l. 0 

-982 V2=Vl+DV*FAC 
, 983 T2=Tl*((VI/V2)**(R/CV)) 
-984 P2=Pl* (Vl/V2) * (T2/Tl) 
985 DENSITY=WEIGHT/V2 

'986 AREA=(4.0*V2/DIA)+(PI/2.0)*(DIA**2.0) 
987 415 CONTINUE 

989 IF(JJ. GE. 500)GOT0999 
'990 DO 420 I=1,7 
991 CALL SHC(T2, TS, I, C(I), PP(I), E(I), F, R,, TK(I), VIS(I)) 

ý992 420 CONTINUE 
993 IF (AMMONIA. NE. O. 0) CALL RFK(PPiR,, FAEQ, W, T2tPOV2, WM, ApXB) 

, 994 IF(AMMONIA. EQ. 0.0)CALL RFKP(PP, RtFAEQ, W, T2tPO, 
995 lV2, Vvl4, A, CN, HN, ONXB) 
996 IF (XB(7) EQ. O. O)KDK=6 

, 997 CONTINUE 

ý998 
E2=0.0 

: 999 BK=0.0 
1000 BVIS--O. O 
1001 CP=0.0 
1002 DO 435 I=1,7 
1003 CALL SHC (T2, TS, I, C (I) PP (I) jE (I) , FR, TK (I) jVIS (I)) 
1004 CP= (C (I) *A (I) /WM) +CP 
1005 E2=E2+A (I) *E (I) 
1006 435 CONTINUE 
JL007 DO 436 I=1, KDK 
1008 DO 436 J=I, KDK 
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1009 FI (I, J) =((1.0+ ((VIS (I) /VIS(J)) **0.5) * ((F (13, J)/F (13 J)) 
1010 1**0.25))**2)/((8.0*(1.0+(F(13, I)/F(13, J))))**O. S) , 
1011 FII(I, J)=((1.0+((TK(I)/TK(J))**0.5)*((F(13, J)/F(13FI)) 
1012 1**0.25))**2)/((8.0*(1.0+(F(13, I)/F(13, J))))**0.5) 
1013 436 CONTINUE 
1014 DO 438 I=1, KDK 
1015 BV=0.0 
1016 BBK=0.0 
1017 DO 437 J=1, KDK 
1018 BV=BV+XB(I)*FI(I, J) 
1019 BBK=BBK+XB(I)*FII(IJ) 
1020 437 CONTINUE 
1021 BVIS=BVIS+(XB(I)*VIS(I)/BV) 
1022 BK=BK+(XB(I)*TK(I)/13BK) 
1023 438 CONTINUE 
1024 WM2=WM 
1025 , DW=0.5*(P1+P2)*(V2-Vl) 
1026 DE--W*(E2-El) 
1027 REYNOLD-=(DENSITY*VPISTON*DIA)/(BVIS*0.001) 
1028 BK=BK/1000.0 
1029 PRAN=BVIS*0.001*CP*W*WM2/(V7EIGHT*BK) 
1030 IF(HT. EQ. 1.0)DQ=(BK/DIA)*(REYNOLD**0.75)*(QQC*((Tl+T2)/2.0-Tw))+ 
1031 1QQR*(((Tl+T2)/2.0)**4.0-(TW**4.0)) 
1032 IF(HT. EQ. 2.0)DQ=W*WM2*CP*VPISTON*(1.0*0.058*0.288/V2)* 
1033 1((VIVC/V2)**0.3333)*((T2+Tl)*0.5-ni) 
1034 1+QQR*(((Tl+T2)/2.0)**4.0-(TW**4.0)) 
1035 DQ=-DQ*AREA*TIME(NN+1-N)*FAC 
1036 DQ=DQ*QQ 
1037 FE=DE+DW-DQ 
1038 CV=CP-R 
1039 ERMR--FE/(W*VM*CV) 
1040 RERROR--ERROR/T2 
1041 IF(ABS(RERRCR). LT. AC2)GOT0440 
1042 IF(CN. NE. B. O)GOI0888 
1043 C The next following relation is needed to get to the converging point JL044 IF (FAEQ. EQ. 2.0 AND. T2. LT. 17 50.0) ERR0R--ERRDR/3.0 
1045 IF (FAEQ. GE. l. 2. ANb. T2. LT. l700.0) ERROR--ERROR/3.0 
1046 888 T2--T2-ERROR 
JL047 P2=Pl*(ivM2A? Ml)*(T2/Tl)*(VI/V2) 
1048 GOM415 
IL04 9 440 VDPKT---MRKT+DW 
1050 HEATr[ý--HEATT+DQ 
1051 IF(N. EQ. NN)GOT0448 
1052 T 360.0-(TETA(NN-N)*(180.0/PI)) 
1053 448 IF(N. EQ. NN)TETAV=360.0 
1054 KPLM--KPLOT+l 
1055 PPLOT(KPLOT)=P2/100000.0 
1 o: 5 6 VPLCPT- (KPWT-) =V22 *13 00 0 00 0 GO 0.0 
1057 CAP LOT (KPLCrT) --TETAV 
1058 FRBURN (KPLOT) =M 
. 1059 TEMP (KPIM) ---T2 
JL060 DO 353 I=1,7 

, 
lo6l APLOT (I, KPLCT) =XB (I) 
: L062 353 CONTINUE 
1063 WRITE (6,450)N, TETAV, P2, T2, (XB(I) I=1,7) E2 
3.064, 450 FCPMAT(lX13, lX, E10.4,2X, E12.6,2X, E10.4,2x, 7 (E10.4 FlX) jE12.5) 
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1065 455 CONTINUE 
1066 THEFF--100.0*WORKT/(-WF*HREA) 
1067 SFC--1000.0*RMOLll*WF/WOMT 
1068 PCWER--i0WT*SPEED/2000.0 

. 1069 HEATr--HEATT*SPEED/2000.0 
1070 EP=WORKT/VS 
1071 WRITE (6,457) 
1072 457 FORMAT (///, 5X, 'IMEP', 10X,, 'POWER' i 8X, THER. EFF. ', 9X#ISFCI, 
1073 111X, 'HEAT', 9X, 'VOL. EFF. ') 
1074 WRITE (6,458) 
1075 458 FORMAT (3X, I (N/m**2) 1,9X, I kW'#28X, 'g/kJ I 12X, I kw 
1076 WRITE(6,460)EP, POýM, THEFF, SFC, HEATT, VOLEF 
1077 460 FORMAT(6(El2.5,3X), ///`/) 
1078 MITE(6,470)QQ, HTpVRF 
1079 470 FORMAT(5X, F7.5,10XF4.1, IOXiF20.10, ///`//) 
1080 WRITE(6,480) ((VPLOT(IP), PPLOT(IP)), IP--l, KPLOT) 
1081 480 FORMAT(E20.10,5X, E20.10) 
1082 WRITE(6,485) 
1083 485 FOPMAT('////', /, '////) 
1084 WRITE(6,480) ((CAPLOT(IP), PPLOT(IP)), IP--l, KPLOT) 
1085 WRITE(6,485) 
1086 WRITE (6,480) ( (CAPLOT (IP) , FRBURN (IP) IP--l jKPLOT) 
1087 WRITE(6,485) 
1088 DO 497 I=1,7 
1089 WRITE(6,480) ((CAPLCT(IP), APLGT(IIP)) IP=1, KPrOT) 
1090 WRITE (6,485) 
1091 497 CONTINUE 
1092 999 STOP 
1093 END 
1094 SUBROUTINE SHC(T, TS, ICI, PPI, EI, F, RTKI, VISI) 
1095 DIMENSION F (40,7) 
1096 TT--T/1000.0 
1097 CI=F (1,1) (TT* *3) +F (2,1) * (Tr* *2) +F (3,1) *Tr+F (4,1) +F (5,1) 
1098 1 (TT* (-l) +F (6,1) * (TT* (-2) ) +F (7,1) * (TT* * (-3) ) +F (8 , I) * (TT* 
1099 1 (-4) +F (9,1) * (TT* * (-5) +F (10 , I) * CIT* * (-6) ) 
1100 HI = (F (1 , 1) /4.0) * (TT* * 4) + (F (2,1) /3.0) * (TT* * 3) + (F (3,1) /2.0) * 
1101 1 (TT* *2) +F (4,1) *TT+F (5,1) *LOG (TT) -F (6,1) * (TT* * (-l) )- (F (7 11) /2.0) 
1102 1*(TT**(-2)) - (F(8, I)/3.0) *(TT** (-3))- (F(9, I)/4.0) * (TT** (-4)) 
JL103 1- (F (10 , 1) /5.0) * (TT* * (-5) ) +F (11,1) 
1104 SI= (F (1,1) /3.0) * (TT**3) + (F (2,1) /2.0) * (TT** 2) +F (3,1) *TT+ 
1105 1F (4,1) *LOG (TT) -F (5,1) * (TT* * (-l) )- (F (6,1) /2.0) * (TT* * (-2) ) 
1106 1- (F (7,1)/3.0) * (TT** (-3)) -(F (8,1)/4.0) *(TT** (-4))- 

1107 1 (F (9,1)/5.0) * (TT** (-5))-(F (10,1)/6.0) * (TT** (-6))+F (12,1) 
1108 PPI=(HI/TT)-SI 

. 
1109 EI= (HI*1000.0) -R* (T-TS) 
1110 RT--T**0.5 
lill IF (T. GE. 1500.0)VISI=F (30,1) +F (29,1) *IU 
ILIL12 IF(T. GE. 1500.0)TKI=F(40, I)+F(39, I)*RT 
1113 IF(T. GE. 1500.0)GOM20 
JL114 VISI=F (21,1) * (RT**5) +F (22,1) * (M**4) +F (23,1) * (RT**3) + 
1115 1F (24,1) * (RT**2) +F (25,1) *R14F (26,1) +F (27,1) * (RT** (-l) 
1116 TKI=F (31,1) * (RT* *5) +F (32,1) * (RT* *4) +F (33,1) * (RT* *3) + 
1117 1F (3 4,1) * (Rr** 2) +F (3 5,1) *RT+F (3 6,1) +F (37,1) * (Rr* 
JLJJS 20 CONTINUE 
1119 RETURN 
1120 END 
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1121 SUBROUTINE t4OLF(WMI#RIPP#F, FAEQ, DIP, C, E, El. tA*CVtTK, VIS, EK#BVIS#I 
1122 1, DISSX) 

1123 DIMENSION TK (7) VIS (7) PP (7) A (7) X (7) E (7) C (7) P (40,7) 
1124 1, FI (7,7) , FI 1 (7,7) 
1125 KKK=4 
1126 IF(DISS. BQ. O. O)KKK=5 

. 1127 IF(DISS. EQ. 0.0)G0TO34 
1128 FK= (PP (7) -0.5*PP (6) -1.5*PP (4) )/(R*LDG (10 - 0)) 
1129 D=(10.0**FK)*((8.0/27.0)**0.5)/DIP 
1130 Al=(0.75/FAEQ)*(3.7619) 
1131 Bl=(0.75/FAEQ)*(4.7619)+1.0 
1132 AA= (D**2) -0.5 
1133 BB=2.0*Bl*(D**2)-Al-2.0*(D**2) 
1134 CC=(D**2)+(D**2)*(Bl**2)-4.0*Bl*(D**2) 
1135 DD=2.0*Bl*(D**2)-2.0*(Bl**2)*(D**2) 
1136 EE=(Bl**2)*(D**2) 
1137 X2=0.05 
1138 J=O 
1139 31 Xl=X2 
1140 J=J+l 
1141 Fl=AA* (Xl**4) +BB* (Xl**3) +CC* (Xl**2) +DD*Xl+EE 
1142 DF1=4.0*AA* (Xl**3) +3.0*BB* (Xl**2) +2.0*CC*Xl+DD 

-1143 
X2=Xl-(Fl/DFl) 

1144 ERROR--1.0-(Xl/X2) 
1145 IF(J. GE. 100)GOT032 
1146 IF(ABS(ERROR). GE. 1.0E-6)GOTO31 
1147 GOM33 
1148 32 X2=10.0**50 
1149 33 A(7)=1.0-X2 
1150 A(6)=O. S*X2+Al 
1151 A(4)=1.5*X2 
1152 A(5)=0.75/FAED 
1153 34 WMl=A (7) +A (6) +A (5) +A (4) 
1154 X (7) =A (7) /WM1 
1155 X (6) =A (6) /WMI 
1156 X (5) =A (5) /UM1 
1157 X (4) =A (4) /WM1 
1158 E1=0.0 
1159 BVIS--O. O 
1160 BK=0.0 
1161 CP=0.0 
1162 DO 35 I=KKK, 7 
]L163 El=El+WM1*X(I)*E(I) 
1164 CP--C(I)*X(I)+CP 
1165 35 CONTINUE 
1166 CV=CP-R 
1167 DO 40 I=KKK, 7 
1168 DO 40 J=KKK, 7 
1169 FI (I, J) =( (1 - 0+ ( (VIS (I) PIS W) 0.5) (F (13,, J) IF (13,, 1) 
1170 1**0.25))**2)/((B. O*(1.0+(F(13, I)/F(13, J))))**O. S) 

. 
117l FI I (I, J) =( (1.0+ ( (TK (I) /TK (J) )**0.5) *( (F (13 J) IF (13 r I) 1172 1**0.25))**2)/((B. O*(I. O+(F(13, I)/F(13, J))))**O. S) 
1173 40 CONTINUE 
1174 Do 42 I=KKK, 7 
jL175 BV=0.0 
1176 BBK=0.0 
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ý -11 
1177 DO 41 J=KKK,, 7 
1178 BV=BV+X(I)*FI(I, J) 
1179 BBK=BBK+X (I) *FII (I, J) 
J: L80 41 CONTINUE 
1181 BVIS=BVIS+(X(I)*VIS(I)/BV) 
1182 BK=BK+(X(I)*TK(I)/BBK) 
1183 42 CONTINUE 
1184 RETURN 
1185 END 
1186 SUBP. ()UTINE RFK(PP, R, FAEQ, W, T2, POrV2, WM, A, X) 
1187 DIMENSION PP(7), A(7), X(7), D(7) 
1188 DO 20 I=1,7 

1189 D (I) =A (I) 
1190 20 CONTINUE 
1191 PII=3.1415927*2.0/3.0 
1192 FK1=- (PP (1) -0 .5 *PP (5) -PP (2) )/ (R*LOG (10 . 0) ) 
1193 FK2=- (PP (1) +PP (4) -PP (2) -PP (3) )/ (R*LOG (10 . 0) 
1194 FK3--- (PP (2) -0.5 *PP (6) -0.5 *PP (5) ) (R*LDG (10 . 0) ) 
1195 FK4=- (PP (7) -0.5 *PP (6) -1.5*PP (4) ) (R*LOG (10 . 0) ) 
1196 RFK1=(10.0**FK1) 
1197 RFK2=(10.0**FK2) 
1198 RFK3=(10.0**FK3) 
1199 RFK4=(10.0**FK4) 
1200 BBB--(1.5*3.7619+1.0)/FAEQ 
1201 AAA=((RFK1)**2)*((W*R*T2)/(PO*V2)) 
1202 AABB=((RFK4*W*R*T2)/(PO*V2))**2.0 
1203 AS=1.0 
1204 J=O 
1205 AA=AS 

-1206 
31 A5=AA 

1207 J=J+l 
1208 BETA: -- (7.0/3.0) *A5*RFK3* (AAA**0.5) +(1.0/3.0) * (A5**0.5) * 
1209 1 (RFK3) * (5.0+4.0 *RFK2) + (2.0/3.0) *RFK3 *RFK2* (AAA* * (-0 . 5) ) 
1210 DBETA= (7.0/3.0) *RFK3* (AAA**0.5) +0.5* (A5** (-0.5) )* 
1211 l(RFK3/3.0)*(5.0+4.0*RFK2) 
1212 GAMA= (4.0/3.0) * (A5+RFK2* ( (A5/AAA) **0.5) )- (RFK2/FAEQ) 
1213 1 ((AAA*A5) ** (-0.5)) - (1.5*3.7619+1.0) /FAEQ 
1214 DGAMA= (4.0/3.0) * (1.0+RFK2* (AAA** (-0.5) ) *0.5* (A5** (-0.5) 
1215 1- (RFK2/FAEQ) * (AAA** (-0.5)) * (-0.5) * (A5** (-1.5)) 
1216 A6= ( (-BETA+ (BETA**2.0-8.0*GAMA) **0.5) /4.0) **2.0 
1217 ABC= (1.5/FAEQ) -2. O*A5-RFK3* ((A5*A6) **0.5) - 
1218 12.0*A5*RFK3*((AAA*A6)**0.5) 
1219 Fl=l. 0+(4.0/9.0) *ABC*ABC+ (4.0/9.0) *RFK2* (RFK2/ (AAA*AS)) *ABC 
1220 l*ABC- (4.0/3.0) *ABC- (4.0/3.0) *RFK2* ( (AAA*A5) ** (-0.5) ) *ABC 
1221 1+ (8.0/9.0) *RFK2* ( (AAA*A5) ** (-0 . 5) ) *ABC*ABC-A6 *RFK2 *RFK 2 *RFK2 
1-222 1* ( (AAA*A5) ** (-1.5) ) *ABC*ABC*ABC*AABB I. 
1223 ABCD=-2.0-2.0*RFK3* ((AAA*A6) **0.5) -0.5*RFK3*A6* ( (APAQ ** (-0.5) 
1224 DFF3= (8.0/9.0) *APC*ABCD* (1.0+ (RFK2*RFK2/ (AAA*A5) )) -ABC*Aj3C* 
1225 1 (4.0/9.0) *RFK2* (RFK2/AAA) * (A5** (-2.0) )- (4.0/3.0) *ABCD* 
1226 1 (1.0+RFK2* ( (AAA*A5) ** (-0.5)) )+ (2.0/3.0) *ABC*AAA*RFK2* ( (AAA 
1227 1*A5) ** (-1.5)) +(16.0/9.0) *RFK2* ( (AAA*A5) ** (-0.5)) *ABC*ABCD 
1228 1-ABC*ABC* (4.0/9.0) *AAA*RFK2* ( (AAA*A5) ** (-1.5) ) -3.0*ABC*ABC 
1229 1*AABB*ABCD*A6*RFK2*RFK2*RFK2* ( (AAA*A5) ** (-1.5)) -A6*RFK2*RFK2* 
1230 1AABB*RFK2*AAA* ( (AAA*A5) (-2.5) (-l. 5) *ABC*ABC*ABC 
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1231' DFF1=(4.0/9.0) *ABC* (A6** (-0.5)) * (-RFK3* (A5**O. S) -2. O*A5*RFK3 
1232 P (AAA**0.5)) * (1.0+2.0*RFK2* ((AAA*A5) ** (-0.5))+RFK2*RFK2* 
1233 1 (1.0/(AAA*A5))) -(2.0/3.0) * (A6**(-0.5)) * (-RFK3* (A5**0.5)-2.0 
1234 1*A5*RFK3* (AAA**0.5)) * (1.0+RFK2* ((AAA*A5) ** (-O. S)))- 
1235 IAABB*RFK2*RFK2*RFK2* ((AAA*A5) **(-1.5)) *ABC*ABC*ABC-A6*RFK2*RFK2* 
1236 lM2* ((AAA*A5) ** (-1.5)) *3.0*ABC*ABC*0.5* (A6** (-0.5)) 
1237 1AABB*(-RFK3*(A5**0.5)-2.0*A5*RFK3*(AAA**0.5)) 
1238 DFF2= (1.0/8.0) * (2.0*BETA*DBETA-4.0*DGAMA-1.0*DBETA* 
1239 1( (BETA**2.0-8. O*GAMA) **0.5) -BETA* (BETA*DBETA-4. O*DGAMA) 
1240 1* ( (BETA**2.0-8.0 *GAMA) ** (-0.5) 
1241 DF1=DFF1*DFF2+DFF3 
1242 AA=A5-(Fl/DFl) 
1243 IF(J. EQ. 1000)GOT032 
1244 ERROR--1.0-(A5/AA) 
1245 IF (AA. LT. O. 0) AA=A5*0.5 
1246 IF(ABS(ERROR). GT. l. 0E-4)GOTO3l 
1247 G01033 
1248 32 A(5)=10.0**50 
1249 GOTO 35 
1250 33 A (6) =A6 
1251 A (5) =A5 
1252 35 A (1) =A (5) *RFK3 *( (AAA*A (6) * *0.5) 
1253 A (2) =RFK3 *( (A (5) *A (6) ) **0 5) 
1254 A (3) = (1.5/FAEQ) -2.0 *A (5) -A (2) -2.0 *A (1) 
1255 A(4)=A(3)*RFK2*((AAA*A(5))**(-0.5)) 
1256 A (7) = (A (6) * (A (4) * *3.0) *AABB) * *0.5 
1257 Wn--A (1) +A (2) +A (3) +A (4) +A (5) +A (6) +A (7) 
1258 DO 40 I=1,7 
1259 X (I) =A (I) /WM 
1260 40 CONTINUE 
1261 RETURN 
1262 END 
1263 SUBROUTINE RFKP(PP, R, FAEQ, W, T2, PO, V2, WM, A, CNHN, ON, X) 
JL264 DIMENSION PP(7), A(7), D(7), X(7) 
1265 DO 20 I=lf7 

, 
1266 D (I) =A (I) 
1267 20 CONTINUE 
1268 FK1=-(PP(l)-0.5*PP(5)-PP(2))/(R*LOG(10.0)) 
1269 FK 2=- (PP (1) +PP (4) -PP (2) -PP (3) )/ (R*LOG (10.0) ) 
1270 FK3=- (PP (7) + (CN-0.5 *ON) *PP (5) --CN*PP (1) -0 .5 *HN*PP (4) (R* 
1271 1LOG(10.0)) 
1272 RFK1=(10.0**FK1) 
1273 RFK2=(10.0**FK2) 
1274 1F (FK3. LT. (-50 . 0) ) RFK3= 0.0 
1275 IF(FK3. GE. (-50.0))RFK3=10.0**FK3 
1276 AAA=((RFK1)**2)*((W*R*T2)/(PO*V2)) 
1277 AABB! = (RFK3) *(( (W *R*T2) / (PO*V2) )**( (0 .5* (11N+ON) -1 . 0) /1 . 0) ) 
1278 C The following relations are needed to get to the converging point. 
1279 C May be for some conditions, different starting points are needed. 
1280 IF(CN. EQ. 8.0)AS--6.5 
JL281 IF (CN. EQ. 8.0. AND. FAEQ. Gr. 1.5)AS--3.5 
1282 IF(CN. E)Q. l. 0)AS=0.8 
1283 IF (CN. EQ. 1.0. AND. FAEQ. GE. 1.2)AS--0.9 
1284 IF (CN. EQ. l. 0. AND. FAM. GT. l. 5) AS--0.7 
1265 IF(CN. EQ. 3.0)AS; --l. 5 
1286 IF (CN. EQ. 3.0. AND. FAEQ. LT. O. 8) AS=3.0 
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1287 J=O 
1288 AA=AS 
1289 31 A5--AA 
1290 j=; J+l 
1291 ALFA=2.0* (CN/HN) * ((1.0+RFK2* ((AAA*A5) ** (-0.5)))/ 
1292 l(l. 0+((AAA*A5)**0.5))) 

- 1293 DALFA=2.0* (CN/HN) * (RFK2* (-0.5) *AAA* ((AAA*A5) ** (-1.5)) 
1294 1*(1.0+((AAA*A5) **0.5))-0.5*AAA* ((AAA*A5) ** (-0.5)) *(1.0+ 
1295 1RFK2* ((AAA*A5) ** (-0.5))))/((l. 0+((AAA*A5) **0.5)) **2.0) 
1296 A3=((2. O/FAEQ) * (CN+0.25*HN-0.5*0N) -2. O*A5)/(2. O*ALFA* 
1297 1 ((AAA*A5) **0.5) +ALFA+1.0-(2.0* (ONIHN) * (1.0+RFK2* ((AAA 
1298 l*A5)**(-0.5))))) 
1299 Fl=(A5**(CN-0.5*ON)) * (1.0-2.0*A3* (1.0/HN) * (1.0+RFK2* 
1300 1 ((AAA*A5) ** (-0.5)))) -AABB* (A3** (CN+0.5*HN)) * (ALFA**CN) 
1301 P (RFK2** (0.5*HN)) * ((AAA*A5) ** (0.5* (CN-0.5*HN) )) 
1302 DFF3= (CN-0.5*ON) * (A5** (CN-0.5*ON-1.0)) * (1.0-2.0* (A3/HN) 
1303 1(1.0+RFK2* ((AAA*A5) **(-0.5))))+(A5** (CN-0.5*CN)) *(-2.0* 
1304 1 WAN) *RFK2* (-0.5*AAA* ((AAA*A5) ** (-1.5))))-AABB* 
1305 1 (A3**(CN+0.5*HN)) *(ALFA**CN) * (RFK2** (0.5*HN)) *(AAA** (0.5* 
1306 1 (CN-0.5*HN))) *(0.5* (CN-0.5*HN)) * (A5**(0.5* (CN-0.5*HN)-l. 0)) 
1307 DFF2=- (2.0/HN) * (A5** (CN-0.5*ON)) * (1.0+RFK2* ((AAA*A5) ** (-0.5) 
1308 1))-AABB* (ALFA**CN) *(RFK2**(0.5*HN)) * ((AAA*A5) ** (0.5* (CN-0.5 
1309 1*HN)))*(CN+0.5*HN)*(A3**(CN+0.5*HN-1.0)) 
1310 DFF1=(-2.0*(2. O*ALFA* ((AAA*A5) **O. S)+ALFA+1.0-2.0* (ONIHN) * 
1311 1 (1.0+RFK2* ((AAA*A5) **(-0.5))))-((2.0/FAEQ) * (CN+0.25*HN-0.5 
1312 1*ON)-2.0*A5) * (ALFA*AAA* ((AAA*A5) **(-0.5))-2.0*(0N/HN) *RFK2* 
1313 1 (AAA** (-0.5)) * (-0.5* (A5** (-1.5))) +DALFA* (1.0+2.0* ((AAA*AS) 
1314 1**(0.5)))))/((2.0*ALFA*((AAA*A5)** 
1315 10.5) +ALFA+1.0-2.0* (ONIHN) * (1.0+RFK2* ((AAA*A5) ** (-0.5)))) **2) 
1316 DFF4-AABB* (A3** (CN+O. S*HN)) * (RFK2** (0.5*HN)) * ((AAA*A5) 
1317 1 (0.5* (CN-0.5*HN))) *CN* (ALFA** (CN-1.0)) 
1318 DFI=DFF3+DFF1*DFF2+DFF4*DALFA 
1319 AA7--A5- (Fl/DFl) 
1320 ILF (J. EQ. 500) GO'EC032 
1321 ERR0R--l. 0-(A5/AA) 
IL322 C The following relation is needed sometirms to get to the converging 
1323 C point. 
1324 IF(AA. LT. O. O)AA=0.5*A5 
1325 IF (ABS (ERROR) GT. 1. OE-4) GCYT031 
1326 GOI033 
1327 32 A(5)=10.0**50 
13J9 33 RN=RR 

1330 35 A (3) =A3 
1331 A (1) =A (3) *ALFA* ( (AAA*A (5) )* *0.5) 
1332 A (2) =ALFA*A (3) 

1333 A(4)=A(3)*RFK2*((AAA*A5)**(-0.5)) 
1334 IF(RFK3. EQ. O. O)A(7)=O. O 
1335 IF (RFK3 NE. 0.0) A (7) =AABB* (A (1) * *CN) * (A (4 f* * (0.5 *HN) )* 
1336 1 (A (5) ** (0.5*ON-CN) ) 
1337 A (6) =3.7619 * (CN+0.25*[V-0.5 *CN) /FABQ 
1338 WM--A (1) +A (2) +A (3) +A (4) +A (5) +A (6) +A (7) 
1339 DO 40 I=1,7 
: L340 X (I) =A (I) /WM 

, 
1341 40 CONTINUE 
1342 RETURN 
1343 END 
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1. Swinging field direct current dynamometer 
(Laurence Scott) 

Maximum power absorption 12.7 kW at 3000 r/min. 
Spring balance reading range 0-5 kg, resolution 0.05 kg. 

2. Carburettor (Solex) 
Horizontal draught, modified with needle 
control of the main jet. 

3. Orifice plate with corner tappings 
Orifice diameter 19.30 mm. 
Upstream diameter 51.05 mm. 
Water manometer resolution 1 mm. 

4. Rotational function generator (Tektronix) 
Output signals 200-500 mV peak to peak for crank angle 
and piston volume, and minimum 30 mV at tallest marker 
for crank angle marker. 
Maximum rated speed 20000 r/min. 
Accuracy of crank angle marker to within ±1 crank deg. 

5. Piezo-electric pressure transducer (AN. L. ) 
0 Range 0-20000 kPa and maximum operating temp. 200 C. 

Charge sensitivity 14-44 pC/kPa. Linearity to within 1%. 
Coolant supply pressure 260 kPa. 

6. Piezo-electric amplifier (Vibrometer) 
Attenuation range (switchable) 10-100000 pC. 
Linearity ±0.25% of full modulation. 
Frequency range 1-300 kc/s. 
Rise time for 10-90% is about 10-90% is about 51S. 

7. Digital frequency meter (Racal SA520B) 
Range 10-300000 c/s in frequency mode and 10-30000 c/s 
in period mode. 
Input signal from 70 to 90 mV r. m. s. sine wave. 
Accuracy ±1 count or ±3 parts in 10000. 

8. Digital thermocouple indicator (Doric DS520J) 
Range -50 to 800*C and resolution 1 K. 
Cold junction compensation (OOC). 
Sampling rate 3-4 samples/s. 
Slope integration method with integration time 100 ms. 

9. Temperature indicator (Cambridge Instrument) 
Range 0-9820C and resolution 11.1*C. 

10. Mercury-in-glass thermometer 
Range 5-150*C and resolution 1 K. 
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11. Chromel-alumel thermocouple (Thermocoax TCA) 
Range upto 1000*C (instantaneous 1250"C). 
Accuracy ±2.2 K upto 3000C and ±0.75% for above 3000C. 
Responce time about 1 s. 

12. Iron-constantan thermocouple (Thermocoax TFA) 
Range upto 750*C and sensitivity about 55 T/K. 

13. Copper-constantan thermocouple 
Accuracy ±0.05 K for range 297-453 K. 

14. Chemiluminescence nitrogen oxides gas analyser 
(Luminox 201 B) 
Range (switchable) 0-4000 v. p. m and minimum detection 
concentration 0.2 v. p. m. 
Attenuation accuracy L2% f. s. d. for whole range. 
Response time 3 seconds for 95% of final reading. 

15. Carbon dioxide, carbon monoxide and hydrocarbon 
gas analyser (Grubb parsons). 
Variable sensitivity and adjustable range (0-50) for 
every sensitivity. Resolution 1 unit. 

16. Paramagnetic oxygen gas analyser (Servomex) 
Range (switchable) 0-100% and resolution 0.1%. 

17. Digital flow indicator (Litre Meter LM05-SS) 
Nominal flow range 0.02-1.3 litre/min. 
Resolution 0.01 litre/min. 
Maximum working pressure 2000 kPa and temperature 1350C. 
Transmitter output at zero flow rate 4mA and at full 
flow rate of 1.3 litre/min 20 mA. 

18. Pressure switch (Herion) 
Adjustable higher and lower set pressures. 
Maximum working pressure 2000 kPa with possibility 
of energized or de-energized contact. 

19. Bourden pressure gauge (Platon Limited) 
Range 0-1600 kPa and resolution 50 kPa. 

20. Solenoid valve (Honeywell Lucifer) 
Orifice size 3mm, maximum fluid flow rate 20.2 litre/min. 
Maximum differential pressure 1600 kPa and maximum 
working temperature 75*C. 
Power consumption 9W dc and 8W ac. 

21. Gas sensor (Sieger) 
Range 0-4% of ammonia (vpv) with resolution 1%. 
Two adjustable preset levels (1 and 2%). 
Working temperature -20 to +80"C. 
Dead time between step changes not exceeding 5 s. 
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22. Variable area flowmeter (rotameter) 
(GEC-Elliot Process Instrumentation Limited) 
Range 0-50 litre/min and resolution 1 litre/min 
Maximum working pressure 850 kPa and temperature 100'OC 
Accuracy ±2.5% of full scale reading. 
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ACCURACIES OF THE-MEASURMENTS 

The accuracies associated with the various 

instruments used in the present experimental investigation 

and the effects of these accuracies on engine performance 

measurments are presented in this appendix. Also the 

errors which may have arisen from the inaccuracies are 

calculated. The maximum instrument error is defined as the 

smallest division of measurment divided by the measured 

value. The average errors presented in this appendix are 

obtained using the average measured values. The results 

are as follow: 

E. l. Compression ratio 

The maximum error due to compression ratio is 3.3% 

for compression ratio 15: 1 and 1.3% for compression ratio 

7: 1, Chelliah [151. This error varies linearly with 

compression ratio. 

E. 2. Ignition timing 

The ignition timing is indicated by position of a 

lever on a plate graduated in degrees of crank-shaft 

rotation with minimum division of 1 degree. So the related 

accuracy is better than 1 degree crank-shaft. 

E. 3. Fuel flow rate 

i. With standard fuel system 

The, required time to use a volume of 1/16 pint 

(35.5 ml) of fuel (as marked on the calibrated fuel flask) 

was measured. The error in volumetric fuel flow rate 
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measurment was due, to timing of the fuel flow. The 

smallest division for the watch was 0.2 second and the 

error related to the average period of measured time 

(about 40 seconds) is: 

error-+(0.2 s)/(40 s)-±0.5% 

The density', of the fuel was measured by weighting 

500 ml, of the fuelý--, .,,, ',,, 

: error, due to volume-+(5 ml)/(500 ml). ±J. O% 

error due to weighting-±(5 g)/(550 g)-+0.9% 

so the overall error in fuel flow rate measurment is: 

. error-+(0.5%+1.0%+0.9%)-+2.4% 

ii. With new fuel sYstem 

For the flowmeter used to measure the flow rate of 

fuel in the new fuel system with the smallest division of 

0.01 litre/min: - 

for propane: 

error-_+(0.01 litre/min)/(0.06 litre/min)-±16% 

and f or armnonia: 

'error-+(0.01 litre/min)/(0.12 litre/min)-±8% 

EA. ý Air flow, rate 

To find the error in calculating air flow rate: * 

error for manometer-+(1 mm)/(170 mm)-±0.6% i 

error for barometer-+(0.01 in Hg)/(29 in Hg)-: LO. 04% 

error forýthermometer-+(0.5 K)/(290ýK)-±0.17% 

and since the-air flow rate is proportional, to,, the root of 

the above parameters, the total error for air flow rate is 

error-0.5[t(O. 6%+0.04%+0.17%+0.6%)]-: LO. 7% 
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E. 5. Air fuel ratio 

The error -for air fuel ratio or equivalence, ratio 0 

is: 

±(0.7%+2.4%)-±3.1% (for gasoline and methanol) 

and +(16%+0.7%)-: t16.7% (for propane) 

and +(8%+0.7%)-+8.7% - (for ammonia) 

E. 6. Engine speed N 

The minimum ýdivision for engine speed is 1 r/min, 

thus: 

error-+(1 r/min)/(2000 r/min)-: LO. 05% 

E. 7. ýEngine load 

For the engine load, with a smallest division of 

0.05 kg: 

error-+(0.05 kg)/(3.5 kg)-1.4% 

E. 8. Brake mean effective pressure, BMEP 

BMEP is proportional to engine load thus its average 

error istl. 4%. 

E. 9. Brake power 

Since brake power, -is proportional to engine speed N 

multipliedýby engine load F, the error for BMEP is: 

error-±(0.05%+1.4%)-±1.45% - 

E. 10. Brake thermal efficiency and brake specific 

fuel consumption -- 

According, to equations for brake thermal efficiency 

and brake specific fuel consumption, the error for these 

items is: -- 

error-+(1.4%+2.4%)-t3.8% 
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11. Exhaust manifold temperature 

With the smallest division of 11.1 K for temperature 

indicator, the-error for exhaust manifold temperature is: 

error-±(11.1 K)/(950 K)-±1.1% 

E. 12. Exhaust gas composition 

E. 12.1. Carbon dioxide 

i. Ammonia case 

With the smallest division of 0.5 and an average 

reading of 4.5 divisions for carbon dioxide in the ammonia 

exhaust gas (in this range the curve 'is linear), the 

average error is: 

error-±(0; 5 division)/(4.5 divisions)-+11% 

ii; Methanol, propane and gasoline case 

With the smallest division of 0.5 (equivalent to 

carbon dioxide concentration of 0.14%) and with an average 

reading of 10% for carbon dioxide concentration, the 

related error is:, 

error-±(0.14%/10%)-tl. 4% , 

E. 12.2. Carbon monoxide 

i. Ammonia case 

With a minimum division of 0.5 and 'with an average 

reading of 2.5 divisions for carbon monoxide (equivalent 

to carbon monoxide concentrations of 27.5 and 140 parts 

per million respectively), the related error is: 

+(27.5 parts per million/140 parts, per million)-: t2O% 

ii. Methanol, propane and gasoline case 

With a smallest division of, 0.5 (equal, 
-, to carbon 

monoxide concentration of 0.005% ) and with, an average 
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concentration of 10% for carbon monoxide, the related 

error is: 

error-+ (0.005%/iO%)_: Lo. o5% 

E. 12.3. Hydrocarbons 

With an average concentration of about 1000 parts per 

million for hydrocarbons (for propane) "I and with- the 

smallest division of 0.5 (equal to 22.5 parts per million) 

the related error is: 

, error-+ (22.5) / (1000)-: t2.25% 

For gasoline, methanol and ammonia the quantity is 

too low to assess the corresponding accuracy., 

E. 12.4. Oxides of nitrogen 

With the smallest division and an average reading of 

0.2 and 1000 parts per million respectively for 'oxides of 

nitrogen, the related error is: 

error-+ (0.2) / (1000)-: tO. 02% 

E. 12.5. Oxygen 

With the smallest division and an average reading of 

0.1% and 5% respectively for oxygen, the related error is: 

error-+(0.1%)/(5%)-+2% 

E. 12.6. Unburnt ammonia 

The nuclear magnetic resonance (NMR) normalization 

method employed to measure the unburnt ammonia 

concentration in the exhaust gas had an estimated accuracy 

of 95%. The errors due to measuring the flow rate of spray 

water is: 

error for timing-±(0.2 s/60 s)-tO. 33% 

error for weighting-. t-(5 g/7927.5 g)-+0.06% 
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Thus the average overall error in measuring unburnt 

ammonia concentration in the ammonia exhaust gas is: 

error-±(5%+0.33% +0 AM -+5.4% 

E. 13. Beat transfer 

The smallest division for rotameter is 1 litre/min 

compared with an average cooling water flow rate reading 

of 25 litre/min. The related error thus is: 

error-+(l litre/min)/(25 litre/min)-: L4% 

The smallest division for voltmeter (connected to 

thermocouples) is 0.001 mV giving a water temperature 

difference of 0.02 C, compared with an average temperature 

difference of 3.50C. This results in an error of: 

error--+(0.02 C/3.5 C)-±0.57% 

Since heat transfer rate is proportional to cooling 

water flow rate multiplied by cooling water temperature 

difference (between inlet to and outlet from the engine), 

the overall error for heat transfer rate is: 

error-±(4%+0.57%)-: t4.57% 
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