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ABSTRACT 

The maximum efficiency of conventional gasoline engines is 

largely determined by the compression ratio, and this is limited 

by the onset of kno8k. The maximum cylinder size is similarly 

constrained. The relatively higher knock resistance of methanol 

opens up possibilities for increased efficiency or engine size. 

The auto-ignition of methanol and gasoline was characterised in 

terms of fundamental parameters and the results were compared. 

The research findings were used in the analysis of a particular 

combustion chamber design to assess the potential of using squish 

as a means of avoiding knock in a large,spark-ignition methanol 

engine. 

A sim~le knock model was proposed wherein the auto-ignition 

behaviour df a fuel was expressed in a global chemical-kinetic 

form involving pressure, temperature and time. A single-cylinder, 

Ricardo E6 research engine was used to obtain data for methanol 

and gasoline, which represented border-line knocking for a wide 

variety of operating conditions. The analytical solution was 

sought using regression techniques, which also served to quantify 

the accuracy of the analysis system. 

Two fundamental differences between the knock mechanisms ;o'f 

gasoline and methanol were identified: 

i) the auto-ignition reactions of methanol were an order of 

magnitude faster than those of gasoline, and 

ii) whilst an increase in pressure has the effect of proinoling 

knock with gasoline, it has the reverse effect with methanol. 

The implications of these differences are very signific•nt. 

Traditional methods of knock suppression involving the deslgn of 

the combustion chamber to promote turbulence would have nd effect 

with methanol. Similarly, the methanol engine size would not be 

constrained by knock. 
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These aspects were subsequently investigated using a Daimler Benz 

OM 407 engine, of which one cylinder was modified to spark 

ignition. Low-compression pistons were fitted having a 

Qombustion-chamber bowl and a squish-zone periphery. A special 

cylinder head was provided by Daimler Benz AG, Stuttgart, West 

Germany which featured 178 thin-film surface thermocouples 

arrayed across the combustion chamber face. Data from these 

thermocouples was used to determine the local heat flux and to 

follow the flame propagation. The knock characterisation data was 

utilised to predict the bulk end-gas temperature which, together 

with the heat-flux data, permitted an unsteady-state heat

transfer analysis to be carried out to determine the thermal 

boundary layer development. 

The results of this analysis revealed that the principal knock

supressing mechanism of the squish design relied on increased 

combustion rate rather than end-gas cooling for its effect. 

Although the thermal boundary layer approached full development 

in the case of gasoline, with methanol, the increased combustion 

rate, attendant with the increased compression ratio, resulted in 

a less-developed boundary layer. Thus the end-gas core 

temperature was equal to the adiabatic temperature and it was 

deduced that the squish design had very little potential for 

suppressing knock in a methanol engine. It was concluded that, 

whilst the maximum efficiency of the gasoline engine could be 

increased by combustion chamber design modifications that would 

increase the rate of flame propagation and hence prevent knock at 

high compression ratios, there was less scope for improving the 

maximum efficiency of a methanol engine. 

Although end-gas cooling was not seen to be a viable option for 

controlling methanol knock, it was observed that the evaporative 

~-~fooling of the fuel itself was very effective as a means of 

lowering the overall cycle temperature and it was noted that this 

was the reason underlying the sensitivity exhibited by methanol 

to the Research and Motor Octane tests. This, and the 

possibilities with regard to engine size, low-speed operation and 

anti-knock additives were recommended for follow-on research. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND AND OBJECTIVES 

Along with the continued progress of automotive engine 

development, engineers and economists have constantly monitored 

the viability of alternative fuels, that is, fuels other than 

those in current usage, knowing that someday a replacement will 

undoubtedly be introduced. And already, in some parts of the 

world such as Brazil, the United States of America and parts of 

Europe, alternative fuels such as the alcohols - methanol and 

ethanol, are being used as replacements and supplements to both 

gasoline and diesel. 

With regard to alternative fuels, South Africa is, in many 

respects, a world leader. SASOL synthetic gasoline and diesel, 

made from coal, provides about a third of the country's transport 

fuel needs. For several years, the alcohol which forms a by

product of the SASOL process and comprises chiefly ethanol plus 

some higher alcohols, has been blended into premium gasoline, 

although distribution has been regional, limited to those parts 

of the country served by the Natref Refinery. 

In a recent techno-economic study, conducted by the CSIR [1], it 

was concluded that: 

"The methanol option of synfuel production to meet the 
national self-sufficiency objectives for fuel supply, has 
economic advantages over other synfuels from the point of 
view of both operating and capital costs." 

Thus, there are clear indications that the alcohols are likely to 

play an increasing role in the future fuel supply, not only of 

this country, but also of many parts of the world, and there is a 
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corresponding need to conduct more research into the whole 

spectrum of alcohol fuel utilisation. This need has been 

recognised by the world research community and seven 

international conferences have been held on the subject of 

"Alcohol Fuel Technology" in the past ten years. In South Africa 

too, aspects of operating vehicles on methanol such as emissions, 

lubrication and material compatibility have been studied by the 

Energy Research Institute at the University of Cape Town [2,3,4]. 

Table 1, shown below, lists some of the more important properties 

of methanol. For comparison, the typical values for gasoline and 

diesel are also listed. 

Table 1. Properties of methanol and typical gasoline and diesel [5] 

Property units Methanol Gasoline Diesel 

Chemical formula CH30H Cs.eH14.e C14.sH30 
Atomic Hydrogen/Carbon ratio 4 2.14 2.07 
Molecular weight 32 98 204 
Liquid density at 20°c kg/l 0.795 0.74 0.84 
Boiling point oc 65 32-186 177-356 

Heat of evaporation kJ/kg 1109 293-377 251 
Calorific heat Hu HJ/kg 18.66 43.95 42.53 
Stoichiometric ratio kg/kg 6.4 14.9 14.55 
Research Octane number 110 93 -
Motor Octane number 92 87 -
Cetane number 3 14 45-55 

Whilst methanol appears to be a very attractive alternative fuel 

to replace gasoline in spark ignition engines, its combustion 

characteristics make it unsuitable for use in a compression: 

ignition engine (diesel engine). From the South African point of 

view, this is a serious disadvantage because the introduction of 

methanol as a gasoline replacement only would require a 

significant adjustment to the country's refinery processes to 

accommodate the new required gasoline/diesel product ratio~ 

Several novel concepts for utilising methanol as a diesel 
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replacement have been considered [6,7,8]. However, perhaps the 

most obvious concept is to simply replace the diesel engine by a 

methanol-powered, spark-ignition engine. 

This approach has been considered [9] and appears to be an 

attractively simple pos~ibility, although suffering some 

disadvantages ·in terms of higher fuel consumption. Moreover, such 

a concept would be restricted in terms of engine size. The 

maximum cylinder size of a spark-ignition engine is limited by 

the capabilities of the fuel for which it is designed. In this 

regard, the most important requirement of a spark-ignition fuel 

pertains to its "knock" resistance, this being indicated by the 

fuel's Octane number. This plays a major role in determining the 

compression ratio of the engine and also the size of the 

individual cylinders of the engine. In general, the higher the 

compression ratio or the larger the cylinder size of an engine, 

the higher must be the Octane number of the fuel used. From 

thermodynamic and heat-loss considerations, a higher compression 

ratio or a larger cylinder size would result in more efficient 

fuel consumption and a compromise is necessary to optimise 

between Octane number and engine efficiency. (It is not just a 

coincidence that all the current generation of automotive spark

ignition engines which are designed for gasoline, have nearly the 

same cylinder size and similar compression ratios.) 

If methanol were to be introduced as an alternative fuel, the 

current trends in optimum engine cylinder size and compression 

ratio would not necessarily be applicable because methanol has a 

significantly greater knock resistance than that of conventional 

gasoline, see table 1. Also, the phenomenon of knock in spark

ignition engines with conventional gasoline is by no means fully 

understood, and research into the knock behaviour of alternative 

fuels has been limited in most cases to parametric studies only. 

Thus, it was the aim of this thesis to examine and compare the 

knocking combustion of methanol and gasoline and to look at the 

influence of combustion chamber shape and size. In order to 

achieve this objective, it was necessary to first study the 
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knocking behaviour of methanol from a fundamental mechanism point 

of view. The knocking behaviour of methanol has not been 

investigated' in any depth before and this therefore represents 

original research. The second phase of the thesis, where the data 

that describes the knocking mechanism was used to derive 

information about the combustion and heat transfer in &n engine 

is, similarly, an original technique. 

1.2 THESIS OUTLINE 

The research described by this thesis was conveniently divided 

into two distinct phases. 

Firstly, basic research work was conducted using a single

cylinder Ricardo E6 research engine to study the auto-ignition 

characteristics of methanol relative to gasoline in some depth. 

This research was based on the pioneering work conducted at the 

Massachusetts Institute for Technology, where the spontaneous

ignition (auto-ignition) of fuels under conditions of elevated 

pressure and temperature was characterised in the form of global 

chemical-rate equations for each fuel [10]. For the present 

research, a similar approach was adopted. With the Ricardo en~ine 

operating under knocking conditions, and using temperatures that 

were calculated from the measured pressure, it was possible to 

deduce the values of the constants that characterised the global 

rate equations for gasoline and methanol and to deduce some 

preliminary conclusions about the relative knock mechanisms of 

these two fuels. 

In the second phase, a detaiied combustion analysis was carried 

out using a large spark-ignition engine. The choice of engirte was 

influenced by the general interest in the use of methanol as a 

diesel replacement and consisted of a Daimler Benz type OH 407 

engine, of which one cylinder was modified for spark-ignition 

operation. This 11.4 litre, six-cylinder diesel engine had a bore 

of 125mm and is typical of the type of engine that is used in 

heavy-duty long-haul trucks. A special cylinder head was provided 
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by Daimler Benz AG which featured 179 thin-film thermocouples 

arrayed across the combustion-chamber surface. The ¢lmm sheathed, 

"K" type thermocouple pairs were routed through holes in the 

f' .. ' cylinder head and the temperature-measuring junction was formed 

by a 4µm layer of gold plating. The resulting fast-response 

temperature measurements were used to generate two-dimensional 

maps showing the flame propagation and the wall temperature at 

each crank angle, from which the local heat flux was determined. 

Additionally, with the engine operating at the-point of knocking, 

the characteristic rate constants for each fuel which had been 

determined from the Ricardo engine tests in the first phase the 

project, were applied in order to evaluate the bulk end~gas 

temperature in the squish region. All this information, coupled 

with a one-dimensional, unsteady heat transfer calculation was 

used to analyse the local thermal boundary layer conditions for 

both methanol and petrol operation, and thereby to assess the 

effectiveness of the combustion chamber design as a means of 

cooling the end-gas region and thereby suppressing the 

spontaneous ignition of the two fuels. 

- .- ~ ·-· 
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CHAPTER 2 

RICARDO ENGINE TESTS 

-
Basic research work was conducted using a single-cylinder Ricardo 

EB research engine to compare the auto-ignition characteristics 

of methanol and gasoline. The primary aim of this research was to 
-

characterise the knocking mechanism of the two fuels for 

subsequent analysis in the OH 407 engine. However, the 

investigation also revealed significant differences in the 

fundamental knock mechanisms of the two fuels which have 

interesting implications. 

2.1 LITERATURE OVERVIEW 

There are essentially two main theories that have been proposed 

as possible explanations of the knock phenomenon: 

a) That knock is a detonation phenomenon. This implies that a 

shock-wave front develops during the propagation of the 

regular, spark-ignited flame and initiates a reaction of the 

end-gas at detonation speed whilst travelling through the yet 

unburned mixture. The energy released by the chemical 

reaction serves to maintain the shock front immediately ahead 

of it. Detonation waves of this description are commonly 

observed when studying the combustion of flammable gases in 

long tubes 

b) Alternatively, that knock is a spontaneous auto-ignition 

phenomenon, where a body of end-gas is brought to a near 

homogeneous reaction under the influence of the high 

temperature and pressure established under the combined 

action of the piston movement and the regular flame 

propagation. 
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In either event, knocking is characterised by a localised high 

pressure region within the combustion chamber which, on relaxing, 

disturbs the thermal boundary layer of stagnant gas that 

insulates the combustion chamber walls and causes excessive heat 

loss and engine damage. 

2.1.1 The Detonation Theory 

The phenomenon of knocking taxed the ingenuity of the early 

researchers because t~e speed with which the events occurred made 

it an extremely awkward subject to study. It was suspected from 

the earliest that knocking might be a detonation phenomenon and 

in 1947, Hiller [11] reported that he had obtained conclusive 

photographic evidence of a detonation wave originating in the 

end-gas after it had apparently auto-ignited. Schlieren 

photographs of the combustion chamber of a knocking engine were 

captured at 40 000 frames/sec. The bulk of the evidence boiled 

down to an interpretation of one single frame, which provoked 

much lively discussion at the time. Hiller's attempts to obtain 
I 

photogtaphic records at higher film speeds were confounded by 

equipment problems and produced questionable results. 

A crucial aspect of a detonation mechanism is the velocity of the 

associated gas movement as the detonation front develops. Lewis 

and Von Elbe [12] laid the early groundwork for an analysis of 

gas movement by considering the position of the molecules in the 

flame front in relation to their original and final positions. 

The unburned gas is compressed by the expansion of the hot 

products of combustion. However, as the flame front passes over 

each molecule, their outward movement is arrested and the now 

'· "burned gas is compressed by the rising pressure until, by the 

time that the flame reaches the chamber walls, each molecule has 

returned to its original pre-ignition location since the gas is 

again of uniform density. They used a typical flame propagation 

profile, as indicated by a series of flame photographs, and 

computed the burned and unburned gas speeds. The highest gas 

speeds occurred behind the flame front as it approached the 
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combustion chamber wall, with the gas achieving speeds 40% higher 

than the observed flame propagation speed. 

Under conditions of knocking combustion, flame propagation speeds 

of 250 to 500 m/s were estimated by Jost (13] as determined from 

photographic records. These speeds were confirmed by Curry [14] 

who used a number of ionization probes to follow the flame 

travel. This would imply that gas velocities could approach sonic 

conditions in the burned gas region whilst the-flame propagation 

was still subsonic, although it should be emphasized that the 

simplistic analysis above was based on the assumption of uniform 

pressure throughout the combustion chamber which would tend to 

become invalid as sonic conditions were approached. The effect of 

localised higher pressure regions in the vicinity of the flame 

front would however promote more rapid flame propagation and 

hence greater gas velocities than estimated. 

The gas motion discussed above could only be achieved by the 

establishment of a pressure gradient within the combustion 

chamber. That slight pressure fluctuations or pulses exist with 

normal combustion is well known (12,15]. Obviously, the faster 

the flame speed, the more vigorous would be the required gas 

motion and the greater the pressure fluctuations would be. These 

pressure fluctuations are particularly noticeable with engines 

operating on hydrogen which has a high natural flame speed (16) 

and also methanol [5]. It could be argued that sign~ficant 

pressure pulses associated with normal combustion is evidence of 

combustion bordering on the threshold of a detonation wave. Lewis 

and Von Elbe reported pressure pulses with hydrogen combustion in 

a constant volume bomb that were so severe that the pressure 

recording transducer was destroyed. 

In tecent years, the evidence supporting the auto-ignition theory 

of knock has accu~ulated convincingly and somewhat over-shadowed 

the detonation wave concept. However, a recent publication by 

Maly et al [17] has renewed interest in the auto-ignition versus 

detonation issue. A comprehensive analytical representation of 

combustion in a closed vessel was developed and used to describe 
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the nature of events that were thought to occur with combustion. 

An important facet of their discussion concerned the equations 

governing the velocity of the gas flow across the flame front. 

They were able to show that this velocity could easily reach 

sonic magnitudes with very modest flame propagation speeds as the 

flame approached the cylinder walls. Whilst this information is 

closely aligned to the foregoing discussion, it was noted that 

their combustion analysis contained an error. Referring to the 

sketch below, the burned gas velocity was detirmined by 

considering the combustion to occur in two imaginary steps; an 

incremental combustion at constant pressure which would cause the 

cylinder contents to expand (R ~ R+AR), followed by an 

incremental shrinking of the combustion chamber back to its 

original volume which would cause the cylinder pressure to 

increase. The unburned gas motion associated with the shrinkage, 

"or1" was taken to signify an actual gas velocity towards the 

approaching flame front which, when the temperature rise across 

the flame front and the associated gas expansion was accounted 

for, equated to the burned gas velocity behind, and away from, 

the flame. This unburned mass flux, "or1", directed towards the 

flame front, was a consequence of the hypothetical contraction of 

the combustion chamber. In their equation pertaining to gas 

motion, the compression movement of the unburned gas caused by 

the incremental combustion, "Ar1b··, which was directed away from 

the flame front, was overlooked. Thus the real-world gas movement 

would be determined from the difference between these opposing 

, ,gas movements, "Ar1b-6r1", and not only "or1" as was assumed. 

'· 

Isl step 

R 

·R+ AR 

r,, t.r,b 

2nd step 
R 

Ar1b 

r,, or1 or1 

A schematic representation of the two-step combustion process 

as the flame advances from "rrp" to "rrp+Ar lb" [ 17] . 
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2.1.2 The Auto-Ignition Theory 

Assuming knock to be a spontaneous a~to-ignition phenomenon, it 

would be reasonable to suppose that the character of the engine 

knock depends on the mass fraction involved in the auto-ignition 

and the rate at which the auLu-i~nitiun ~ru~e~ds. 

Considering the idealised Otto cycle, the pressure (P) within the 

cylinder during the constant-volume combustion phase can be 

related to the mass fraction (n) burned by the approximate 

expression: 

n = (P - P1) 
(P2 - P1) [12) 

where the subscripts 1 and 2 refer to the initial and end 

conditions of the constant-volume process. The position of the 

flame front, as a function of pressure m~y be determined by 

assuming that the end-gas is compressed polytropically according 

to the expression: 

= Const 

Thus, at any point during the combustion, the pressure, volume 

and mass fraction of the end-gas may be computed. If the end-gas 

mixture were to auto-ignite instantaneously, the combustion would 

be constrained to take place within the volume of the end-gas at 

that instant since there could be no instantaneous expansion. 

There would consequently be a localised pressure rise in the end

gas region. The magnitude of this pressure discontinuity would be 

dependent on the mass fraction involved and could be calculated. 

Assuming typical engine values of pressures and volumes, an 

instantaneous combustion involving an end-gas mass fraction of 

10% would cause a local pressure rise of about 200 bar. 

In engines operating with moderate to heavy knock, the pressure 

rise has been reported in the vicinity of 15 bar [18]. Clearly. 

then, the auto-ignition process is nowhere near instantaneous and 
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there is time for considerable expansion of the end-gas volume. 

Hale [18] demonstrated that the auto-ignition process was not· an 

homogeneous reaction of the end-gas by means of photographs taken 

at 500 000 frames/sec. He concluded that the auto-ignition 

reaction was initiated at many discrete nuclei from which 

combustion proceeded as a host of radially propagating flame 

fronts. 

Probably the nearest example of instantaneous-combustion was 

described by Curry [20]: 

"This was accomplished by placing within the engine, a lead
azide blasting squid which had a heating value of 
approximately 10% of the normal heating value of the fuel-air 
charge. With the engine operating at 900 rpm and iso-octane 
as the fuel, the squib was detonated by an electrical circuit 
approximately 5°BTDC and the pressure history of the 
combustion initiated by the squib was followed. The rate of 
pressure ~ise was unmeasurable and far exceeded any observed 
with knocking combustion." 

Evidence of both gradual and rapid auto-ignition was reported by 

Taylor et al [21]. Using a rapid compression machine to study the 

auto-ignition of the whole charge, they observed that the auto

ignition of benzene was very much more gradual compared to that 

of iso-octane and n-heptane. Thus the combustion of benzene might 

be regarded as representing the transition from normal combustion 

to knocking combustion according to the auto-ignition theory. 

·The bulk of ·the experimental evidence appears to support the 

auto-ignition theory, at least as far as conventional hydrocarbon 

.fuels are concerned. However the auto-ignition mechanism appears 

to be very complex and attempts to model the chemical kinetics 

are usually restricted to a simplified approach. 

. The situation is further confused by the fact that the combustion 

of most hydrocarbon fuels takes place in two distinct stages. 

This is particularly relevant to the present research which 

.involves methanol and is discussed more fully below. 
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2.1.3 Two Stage Combustion 

Two stage combustion was observed by Taylor et al [21] in their 

early research work with rapid compression machines and was 

studied in detail by Downs et al [22], Hinkoff et al [23] and 

Fish [24], to name a few. The general conclusions were that the 

combustion of most hydrocarbons proceeds in two stages. The first 

stage involves a weakly exothermic reaction which produces 

intermediate products that are sufficiently stable to temporarily 

halt the reaction process. The second stage is strongly 

exothermic and is associated with a very significant temperature 

rise. 

Within the framework of the auto-ignition thepry, the first stage 

of combustion was seen as presensitising the end-gas which 

enables it to auto-ignite sufficiently rapidly to cause knocking. 

This conclusion was drawn by Downs et al [22) in the light of 

fuels such as benzene and methane which do not exhibit a two 

stage character in their combustion. Benzene had already been 

identified as a fuel that tends to auto-ignite more gradually and 

it was argued that since there was no first stage combustion to 

presensitise the mixture, the auto-ignition reactions in a single 

complex oxidation mechanism would inevitably be slower. 

The list of fuels that exhibit only one, high-temperature 

combustion stage includes benzene and methane [22], methanol 

[25], ethanol [15], and hydrogen [13]. The majority of 

hydrocarbon fuels, however, appear to exhibit a two phase 

combustion character. 

Fish [24] elaborated on the concept of two stage combustion and 

was able to demonstrate that the magnitude of the delay period 

between cool flame and hot ignition was related to the pressure 

rise during the cool flame. He concluded that, since it was the 

cool-flame reactions that control the subsequent hot-ignition 

process, if the cool-flame pressure rise could be reduced 

sufficiently, the delay before the start of hot-ignition would be 

increased to the point where knock was avoided. 
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The most recent findings by Pitz and Westbrook [26] seriously 

undermine some of these earlier conclusions. By simultaneously 

solving 13 reaction equations that were considered to be the most 

important to occur in the first, low-temperature stage of 

combustion of n-butane, and some 238 chemical reactions occurring 

in th~ second, high-temperature stage, they were able to 

accurately predict the onset of knock under given conditions of 

pressure and temperature. The surprising observation was that the 

low-temperature oxidation mechanism played an insignificant role 

in determining the onset of knock. This contradiction was noted 

by Hiller [27], who summarised the problem in the following 

questions: 

Are the cool flames observed by Downs, Walsh and Wheeler 
present in engines but of no consequence as far as knock is 
concerned? 

Is the kinetic modeling analysis of knock chemistry by 
Westbrook and Pitz essentially correct, or is their treatment 
of cool-flame kinetics inadequate? 

Is n-butane a special case? 

Is the effect of cool flames simply a thermal one? This 
possibility would be masked in the Westbrook-Pitz 
calculations which were performed with assumed pressures and 
temperatures." 

rhe implications of these recent findings could be far reaching 

but further research seems indicated as a first priority. 

The fact that methanol does not exhibit a two-stage combustion 

character, unlike the hydrocarbon fuels that include gasoline, 

indicates that an attempt to modei the knock behaviour of 

methanol and gasoline should be treated with caution since their 

.combustion chemistry is obviously v~ry different. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- 14 -

2.2 THEORETICAL BASIS 

Theoretical research which attempts to describe detailed chemical 

kinetics generally assumes that the kinetics of a reaction are 

known. The analysis then assumes reaction paths consisting of 

several successive and parallel sLages with the ~atticipation of 

unstable intermediate products. Although the development of 

numerical methods of analysis have rendered such specif icaliy 

formulated problems completely soluble, the modelling techniques 

are not yet entirely reliable, as discussed above. This is not 

surprising when one appreciates the extremely complex phenomena 

involved and their explosive nature. 

Traditional methqds of research into combustion problems usually 

entailed the study of the inverse problem, that is, to deduce 

from the observed phenomenological characteristics of the 

combustion process, the kinetics and mechanism of the chemical 

reactions which led to inflammation. A number of expressions have 

been proposed of varying complexity and, considering the 

uncertainty surrounding the knock mechanism of gasoline and the 

even greater uncertainty with regard to the knock mechanism of 

methanol, the simplest approach was selected. 

The theoretical approach assumed that the production of the 

chemical species or chain-carriers necessary for auto-ignition to 

take place, could be expressed by a generalised gross reaction 

which was expected to be valid for the limited pressure arid 

temperature range encountered in spark-ignition engine operation. 

(Full details of the derivation are given in appendix A). The 

proposed reaction was assumed to have the form: 

Where: a = 
A' = 
p = 
n = 
T = 
B = 

da 
dt = 

concentration 
constant 
pressure 

of the 

pressure coefficient 
gas temperature 

pertinent 

temperature coefficient 

( 2. 1) 

reaction component 
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The solution of the differential equation involved the assumption 

that auto-ignition oc~urs at some critical time, tc, 

corresponding to the attainment of a critical concentration of 

the chain carriers, ac, given as, 

1 = r to 

(2.2) 
dt 

If the pressure and temperature were constant, this critical time 

could be ·computed by a straightforward integration of the 

equation (2.2), 

T = ( tc - to) = 
~ 
T e (2.3) 

where T = (tc - to) is usually referred to as the auto-ignition 

delay and applies to the situation encountered with the use of 

rapid compr.ession machines [10]. 

The engine data was used to solve for the constants in equation 

2.2 which characterised a particular fuel. From a mathematical 

view point, since there are three unknowns, "A", "n" and "B", at 

least three different sets of conditions are required in order to 

determine a solution. In practice, ten or more engine set-up 

conditions were used and the solution, which was therefore over

determined, was found by means of a regression technique. The 

details of this are also included in appendix A. 

This theoretical· approach was adopted for the present 

investigation of gasoline and methanol because it featured the 

following important attributzs: 

a) The knock mechanism included terms that expressed the primary 

dependence on time, pressure and temperature. 

b) The analysis could be conducted using an actual engine. 
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c) By definition, the knock mechanism was applicable to a range 

of engine operating conditions, and was not based on the 

analysis of a single cycle. 

d) Unlike the Octane tests, the knock model characterised only 

the fuel and ~&5 independent of the engine used. 

2.2.1 Temperature Determination 

As indicated by equation 2.2, an accurate knowledge of the 

reactant gas temperature and pressure history was fundamental to 

the present study of auto-ignition and knock. Whilst the 

measurement of pressure represents a lesser problem, the direct 

measurement of the instantaneous gas temperature within the 

engine combustion chamber is technically more difficult. 

The possibility of measuring the gas temperature directly was 

given careful consideration. A review of the literature indicated 

that temperature measurement in engines generally necessitates a 

severe modification to the combustion chamber shape and is 

subject to considerable uncertainty. 

Glukstein researched the potential for the measurement of end-gas 

temperature by means of the speed of sound [28]. A range of fuels 

were investigated at different inlet temperatures and ignition 

timings and compression ratios. The knock point was found to vary 

with pressure, but it was apparently independent of temperature, 

with knock always occurring at about 727°C. The authors 

interpreted this finding as factual although it may be that the 

temperature measurement technique was not sufficiently precise to 

discern the exact end-gas temperature, since the acoustic 

apparatus inevitably measured the average temperature of a finite 

volume which was arranged to be in the vicinity of the end-gas 

region. Interestingly, the ignition timing was shown to increase 

the end-gas temperature linearly by 5°C per degree of advance, 

whilst the effect of engine speed was shown to be insignificant. 
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Agnew conducted a similar investigation using the two-wavelength 

infra-red radiation method [29]. The combustion chamber was 

distorted by fitting a spacer between the cylinder head and the 

block, with the end-gas volume arranged to coincide with the 

optical access region. 

The measured gas temperature was checked against the calculated 

temperature for motoring engine tests. This method of 

verification was obviously limited to the accutacy of the 

pressure and air flow measurement and the assumptions involved in 

the calculation. Whilst the accuracy was somewhat uncertain, the 

precision was nevertheless determined at about 28°C. 

When the engine was fired, some problems were experienced with 

the reflected light from the advancing flame which reduced the 

accuracy of the end-gas temperature determination. Nevertheless, 

data from the tests with a firing engine indicated an increase in 

the end-gas temperature with ignition timing of 2.8°C per degree 

advance, but contrary to Glukstein's findings, Agnew found that 

an increase in engine speed from 1000 to 2000 rev/min resulted in 

a 44°C increase in gas temperature at TDC. 

Another technique tha~ has been tried, involving sodium line 

reversal and absorption spectroscopy, was not very successful 

[30]. 

Comparatively recently, the use of laser techniques have been 

applied to engine research. Coherent anti-Stokes Ramen 

spectroscopy (CARS) has been demonstated to be capable of 

measuring instantaneous, localised temperatures within an engine 

with an accuracy of about ±50°C [27]. A CARS facility was 

recently purchased by the Council for Scientific and Industrial 

Research (CSIR) and it is currently based at the University of 

Cape Town. However, it will be some time yet before the system 

could be used for engine research and as such, CARS did not 

represent a viable option for the present research programme. 
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As an alternative to direct temperature measurement, the 

determination of the temperature by calculation has to be based 

on several assumptions which involve a degree of estimation and 

conjecture. However it was noted that, for the most part, 

calculation methods tend to result in systematic errors rather 

than random errors. Moreover, in all the temperature-measurement 

techniques described above, the accuracy and precision of the 

technique was verified in comparison with the calculated 

temperatures and therefore the simplest option~was chosen, ie, to 

evaluate the temperature by calculation. 

2.3 EXPERIMENTAL TESTS 

The single cylinder engine used for these studies was the Ricardo 

E6 research engine. Principal details of the engine are: 

Bore 

Stroke 

Connecting Rod 

Compression Ratio 

75 mm 

111 mm 

242 mm 

Variable 

The tests were conducted at borderline knock with wide open 

throttle and under a variety of speeds, compression ratios, 

ignition timings and inlet temperatures. The two fuels tested 

were commercial grade 98 RON pump gasoline and standard 

commercial grade methanol. A stoichiometric air/fuel ratio was 

maintained throughout the tests. The full details of the 

experimental tests and the analytical equipment are given in 

Appendix B. 

Two main software routines were written to analyse the test data. 

The first program processed the raw pressure signal and 

determined the temperature of the unburned portion of the 

cylinder contents up to the point of knock. The second program's 

function was to characterise the fuel in terms of its knock 
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behaviour from the pressure and temperature data originating from 

all the engine operating conditions. 

An overview of the software routines are included in Appendix B. 

However, since the temperature was the most critical parameter 

upon which the subsequent analysis was based, the method of its 

calculation warrants particular attention. 

The measured parameters were the ambient temperature and 

pressure, the mass of the intake air, the fuel flow rate, the 

exhaust temperature, the pressure in the cylinder and the engine 

speed. The parameters are depicted diagrammatically below, as 

well as the additional information that had to be deduced in 

order to solve for the temperature at the point of inlet valve 

closure (IVC). 

MEASURED PARAMETER INLET PROCESS CALCULATED VALUE 

II Ambient Air I 

Air ffi:1. Viscous Air Flow Heter 

Heat Q Air Heater 
Air T:i.. 

Fuel Flow Carburettor 

Inlet Valve 

Cylinder Pressure Residual Gas mr, Tr 
Inlet Work W:i. 
Latent heat Qi 

v 

II Pi-,Tf at IVC II 

An unfortunate disadvantage of the piezo-electric transducer used 

Jor the pressure measurement was its inability to hold a DC 
signal. Thus the absolute pressure zero reference was not known 

and had to be computed together with the temperature. 
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An energy balance was performed on the inlet mixture at the point 

of inlet valve closure (IVC), as indicated by equation 2.4 below. 

This equation was based on the energy content of the residual 

exhaust gas remaining in the cylinder, the incoming air-fuel 

mixture, the work done by the piston on the gas during the inlet 

stroke and tt1e latent heat of evaporation of the fuel. 

Since a knowledge of the pressure was required for some of these 

energy terms, and the absolute pressure zer~ reference was not 

known at this point, an iterative solution was -adopted, using an 

estimated value for the pressure reference for the first 

calculation. 

(2.4) 

The heat loss or gain from the inlet tract and cylinder walls was 

not included in this calculation since data essential to the 

calculation was not known. The presence of liquid fuel in the 

system prevented a realistic estimate of the heat transfer being 

made. However, it was assumed that, because of the relatively 

small temperatuxe difference between the inlet mixture and the 

manifold walls, the resultant heat transfer would be 

insignificant. This assumption was supported by Borman [31]. 

Similarly, the heat transfer from the cylinder walls was 

estimated to be relatively small during the intake process. 

Another source of inaccuracy concerned the mass of the residual 

mixture trapped in the cylinder at the end of the exhaust stroke, 

mr. This was calculated from the residual gas volume, the 

residual temperature and the residual pressure. However, these 

values had to be estimated. The residual temperature, Tr, was 

assumed to be the same as that measured for the exhaust gas in 

the exhaust port. The residual gas volume was assumed to be 

represented by the clearance volume and the pressure was assumed 

to be represented by the pressure transducer signal at the top 

dead centre (TDC) point between the intake and exhaust strokes. 

In view of the valve overlap period of some 18° crank angle (CA), 

these parameters were a representative estimate, and the 

calculated residual gas mass was therefore an approximation. 
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The primary residual gas constituents were determined assuming 

complete combustion. The work done by the piston on the incoming 

mixture, W1, was computed from the pressure-volume diagram. 

Finally the latent heat component, Q1, was included. At the point 

of inlet valve closure, the fuel was not necessarily fully 

evaporated and therefore the degree of fuel evaporation was 

calculated from an expression for the equilibrium partial 

pressure of the fuel. This assumption would be reasonable on 

account of the finely divided fuel droplets and the good mixing 

introduced by the induction process, 

The temperature during compression, up to the point of ignition, 

was calculated from the ideal gas law, using the measured 

pressure and the computed values for the mass of the trapped gas 

mixture and the cylinder volume. 

Once ignition had occurred, the volume of the unburned gas was 

unknown and the calculation of the temperature was continued in 

small time increments. For each time increment, the calculation 

involved two steps. First, a theoretical pressure and temperature 

was determined for the whole mixture as if no further combustion 

had taken place. This calculation involved a first law energy 

balance between the work done by the piston, the heat loss and 

the change in internal energy of the unburned gas. 

dQ + dW = dU (2.5) 

The calculation of heat loss was based on the empirical formula 

proposed by Woschni [31). 

-0.2 o.e o.e -0.53 
h = 0.820 D P (2.28 C) T (2.6) 

where h = Heat transfer coefficient (kW/m 2 K) 
D = Bore (m) 
p = Pressure (bar) 
c = Piston speed (m/s) 
T = temperature (K) 

The heat loss has very little effect on the end-gas temperature. 

Typically, the total heat loss amounts to 4 to 6% of the total 
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fuel energy [32], and most of this heat loss occurs during the 

expansion stroke. The subject of heat transfer is discussed in 

greater depth in Section 3 of this thesis. 

The determination of the mixture properties was based on the 

final temperature from the previous step. Secondly, the mixture 

was imagincid to undergo an adiabatic compression process to raise 

the pressu~e up to the measured value, from which the final 

temperature was determined. 

_k_ 

= [ ~~ ] k-1 (2.7) 

I 
I 

The calculation was performed in steps of one crankshaft degree 
' 

and halted 1 at the point that knock occurred. 

2.4 

i 
I 

DISCUSSION OF RESULTS 

The 

for 

resultl of the calculations for the characteristic constants 

the twd fuels are tabulated below. 

TABLE 2.1 The characteristic fuel constants deduced from the 

Ricardo test data. : 

Fuel Constant Pressure Temperature Correlation 

I 
(msec) Coefficient Coefficient Coefficient 

Gasoline 
I 

1. 68 10-3 -0.66 8850 0. 87. ! 

Methanol 3.28 10-4 0.64 7749 0.38 

It was immldiately apparent from the relative magnitudes of the 

~onstants Jhat the character of methanol and gasoline knocking 

was fundamJntally different. In addition, correlation 

coefficienJs indicated that the gasoline data fit to the 

theoretica~ exp~ession was significantly better than that fur 

methanol. 
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2.4.1 Discussion of the gasoline results 

Before consideration was given to the behaviour of methanol, the 

gasoline results were examined in relation to the findings of 

other rese~rchers. By et al [33] compared the results of a number 

of such research programmes and their findings for gasoline are 

summarised below: 

T = 

T = 

T = 

T = 

Where, T 
p 
T 

74'!!>7 
-1.48 T 

0.017095 p e 

32400 
-12 -1. 04 -2.57 T 

0.916x10 ~ p e 

[ RPT ]-.72 
[ -8.387 + 18310 ] 

10- 3 T 
e 

[ ]3.4107 
~ 

RON -1. 7 T 
19.75 100 p e 

= the auto-ignition delay. (msec) 
= Pressure (Bar) 
= Temperature (K) 

~ 
RON 

= the equivalence ratio 
= the Research octane number 

(Rifkin & Walcutt) 

(Burwell & Olson) 

(Vermeer, Meyer 
& Oppenheim) 

(Doua.ud & Eyzat) 

It was noted that the magnitude of the constants in the above 

equations varied enormously, for example, the temperature 

constant varied from 3800 to 32400, and the constant of 

_proportionality varied by several orders of magnitude. However, 

it should be noted that the above formulae express the 

sensitivity of the ignition delay to a change in pressure and/or 

temperature. To understand the reason for such variation, it is 
~ ............. -- - "' . 

~elpful to consider the partial derivatives of the ignition delay 

---- --equation 2.3 with respect to pressure and temperature: 

~ 
--·' OT (-n-1) T = - n A p e oP 

B 
OT B 

A 
-n T 

oT = T2 p e 
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These equ~tions may be conveniently rearranged to express the 

percentagJ change in delay in terms of a percentage change in 

pressure or temperature: 

OT = - n 
oP ( 2 .. 8) 
'"' T c 

OT ~ 6T 
( 2. 8) = T T T 

I 

Thus, the :constants "n" and "B" may be regarded as characterising 

the rate-controlling knock reaction mechanism with respect to 
I 

pressure ajnd temperature. The value of the constant "A" in 

equation 2t3 serves only to peg the fuel's ignition delay in 

absolute terms. This is clearly indicated by the RON correction 

term in Do aud and Eyzat's formula. Equation 2.8 indicates that 

the ignition delay is sensitive to a s~all percentage change in 

pressure according to the magnitude of the constant "n", and 

similarly, equation 2.9 shows that the delay would respond to a 

small percentage change in temperature according to the magnitude 

of the ratlio "B/T". Given experimental data which ranges over a 

very narro~ band of the pressure and temperature spectrum, the 

multi-variant analysis, which separates and calculates these 
I 

pressure apd temperature gradients, is clearly very sensitive to 

any experifental inaccuracy. This is an important problem that is 

inherent tb this particular research approach. 

The above formulae are compared together with the experimental 

gasoline re[sults in figure 1, where the temper~ture corresponding 

to a fixed delay of 2ms has been computed for each of the above 

formulae o er a range of pressures typical to engine operation. 

Since the above formulae were derived undei widely differiDg test 

conditions (shock tubes, continuously stirred tank reactors, 
•',, 

I 
motored and fired engines), the absolute value of the temperature 

in figure ~ varied considerably. 
I 

It may be ~ppreciated from figure l, 

in temperabure, corresponditig to the 

that the percentage change 

15 bar pressure variation, 
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was small and, with the possible exception of the work of Douaud 

and Eyzat, the value of the temperature constant, "B", might have 

been made the same throughout. In other words, the slight 

variation in the slopes of the different sets of data could 

easily be attributed to uncertainty in the determination of the 

gas temperature, rather than a factual difference in the fuels 

that were studied. Temperature was deliberately chosen as the 

dependent variable in this discussion because it was the source 

of the greatest uncertainty in the analysis tedhniques of the 

above-mentioned researchers. 

Thus it was concluded that values for the constants that 

characterise the knocking mechanism of gasoline that were 

determined in this present study were similar in general trend to 

the findings of other researchers within the tolerance band 

afforded by the simplified theoretical model and the accuracy of 

the temperature calculation. Since the accuracy of the 

temperature calculation appeared to be such a crucial issue, this 

aspect was investigated in greater depth. 

2.4.2 The accuracy of the temperature calculation 

The overview of the end-gas temperature analysis, which was 

·described in section 2.3, highlighted the assumptions that were 

implicit in the calculation. However, besides the assumptions, 

the precision of the measured parameters represented a source of 

possible inaccuracy. A sensitivity analysis was therefore 

conducted to assess how the final end-gas temperature was 

affected by a small change in the value of each measured 

parameter. The magnitude of the small change was chosen to 

·tepresent the estimated precision of each parameter at its 

·extreme limit. The results are shown in figure 2, from which it 

may be seen that inaccuracies of 20°C in the calculation of the 

gas temperature could occur from a single parameter, although to 

some extent, such errors could be partly systematic rather than 

errors of precision. 
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Using the pharacteristic constants given in table 2.1, the 
I 

temperatur~ was calculated and compared to the measured value for 

each test,( from which a standard error of the estimate was 

determined:. The results are illustrated in figure 3, and yielded 

a standard, error of the estimate of 12.2°C. This did not confirm 

that 'the fotm of equation 2.2 was correct, but rather confirmed 

the magnitµde of the scatter due to measurement and calculation 

inaccuracies. 
I 

I 

There was no corresponding method of cross-referencing to check 

the accurary of the absolute value of the calculated temperature. 

2.4.3 Disclssion of methanol results 

The attempt to condense the chemical kinetic behaviour of a fuel 

to a single, global expression, as discussed in section 2.2, 

involves a number of assumptions and simplifications. Also, the 

analysis technique, to solve for the characteristic fuel 

constants, requires the calculation of the gas temper·ature which 

has been shown to be subject to inaccuracies. Despite these 

problems, the gasoline data was found to correlate well with the 

theoretical model, as shown by the correlation coefficient of 

0.87 in Table 2.1, and a standard error of the estimate of 12.2°C 
' 

in figure 3. When the methanol data was analysed in a similar 

manner, the correlation coefficient was found to be 0.38. 

Moreover, when the characteristic constants, given in table 2.1 

for methanol were used to calculate the temperature at the 

measured pressure and engine speed and the result was compared to 

the experimental temperature value for each test, the comparison 

·yielded an standard error of the estimate of 36.5°C, as shown in 

figure 4. 

A number of possible explanations were considered to accotint for 

the very poor correlation given by the analysis of the methanol 

data: 
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a) The difficulty of temperature determination, particularly 

with regard to the effects of the high latent heat of 

methanol, could explain the low correlation. 

b) As was discussed-in section 2.1.1, despite the accumulation 

of evidence to suggest that gasoline knocks by way of an 

auto-ignition mechanism, much of the evidence was not 

applicable in the case of methanol. Obviously the auto

ignition knock model would not correlate with a detonation 

mechanism if this was the basis for methanol knock. 

c) The assumptions, which were implicit in the theoretical knock 

mechanism and which concerned the reaction process, may not 

hold true for methanol. It was noted in section 2.1.3 that 

the chemistry of combustion of methanol was different from 

that of gasoline in as much that it did not proceed in two 

stages; This difference may have been reflected in the knock 

model which assumed the presence of some rate-limiting 

chemical species which, on attaining a critical 

concentration, initiated a very rapid chemical chain 

reaction. 

d) It was possible that the experimental procedure and the 

analysis technique could contain an inherent flaw. 

The first possibility was discounted on the grounds that, despite 

the known uncertainty of the temperature calculation, the 

gasoline results had shown a good statistical correlation. 

The possible existence of a detonation mechanism was shelved 
; ~ ... 

r ~.. . -

until the latter two possibilities had first been considered and 

rejected. 

It was noted in section 2.1.3 that the combustion chemistry of 

gasoline was exceedingly complex, and that the physical meaning 

of the two-stage combustion was simply the formation of 

intermediate products that were sufficiently stable to 

temporarily halt the reaction process. The fact that the 
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combustion of methanol occurred in one stage was therefore not 

considered significant. However combustion chemistry of the 

relatively simple methanol molecule involves far fewer possible 

reaction steps, compared to gasoline. Thus, it could be expected 

that the auto-ignition reaction kinetics of methanol, from fuel 

to product1 could be extremely fa~t. 

If this were the case, the time step "dt" used in the solution of 
i 

equation 2f 2 would have to be at least an order of magnitude 
! 

smaller thhn the total reaction time if the pressure and 

temperatur~ dependencies were to be resolved. In the analysis, a 
I 

time step ¢orresponding to one degree of crank-shaft revolution 

was used which may have been too long. 

I . 

On the basis of the foregoing discussion, and assuming that the 
I 

auto-ignition reactions of methanol were indeed orders of 
I 

magnitude faster than the engine speed, the rate of the pressure 

and temperlture rise, prior to auto-ignition, would be 

irrelevantl The only significant parameters in the analysis of 

the auto-i nition would be the final value of the pressure and 

the temper~ture prior to knock. This hypothesis was tested as 
I 

shown in figure 5, by comparing the temperature immediately prior 

to knock w~th the corresponding pressure. As indicated, a measure 

of correlation was apparent which, assumed to be linear to a 

first apprbximation, indicated a correlation coefficient of 0.71 

and the stlndard error of the estimate of 15.6°C. This was a 
I 

significanr improvement on the results shown in table 2.1. 

As yet unp~blished research that has been in progress at the 

University[ of Cape Town, involving a chemical kinetic approach to 

modelling ~he combustion of methanol has arrived at similar 

findings with regard to the very rapid reaction rate that occurs 
i 

when methanol auto-ignites. The chemical kinetic model also 

indicated an extremely abrupt transition from negligible chemical 

activity to spontaneous ignition within a very narrow temperature 

band. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

·,' 

:: :·· .. : ..... :. '.'. 

- 29 -

The correlation shown in figure 5, revealed a positive slope in 

the pressure - temperature relationship which was interesting. 

The overall reaction of methanol: 

reveals that 5 moles of methanol and oxygen produce 6 moles of 

carbon-dioxide and water. Thus there is a net increase in volume 

in the reaction and the effect of pressure would be to retard the 

process, as reflected in the experimental data. 

Whilst the argument thus far was based on conjecture, the 

hypothesis was reinforced by comparing the temperature prior to 

knock with the engine speed, shown in figure 6. A low correlation 

coefficient of 0.30 signified that the reaction rate 

(temperature) was not of the same order of magnitude as the 

engine speed. Considering figures 5 and 6 together, it appeared 

that the knock mechanism of methanol was a chemical rather than a 

physical phenomenon, and that the auto-ignition theory was 

therefore not rejected by the findings. 

The primary objective of this research was to ultimately 

characterise the knock behaviour of the fuel in terms of the 

fundamental properties such as temperature and pressure. In this 

regard, the relationship between pressure and temperature 

indicated in figure 5 for methanol was considered adequate. The 

linear regression equation was thus of the form: 

where 

T = 1000 + 1.86.P 

T = the absolute temperature prior to knock (K) 

P = the absolute pressure prior to knock (bar) 

It was possible to make a parametric comparison between the knock 

behaviour of methanol and gasoline, as shown in figure 7. The 

knock-limited temperature for both fuels was plotted as a 

function of pressure and, as was done in figure l, a typical 

ignition delay of 2ms was chosen for the gasoline data. It may be 
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seen that methanol can withstand a higher end-gas temperature 

before knock occurs which is in accord with the known fact that 

methanol is relatively resistant to knocking as indicated by its 

high Octane rating (see table 1). 

However, the really interesting characteristic of figure 7 was 

revealed in the relative slopes of the knock-limited temperature. 

The trend for gasoline indicated that if the pressure is 

increased, the maximum 
I 

knock-limi~ decreases, 
i 

temperature that may be -tolerated at the 

whilst for methanol the trend was 

reversed: ]f the pressure was increased, the maximum temperature 
I 

that could ibe tolerated at the knock-limit also increased. 

In an engiJe, the pressure and temperature are linked to some 

extent as J result of the polytropic compression law. 

P vk = Const 

Neglecting heat loss for the moment, an increase in pressure will 

result in an increase in temperature, and both these conditions 

promote kndck in the case of gasoline. However, in the case of 

methanol, Jhe increase in pressure will tend to suppress 

knocking, J1though in the adiabatic example, the effect of the 

rising temJerature will dominate. This is illustrated in figure 7 

by the politropic compression curve corresponding to k = 1.40. 

! 
I 

If the eff~ct of heat loss in the end-gas region is also 
I 

considered,! it is possible to conceive of the situation where the 

increase in temperature resulting from an increase in compression 

ratio was lessened to such an extent by the heat loss, that the 

increase in knock-supressing pressure was dominant over the 

knock-inducing increase in temperature. Under such circumstances, 

the compre~sion ratio could be increased indefinitely, or at 

least within the range of applicability of the observed trends. 

This situation is illustrated in figure 7 by the polytropic 

compression curve corresponding to k = 1.25, where the slope of 

the compression curve is tending towards a slope which runs 
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parallel to the knock-limited temperature profile for methanol. 

Thus, if the end-gas could be cooled, by designing the combustion 

chamber to create high gas velocities that would improve heat 

transfer for example, then a significant increase in compression 

ratio, with an attendant increase in thermodynamic efficiency 

might be possible. 

The effect of engine speed represents an important factor in the 

above argument. As the engine speed increases~ there is less time 

for heat loss and the polytropic compression exponent tends 

towards.the adiabatic compression exponent. Thus it would appear 

that methanol has attractive potential as a fuel for highly-

eff icient, slow-running engines, and one obvious application is 

the use of methanol as an alternative fuel for diesel engines. 

This particular application is the subject of the second half of 

this thesis. 

It is interesting to consider the results of this research study 

against the background of other methods of characterising the 

knock behaviour of fuels such as the Octane tests. The limitation 

of such tests is that the knock behaviour is characterised 

relative to a reference fuel at a single engine operating point, 

and the relative trends for the test fuel in terms of changes in 

pressure, temperature and time is not revealed. Even taking the 

\. Research and the Motor Octane tests together, which represent two 

different operating conditions and indirectly yield two of the 

three variables, this still represent an inadequate matrix from 

which to characterise the knock behaviour of a fuel uniquely. 

This problem is evident when one considers the wealth of 

literature generated by researchers attempting to specify some 

sort of "knock index" based on the Octane test methods. 
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2.5 D TO RICARDO ENGINE TESTS 

The 

below: 

conclusions of the Ricardo tests are summarised 

1. The de erminatic~ cf tha end-gas leruperature was the most 

import nt aspect of this investigation. Random scatter due to 

experiffiental accuracy was guantified but the possibility of 

systemltic errors originating from· inaccurate assumptions 

could Jot be checked. As far as possible, the instrumentation 

was caiibrated or verified. 

2. 

3. 

4. 

The thloretical model which was used to characterise the 

basic Jnock behaviour of gasoline, was too simplified to 

. revealJthe details of the underlying chemical kinetic 

mechan·sms of combustion. However the model correlation with 

the gaJoline data was good and was in line with the general 

f indinds of other researchers who have used this approach 

The in]tial analysis of the methanol data failed to correlate 

with t~e gasoline knock model and evidence was found to 

suggesJ that the knock behaviour of methanol was distinctly 

differ~nt from that of gasoline. It was suspected that the 

rate ofl the methanol auto-ignition reaction was not 

compatible with the rate of data capture and this hypothesis 

was re~nforced when allowance was made for a relatively rapid 
I 

combus~ion rate, and a simplified empirical regression 

analys~s yielded an acceptable correlation. A null-hypothesis 

test fok correlation with engine speed confirmed that the 

methan11 knock mechanism was indeed very rapid. 

The pos,
1

sibility of the knock mechanism of methanol being a 

detona~ion phenomenon was considered. However, although the 

experim~ntal results indicated an obvious difference between 

the kndcking mechanism of gasoline and methanol, the auto-
1 

ignitioh theory proved adequate to describe the behaviour of 
I 

both fu~ls 
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5. An important ·and significant difference was observed in the 

relative response of the knock-limited temperature of 

gasoline and methanol to a change in pressure. The trend for 

gasoline indicated that the maximum temperature that may be 

tolerated at the knock-limit decreases with an increase in 

pressure, whilst for methanol the trend was reversed. Given a 

maximum temperature, an increase in pressure had the effect 

of suppressing the auto-ignition of methanol. This, coupled 

with the possibility of utilising the combustion-chamber 

design to increase the end-gas cooling, appeared to indicate 

an attractive possibility for extending the knock-limited 

compression ratio of methanol. 

6. The method of characterising fuels directly in terms of 

pressure, temperature and time has distinct advantages over 

indirect methods such as the Research Octane test and the 

Motor Octane test. The fact that three constants were 

required to characterise each fuel could explain much of the 

confusion that surrounds the applicability of the Research 

and Motor methods since the solution for three unknowns with 

two equations is indeterminate. 
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CHAPTER 3 

DAIMLER BENZ OH 407g ENGINE TESTS 

The f indin~s of the Ricardo engine research, discussed in chapter 

2, indicatdd several interesting avenues for further 

investigation, perhaps the most significant being the potential 

role of the combustion-chamber design as a means of suppressing 

the end-gas temperature and hence the spontaneous auto-ignition 

of methanol at high compression ratios. To this end, a detailed 

heat transf~r analysis was performed on a spark-ignition engine 

which featu:red a bowl-in-piston combustion chamber and 
I 

incorporated substantial squish areas in the end-gas zone. As 

with the Ri!
1

cardo tests, the knock-limited performance of methanol 

was compare~ with that of gasoline. 
I 

The engine which was used for this research was a six-cylinder 

diesel engine, of which one cylinder was modified for spark

ignition operation. The engine, a Daimler Benz OH 407 had a total 

displacement of 11.4 litre and a bore of 125mm. A range of 

pistons was'i available having different sized combustion chambers 
I 

and hence d~fferent compression ratios. A special cylinder head 

was provide~ from Daimler Benz AG, Stuttgart, which featured 179 

thin-film trermocouples arraye~ across the combustion-chamber 

surface. Thie ¢lmm she~thed, "K'". type thermocouple pairs were 

routed through holes in the cylinder head and the temperature

measuring j~nction was formed by a 4~m layer of gold plating. The 

resu 1 ting f ~st-response tempera tu re measurements were used t:o 

generate twb-dimensional maps showing the flame propagati6~ ~nd 
the wall te~perature at each crank angle, from which the local 

heat flux w~s determined. 
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The choice of engine was influenced by the general interest in 

the use of methanol as a diesel replacement. The possibility of 

utilising methanol in a large spark-ignition engine was another 

observation emanating from the Ricardo test results. It was noted 

in chapter 2 that, since the spontaneous~combustion reactions of 

methanol were an order of magnitude faster than the engine cycle 

events, auto-ignition could not be averted by rapid flame 

propagation as was the case with modern gasoline engines or, 

conversely,. that the knock-limited performance -0f a methanol 

engine was relatively insensitive to engine size or speed. 

The unsteady-state heat-transfer situation in the squish zone was 

not an easy topic to study. However, the analysis was facilitated 

by operating the engine at borderline-knock conditions and using 

the characteristic knock constants for the fuel, obtained from 

the Ricardo-engine tests, to predict the bulk end-gas temperature 

in the knock region. In other words, the onset of knock itself 

was used to signal a known gas-temperature situation. 

3.1 LITERATURE OYERYIEW 

The research was initiated by looking at the inter-related 

subjects of combustion-chamber design, the mechanism of squish 

and heat-transfer analysis in engines. This was the basis against 

which the subsequent experimental data and results for gasoline 

and methanol were compared. 

a.....i..._1· Combustion-chamber design considerations 

_Knock may be regarded as a race taking place between the 

naturally occurring reactions in the compressed end-gas and the 

chemical reactions induced by the passage of the spark-ignited 

flame. If the flame reactions consume the entire charge before 

the naturally occurring reactions reach a critical point, there 

is no auto-ignition and hence no knock. However, if the naturally 

occurring reactions win the race, auto ignition occurs and the 
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i 
I engine knoaks. With gasoline, factors such as reduced engine 
I 
I 

speed and increased flame transit distance increase the tendency 
I 

of an.engi1e to knock by allowing more time for the chemical 

reactions to take place in the end-gas. 

The design of a combustion chamber for a spark-ignition engine 

involves a compromise between several conflicting requirements. 

From the tfermodynamic viewpoint, the compression ratio, and 

hence the pressure and temperature should be m~ximised. However, 

the occurr~nce of knock represents a barrier to the increased 

compressiod ratio. Since the auto-ignition originates in the end

gas region! an obvious concept is to cool this region whilst 

increasinglthe compression ratio. This may be achieved by 

designing the combustion chamber with the end-gas region having a 

high surfa~e area-to-volume ratio, or having high gas velocities 

to increasb the heat transfer. However, the energy loss stemming 

from end-gls .cooling represents an overall reduction in 

efficiencylwhich may, to some extent, negate the benefit of the 

increased ompression ratio. In the case of the gasoline engine, 

reducing t~e time that the end-gas is exposed to elevated 

temperaturbs is the other obvious concept for the suppression of 
I 

knock. Typically, this is achieved by having a smaller cylinder . 
size or by means of increased turbulence to promote rapid 

combustion. If used in conjunction with end-gas cooling, reduced 

combustion duration also reduces the time that heat loss can take 

place, and it is not always clear which concept is dominant. 

The applic tion of these combustion chamber design concepts was 

illustrateb in a recent overview publication by Ricardo · 

Engineerin~, which revealed that by suitable design, it is 

possible tb operate engines with 1 to 2 compression ratios higher 

than conve~tional combustion chamber designs, whilst using~the 
same qualiby fuel (34). Three designs were compared: The Nissan 

NAPS-Z opeh chamber, the high-ratio, compact chamber in head 
I . 

design (HRCC), and the four-valve pent-roof chamber. A sketch of 

the three besigns is shown below. With the NAPS-Z chambe~, fast 

burn was abhieved by using twin spark plugs and high swirl_level. 

The HRCC d~sign had a high level of squish to provide end-gas 
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cooling and a short flame path to promote fast burning. The pent

roof design had a central spark plug coupled with complex inter

action from the two inlet flows which gave very rapid combustion. 

4 VALVE NAPS-Z HRCC 

Three combustion chambers studied by Ricardo Engineering (34) 

On the subject of combustion chamber designs, both Dye [35) and 

Caris [36) emphasizes that rapid combustion is necessary for high 

efficiency and maximum lean burning. The general principle was to 

concentrate the clearance volume around the point of ignition as 

compactly as possible. Data for a disc chamber was compared to a 

bowl-in-piston design. The compact chamber showed a combustion 

duration equal to half that of the disk chamber, although the 

shorter combustion duration resulted in higher peak pressures 

occurring earlier in the cycle and consequently slightly higher 

end-gas temperatures. Besides maximising efficiency, some 

associated relationships were also considered. The length of 

flame travel was shown to be related to the knock limit and 

turbulence was shown to increase the knock limit. This conclusion 

was based on results obtained using shrouded inlet valves, which 

despite having a unacceptable influence.on engine breathing at 

high speed, served to demonstrate that the turbulence generated 

.during the intake process persists until the combustion phase. It 

was presumed that the turbulence generated by squish was the 

mechanism responsible for the observed increase in the knock 

limit for the bowl in the piston design and squish was identified· 

as the most important single design change that could be used to 

further increase the knock limit. 
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The mechanism whereby turbulence increases the combustion rate 

was studied by Gatowski [37] with the aid of a transparent, flow

visualisation engine. Several combustion chamber features were 

investig~ted, the aim being to maximise the rate of combustion. 
I 

Turbulen¢e was found to be the general mechanism for increased 

combustidn rate but it was 3hown to have some negative impacts 

too; it Jncreased heat loss and decreased the maximum power. 

Shrouded inlet valve test results indicated t~at the general 

shape of the developing flame front is un-affected but that the 

valve-induced turbulence makes the flame more wrinkled. Although 

the swirl does not alter the flame shape, it does substantially 

increase the burning rate. Since the combustion rate is 

proportional to the burning velocity and the flame area it was 

presumed that the increased rate of burning resulted from the 

flame wrinkles which increased the flame-front area. 

Another means of reducing combustion time involves the use of 

reultiple ignition. Diggs [38) experimented with a side-valve CFR 

research engine which was equipped with 17 spark plugs and was 

used to i,nvestigate the relationship between burn speed and 

kn()ck, wiithout changing other engine parameters. 

i 
It was pdstulated that, if an increased combustion rate acts to 

increase the end-gas pressure and temperature, the benefit that 

might be expected from the reduced end-gas residence time would 

be offset to some extent. The end-gas temperature was estimated 

from the pressure measurement and, when all plugs were fired 

simultaneously~ the final pressure and temperature was found to 

be 3.5 bar and 22°C higher than with one plug only. This increase 

in pressure and temperature was considered to be negligible in 

terms of its likely effect on knock and it was noted that shorter 

combustior duration that resulted when all the plugs were fired 

together iresulted in a significantly re.duced Octane requirement. 

It was also observed that if the spark plug was sited far away 

from the exhaust valve, the octane requirement of the engine 

increased. It was inferred from this result that heat loss in the 

end-gas r:egion was an important consideration and that the end-
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gas region should be arranged as far from the hot exhaust valve 

as possible. Whilst this conclusion is not necessarily disputed, 

it should be noted that in this case, the selection of different 

spark-plug positions also resulted in different flame propagation 

geometries and consequently different overall combustion rates, 

which may have independently influenced the octane requirement. 

Test results with combustion chamber deposits shortened the 

combustion durations when firing a single plug~ but this did not 

apply when all 17 plugs were fired. The effect of thermal 

insulation on heat loss could not be separated from the changed 

burn duration and the results pertaining to the effects of 

deposits were inconclusive. 

The relationship between combustion rate and turbulence, whether 

initiated by the inlet process or by the piston motion, was 

demonstrated by means of a sophisticated theoretical model by 

Haly (39]. During the initial stages, flame propagation was shown 

to be sensitive to external conditions such as initial 

temperature and heat loss. However, once the flame front had 

established itself as a stable, self-propagating flame front, the 

rate of combustion was almost exclusively dependent on the time 

function of the micro-turbulence. 

Reviewing the Ricardo test results in the light of the above 

discussion, it may be appreciated that the traditional techniques 

of knock control applicable to gasoline do not necessarily apply 
\ - -· - in the case of methanol. Since the auto-ignition reactions of 

'methanol are an order of magnitude more rapid than those of 

- :~asoline, methods of knock control involving more rapid 

., !. 

combustion are not applicable. Moreover, it follows that methanol 

; is not subject to the same knock-limited engine-size constraints 

''that apply to gasoline since the flame transit time is not a 

relevant factor. The chief parameters that determine whether 

methanol will auto-ignite are the temperature and, to a lesser 

~:·:.extent, the pressure of the end-gas. This leaves end-gas cooling 

·· ~s the only viable option for extending the knock limit of the 

methanol engine. 
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3. 1.2 The mechanism of squish as a means to control knock 

Since the Daimler Benz experimental engine featured squish 

prominently in its combustion-chamber design, this aspect was 

considered in some depth. 

The ref erjnce to the Ricardo HRCC combustion chamber design cited 

end-gas cooling in the squish zone as the reason for its 

beneficial effect. Whilst there 'is no doubt that squish is an 

effective means of controlling gasoline knock, not al_l 

researche,s are in agreement as to the reason for its 

effectiveless. 

For examp~e, Caris [36] concluded that increased turbulence, 
i 

generated 1by the squish action, was responsible for the improved 

knock reststance. The importance of the piston crown to head 

clearance was discussed in relation to actual test data. A 

reduction in bump clearance from 4.7mm to lmm, reduced the octane 

requirement by 12 numbers. Although it was difficult to separate 

the effects of squish and quench, it was noted that the end of 
i 

combustio1 generally occurred when the piston was already on the 

down stro~e. As the piston began to descend, it was argued that 

the flame front was sucked into the squish zone which would 

result in a reduced combustion time and it was therefore unlikely 

that quenching was the dominant mechanism. It was concluded that 

the reduc ion in bump clearance must result in a substantial 

increase ~n turbulence. When the bump clearance was reduced by 

the accumulation of deposits, however, the knocking tendency 

increased !which was ascribed to the attendant increase in 

compressiln ratio. 

Gatowski ~37] also studied squish as an alternative method of 

increasing the combustion rate and found that the turbulence 

generated by the squish action was very localised and limited to 

that part of the combustion chamber close to the inner edge of 

the squish region. It was presumed that the high squish 

velocities resulted in localised heat loss to the chamber walls 

and there ore the squish zone should be sited on the opposite 
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side of the combustion chamber from the spark plug in order to 

function as a means of knock suppression. In their discussion, 

however, the authors considered yet another possibility. An 

indirect consequence of the squish design is that making part of 

the combustion chamber smaller results in the other part of the 

chamber becoming more open, with the result that the flame can 

initially grow unobstructed, with maximum surface area and thus 

maximum speed. 

This last observation was observed experimentally by Lucas [40]. 

In tests using ionization probes with different combustion 

chamber shapes, it was found that the squish design exhibited a 

slightly higher initial flame speed when compared to the disk 

combustion chamber designs, and a slightly lower flame speed 

during the latter flame travel period. A simulation model was 

developed which confirmed the experimental findings and indicated 

that 50% squish area yields the maximum combustion rate. 

Unlike the Haly combustion model, Lucas' simulation showed that 

the burning velocity may be affected by increased charge 

temperature as well as by enhanced charge turbulence. The 

simulation was used to explain the increased flame dispersion in 

the latter part of the combustion which was noted with squish 

chambers and was attributed to flame quenching effects in the 

squish zone. The bump clearance was 0.8mm in this particular 

experiment. 

Thus there are four distinctly different explanations for the 

mechanism whereby squish suppresses knock: 

a) The quenching effect of the large surface area to volume 

ratio in the squish region reduces the temperature of the 

end-gas. 

b) The high squish velocity results in increased heat transfer 

in the squish zone which, in turn, results in a lower end-gas 

temperature. 
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The tu, bulence generated by the squish .a.ction results in a 

rapid bornbustion rate that suppresses knock by reducing the 

time ·r•ilable for auto-ignition reactions to occur. 

The compact combustion chamber shape that indirectly results 

from the s~uish design promcte~ rapid combustion by virtue of 

the large initial flame-front area. This suppresses knock by 
' 

reducing the time available for auto-ignition reactions to 

occur. 

It was recognised that the confusion surrounding the mechanism of 

squish was~ in part, reflected in the lack of understanding of 
I 

heat transfer in engines as a whole. However, whilst gasoline 

would respbnd favourably to any one of the above mechanisms, 

methanol c~uld be expected to respond .favourably to only the 

first two ihich involve end-gas cooling. Thus it was appropriate 

that the p~esent research effort should concentrate on the 

problem oflheat transfer in the squish zone, and its potential 

for the su pression of methanol knock. 

3.1.3 Heat-transfer in engines 
I 
I 

I 

Two heat-transfer problems were contained within the Daimler-Benz 
' 

investigation. Firstly, the thermocouple signals were used to 

determine the heat-flux into the cylinder head. Secondly, the 

heat transfer through the gas thermal boundary layer was studied. 

Whilst these were very specific analysis problems, it was helpful 

to consider the more general subject first. 

The difficmlties associated with the study of heat transfer in 

engines we~e summarised very concisely by Borman (31] 

"The heat llux to the surface of a reciprocating-engine 
combustionf chamber varies from iero to as high as lOHW/m 2 and 
back to zero again in less than lOmsec. The flux also varies 
dramaticaliy with position; portions of a surface only lcm apart 
can receivb peak fluxes differing by as much as 5HW/m 2

• To add to 
the comple*ity, the flux pattern varies considerably from cycle 
to cycle." 
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There have been many different approaches to analyse heat 

transfer in engines; they may be categorised five main groups: 

- Global (one zone) thermodynamic models 
- Zonal (more than one zone) thermodynamic models 
- One-dimensional fluid-dynamic models 
- Multi-dimensional fluid-dynamic models 
- Radiant heat-transfer models 

3.1.3.1 Global models: These models deal with the overall 

empirical heat transfer coefficients which are generally assumed 

to be the same for all heat transfer surfaces within the 

cylinder. A quasi-steady state assumption is used, as indicated 

by the expression, 

q = h A (T - Tw) kW/m 2 

where q is the heat f 1 u x , " h" the heat transfer co e ff i c i en t , 

"T" is the bulk gas temperature and "Tw" is the wall surface 

temperature. To incorporate different wall temperatures in 

different parts of the combustion chamber, the expression may be 

modified, 

q 
N 

= h ~ An (T - Twn) 
n=l 

kW/m 2 

A number of researchers have proposed models based on empirical 

correlations with engine data. Eichelberg [31] made the first 

measurement of instantaneous heat flux and proposed the following 

formula, 

-3 0.33 0.5 
h = 7.67xl0 Cm (PT) 

- where "Cm" is the mean piston speed and "P" and "T" the pressure 
J ~- ·::; '" i, 

~- and temperature. This formula was widely used and was modified 

slightly by various subsequent researchers to correlate with 

specific test results. 
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' I 
Dirnensiona~ analysis was considered as a means to a more 

I 
I 

fundamenta[ expression for heat flux. The energy equation, which 
· I h d · · k consists of t e storage, con uction, convection, pressure wor 

and heat gbneration terms, contains too many unknowns to be 

solved in lts entirety and simpler models have been proposed of 

the form, 

Nu = C 
~ n 
~e 

Taylor [ 18TI showed that the time-averaged· heat· flux exponent, 

n , ranged from 0 5 to 0 9 depending on the engine type and 

the Relynolds n.umbe.r ~as' when " based on the cylinder bore with a 

mass flow iate that was equivalent to the mean mass flow rate 

through thb engine. 

Annand [4ll proposed the following formula which is based on the 

similarity law of steady turbulent heat transfer. 

q = 
k 0.7 4 4 

a 5 Re (T - Tw) + b (T - Tw) kW/m 2 

where "a" +s a constant ranging from 0.35 to 0.8 depending on the 

intensity Jf the charge motion. The second term represents the 

radiant he~t 
I 

flux and was based on gray-body radiation: The 

constant, 'jb':, was suggested to 

ignition e~gines. 

be 4.3x10-i2 kW/m2K4 for spark 

Woschni's equation [42] is yet another widely used correlation 

based on t~e similarity law, but derived from an engine heat 

balance. 

I 
i 

! 
1 o.e o.e -0.2 -0.547 
1h = 0.0136 W P D T 
I 

i 

where the Jeference velocity, "W", represents the mean gas·: 
I 

velocity afifecting the heat transfer and is given for each stroke 

of the englne cycle. 
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Hohenberg [31] made a slight modification to Woschni's formula to 

give a better correlation of the time-averaged heat flux 

calculated from experimental data obtained using one-dimensional 

heat-flux probes. 

It should be stressed that the local models were not intended to 

describe the details of the local and unsteady heat transfer 

effects because they deal with the overall effects on the engine 

cylinder and they employ quasi-steady state as&umptions. Such 

global models should not be expected to reveal details of local 

and instantaneous heat transfer conditions, even though the data 

from which they were obtained were typically instantaneous local 

values. 

3.1.3.2 Zonal modeling: Zonal modelling divides the chamber gas 

volume into a relatively small number of control volumes, each of 

which has its own temperature history and heat-transfer 

coefficient. Additionally, the fraction of the heat-transfer 

surface area which is exposed to each gas volume must be 

estimated. Predictions of heat rejection from each control volume 

are usually made using global models applied to each zone. Zonal 

modeling is suited to the study of spark-ignition engine 

operation under knocking conditions, in as much as the local 

-conditions are treated separately. However, the unsteady nature 

of the heat transfer should be also taken into account if the 

.situation is to be analysed correctly, and this requires a more 

sophisticated analysis technique . 

.3........1..3.3 One-dimensional fluid-dynamic models: Blumberg [43] 

stressed the importance of considering the temperature gradient 

normal to the wall. The global models, which are empirical 

Nusselt-Reynolds number relationships derived from the equations 

·for steady turbulent flow in pipes and over plates, have severe 

limitations in that the boundary layer effects are ignored, the 

time variation of the Nusselt number is ignored and there is no 

provision for predicting the effects of engine and combustion 
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chamber design changes, such as increased swirl or squish. 

Results wJre presented for an engine simulation that was carried 

out where !the thermal boundary layer was modelled. It was 
I 

postulated that heat was removed from a growing boundary layer 
I 

adjacent tio the cylinder surfaces rather than from the bulk 
I 

~ases. Thd steady grc~th cf the boundary layer during the 

combustio~ and expansion phase was illustrated and, coupled with 

an ~diabatic core calculation, gave accurate NOx predictions. 

The assumption of a one-dimensional temperature distribution 

normal to the wall surface is valid only where the temperature 

gradient ~ormal to the wall is much steeper than the parallel 

componentJ. This is the case for a disk-shaped combustion chamber 

during thJ compression cycle, for example. Calculations of this 

type gene~lally correlate better with measured heat flux profiles 

as was il ustrated by Borman, referring to the work of Oguri 

(31], whee the convective term from the energy equation was 

eliminated by assuming an effective conductivity for the gas 

boundary ~ayer. The calculation was less precise when the gas 

flow was <lot lamina. A reasonable analysis of the squish zone 
I 

should be possible using this technique. 

3.1.3.4 ~ulti-dimensional models: Whilst models of this type 
i 

have the possibility of predicting very detailed information 

about the :conditions within the engine combustion chamber, they 

are still in a stage of early development and progress is 

dependent on the development of accurate turbulence models and 

boundary ~ayer models. 

I . 
3.1.3.5 Radiation models: The radiation heat transfer in spark 

ignition Jngines has been estimated at about 10% of the total 

heat tranJfer (31]. For the purposes of this research, where the 

heat tranJfer prior to the flame arrival was of interest, and 

bearing i<l mind that the radiation heat-transfer law relates to 

the diffeJence of the temperature to the fourth power, the 

radiation effects were considered to be insignificant and 

consequently ignored. 
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3.2 THEORETICAL BASIS 

3.2.1 Heat flux calculation from wall temperature measurement 

The total heat flux on the wall surface was calculated by solving 

the unsteady heat conduction equation for the heat transfer 

within the cylinder wall, with the boundary condition given by 

the surface temperature measurements. 

The assumption was made that the heat flow was one-dimensional 

and that the hot junction temperature measured by the 

thermocouple is the true surface temperature. Since the unsteady 

component of the interior wall temperature field exists only 

within a relatively shallow depth from the surface, the unsteady 

component of the temperature gradient which is perpendicular to 

the wall is usually much larger than that parallel to the 

surface. Thus, the assumption of one-dimensional heat-flow is 

reasonable for the transient component but may not hold true for 

the time-averaged component. 

Details of the solution of the one-dimensional, unsteady heat 

conduction equation and the derivation of the expression for the 

heat flux is given in appendix C. The final form of the heat flux 

contains two terms, the average heat flux plus the time-variable 

component: 

dq 
at = 

N 
k :l 

n=1 

0.5 

[ *·] · [(An+Bn) Cos(n¢t) + (Bn-An) Sin(n¢t)] 
(3-1) 

In practice, the value of average heat flux, "qm", is not known. 

However, at some point during the compression stroke, the wall 
.:.\ .· ,·· 

surface temperature must equal the gas temperature and at that 

point, the heat flux is zero. Since the gas temperature may be 

calculated with reasonable accuracy during the compression 

stroke, and the wall temperature was measured, the value of "qm 

may be determined for that condition. 
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With the lngine operating at border-line knock conditions, the 

Ricardo kf ock-characterisation data was used to determine the 

bulk end-gas temperature. With this data, and with the measured 

surface t~mperature at the location of the auto-ignition origin, 

it was po~sible to determine the boundary layer temperature 

profile. 

A similar approach to that of Oguri was adopted (see section 

3.1.3), i7 that the convective term from the energy equation was 

eliminated by assuming an effective conductivity for the gas 
I 

boundary layer. This simplification was reasonable since the area 

of intere~t was in the squish zone, where the gas flow was 

predominaf tly parallel to the cylinder-head surface. The distance 

between the piston-crown and the cylinder head was divided into 

50 equal l1ements. The calculation was initiated at the point 

where thelgas temperature and the wall temperature were equal. At 

each successive crank angle, the temperature of each element was 

incrementld as a result of the pressure work. The gas temperature 

profile w~s calculated using Schmidtt's method described by 

Holman [4~] and Schlichting [45], to match the total heat loss 

from the lnd-gas zone with the heat flux into the cylinder head 

that was ~etermined by the method described in section 3.2.1 

above. 

The heat flux to the piston was assumed to be equal to that 

flowing i~to the cylinder head. This assumption was justified on 

the basis of typical data given by Borman [31]. The reported 

figures ildicated that about 50% of the heat lost went into the 

piston anm about 30% into the cylinder head. However, when 

allowance was made for the surface area of the piston bowl, the 

heat-flux per unit area was approximately the same for both the 

pi~ton an& the cylinder head. The remaining 20% heat flux was 

assumed tb be lost to the valves and the cylinder walls. 
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3.3 EXPERil:iENTAL TESTS 

The engine used for these studies was a Daimler Benz OH 407 

diesel engine, of which one cylinder was fitted with special low 

compression ratio pistons and instrumented with the special 

thermocouple cylinder head. Detiils of the thermocouple 

construction are given in Appendix D. Figure 8 shows a plan view 

of the cylinder head and the arrangement and numbering of the 

thermocouples. On commissioning, it was found '~hat thermocouple 

number 10, (Tc 10), was defective. 

The principal details of the tes~ cylinder were: 

Bore 

Stroke 

Connecting rod 

Compression Ratio 

125 mm 

155 mm 

256 mm 

9.5 (Gasoline tests) 

12.5 (Methanol tests) 

The tests were conducted using one of the six cylinders converted 

to spark ignition and inlet manifold fuel injection. Details of 

the experimental arrangement and the analytical equipment are 

given in Appendix D. 

The tests were conducted at borderline knock with wide-open 

throttle and at 1300 rev/min. As with the Ricardo tests, the 

fuels used were commercial grade 98 RON gasoline, and standard 

~rade methanol. 

Details of the software routines that were developed to analyse 

; ~he data are included in Appendix D. 

3.3.1 Experimental test details 

The gasoline tests were conducted first owing to the possibility 

of damage occurring to the thermocouple cylinder head during the 

methanol knocking tests. Initially, the standard cylinder head 
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with a pressure transducer access hole was fitted. The trigger 
I . . . 

and ignition point were calibrated against the motoring pressure 

signal an~ tests were conducted to establish the boundaries of 

air flow, fuel flow and ignition timing that would permit knock

free and ~necking operation. 

It was foillnd that the 8.5:1 compression ratio was too high to 

permit knlck-free operation at wide open throttle with the timing 
I 

set in the normal range that would result in ~he peak pressure 

occurringlabout 15° after TDC. 

I 

I 
On removal of the cylinder head slight signs of piston crown 

damage weJe evident, having the classical rough erosion 

appearancb attributed to knocking. A photographic reproduction of 

the pistoJ damage is shown in figure 9. The damage was not 

suff ic~en~ly severe to warrant changing the piston and was 
I 

considered a bonus in that the exact locations of the knock 

origin we~e clearly evident. 

The standlrd cylinder head was replaced by the thermocouple head. 

A series Jf tests was performed with the engine operating without 

knocking fnd all the thermocouple signals were scanned. The 

pressure ttrace before and after the scan was also recorded. A 

single te~t sequence of knocking operation was undertaken whilst 

monitorinJ a thermocouple array which projected radially into the 

area of k1own knock origin. During this test two thermocouples, 

numbers 3 land 70, were damaged and it was decided to limit the 

knocking test to avoid further damage to the cylinder head. 

The pistol was changed to raise the compression ratio to 11.5:1 

and the slandard cylinder head was fitted. The fuel system was 

drained aJd flushed with commercial grade methanol and firing 
I 

tests res~med. This compression ratio was found to be too low and 

knocking dould not be induced at any speed. It was apparent that 

the combu~tion was close to knocking by the level of high 

frequency [combustion no is~ generated toward the end of 

combustion. 
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The piston was changed again to raise the compression ratio to 

12.5:1. Tests with the standard cylinder head indicated that 

knocking was easily induced at this compression ratio. Knocking 

was deliberately induced with the intention of producing a 

witness mark on the piston crown as was done in the petrol tests. 

On two occasions the knocking pressure trace began advancing, 

signifying that the increased combustion-chamber temperatures 

associated with the knocking had induced preignition and this was 

confirmed by switching off the ignition which ·~ad no effect. A 

solenoid valve had been incorporated in the fuel injection system 

to cope with just this situation and control was easily re

established. Despite the moderately severe knocking, on removal 

of the cylinder head, no sign of knock damage was found on either 

the piston or the cylinder head, which was unexpected. However, 

the subject of knock damage is considered in the light of the 

experimental observations in section 3.4. 

The thermocouple head was fitted. The intention was to monitor 

all the thermocouples firstly with the engine slightly throttled 

and non-knocking, followed by a scan under knocking conditions. 

However, whilst the engine was being warmed up preparatory to the 

non-knocking scan, a preignition situation developed, possibly 

originating from the combustion deposits that had accumulated on 

the cylinder head during the petrol tests which had not been 

removed for fear of damaging the gold plating. The fuel supply 

was switched off but not before a few severe knocking cycles had 

occurred (estimated about 5 cycles). It was subsequently 

established that 38 thermocouples were damaged as a result of 

this mishap. Figure 10 depicts the thermocouple locations where 

damage occurred. 

The non-knocking tests were conducted followed by a limited scan 

at wide open throttle with knocking combustion. After these tests 

it was found that altogether 65 thermocouples were defective, 

most being situated on the outer circumference and in the area 

situated furthermost from the spark plug. On removing the 

cylinder head, it was apparent that the cause of the thermocouple 

failure was due to stripping of the gold film. In addition, 
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cracks wele found between the spark plug aperture and both the 

inlet and exhaust valve apertures. Figures 11 and 12 show 

photograp s of the damage to the cylinder head. The piston showed 
I 

no sign o knock damage, as is apparent from the photograph shown 

in figure 13. However, burnt oil stains were evident on the top

land area which appeared streahcJ Geneath the exhaust valve and 

indicated the swirl pattern. 

3.4 DISOUSSION OF RESULTS 

3.4 1 OH 407 Test Results With Gasoline 
I 
i 

As this w~s the basis for comparison, attention was first given 
i 

to the an~lysis of the gasoline combustion characteristics and 
1 

the gasol~ne flame propagation. 
! 
I 

' A typical example of two thermocouple traces is shown in figure 

14 and 15. These traces represent the average of 50 engine 

cycles. The point of flame arrival was clearly evident, shown 

arrowed in each figure. In figure 14, the thermocouple was sited 

near the spark plug. After the flame had passed over the 

thermocouple at -6°CA, the product gas temperature was 

progressively heated by the subsequent pressure rise until a peak 

temperatur~ was registered at about +30°CA. Figure 15 shows the 

trace of ~ thermocouple sited in the squish zone at the outer 

extremity ~f the flame travel. Here flame arrival was much later, 

at +7°CA. ~rior to the flame arrival, there was a significant 

temperatur~ rise corresponding to the compression of the unburned 

gas by the rising pressure. 

With the engine operating close to the knock point at steady 

state conditions, all the thermocouples were sampled over 50 
cycles and averaged. The point of flame arrival was determined 

for each thermocouple and the results were processed by a 

contouring! program. The inlet and exhaust valve areas were filled 

using linear interpolation and a simple smoothing algorithm was 

used. The result is shown in figure 16. 
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What was immediately apparent from the flame propagation contours 

was the excellent correlation between the end-gas zones indicated 

by the thermocouples and the sites where the piston was damaged. 

as a result of severe knocking, shown in figure 9. The contours 

under the inlet and exhaust valve should be regarded with 

caution, particularly where the valve is tangent to the bore 

since in that region there were no thermocouple readings to 

permit interpolation and the readings had to be extrapolated. 

Besides the outer extremities of the piston crown, there was 

evidence of an end-gas zone within the piston bowl. This was 

confirmed by the evidence of high temperature burning of the 

surface carbon deposits within the piston bowl, shown in figure 

9. That knock does not always occur at the outer extremities of 

the combustion chamber was noted by Baker [46], who presented 

results based on a Ford 2.01 OHC engine fitted with different 

cylinder heads to give different amounts of swirl. His analysis 

of the detonation cycles with the low-swirl head revealed 

occasional bulk detonation instead of the more usual end-gas 

detonation. 

The two surface temperature traces shown, in figure 14 and 15 for 

positions near the spark plug and in the squish zone 

~respectively, indicated a significant diffei~nce in temperature 

across the surface of the cylinder head. This was studied more 

closely using the contouring program to plot isotherms of the 

average temperature. Shown in figure 17, a maximum average 

temperature of 458°C was recorded in the vicinity of the spark 

.Plug and the exhaust valve whilst temperatures of about 200°C 

were measured in the end-gas zone. The comparing figures 16 and 

17, the similarity between the temperature gradient across the 

,cylinder head and the flame propagation profile was clearly 

evident. This was to be expected in the light of the findings of 

Lewis and Von Elbe [12], who showed that, for combustion in a 

closed vessel, the burned-gas temperature is not uniform and that 

the flame origin is the highest temperature zone, extending 

radially outward to the lowest temperature zone at the point 

where the flame terminated. These contour plots served to confirm 
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the importance of using a large number of surface temperature 

measuremenlts. For example, Lee [47], who used only two surface 

thermocouJles in his study of the mechanism of 'knock damage, 

tacitly assumed that his measured temperature values were 

representative of the whole combustion chamber, which is quite 

clearly incorrect. 

As stated earlier, a full scan of all the thermocouples was not 

undertaken under knocking conditions to minimise the chance of 

damage to the cylinder head. Instead, a single test sequence of 

knocking operation was undertaken whilst monitoring a 

thermocouple array which projected radially into the area of 

known knock origin. It was apparent that the thermocouple 

recording was made before the engine had reached thermal 

equilibrium, since the local surface temperature levels were 

generally lower than those indicated in figure 17. 

From the 50 cycles captured, a typical example of knocking 

combustion and non-knocking combustion was selected for 

discussion. Figure 18 shows the two pressure traces superimposed. 

Although the knocking trace showed a vibration following the 

knock itself, the actual knocking frequency of about 6.7 kHz was 

too high to be digitised at a sample frequency of 1° per reading 

and was therefore attenuated by the low-pass filter. The 

corresponding thermocouple traces for two locations are shown in 

figure 19. The signal noise levels were reduced by taking a five

point average. As might be expected, the knock cycle resulted in 

a greater surface-temperature rise at both thermocouple 

locations. Although the surface temperature appeared to indicate 

the flame arrival before knock was registered by the pressure 

transducer, this was attributed to the data smoothing algorithm 

although it is also possible that the knock originated at some 

other point away from the presumed knock source near the recorded 

thermocouples. 

The heat flux was calculated from the surface temperature data, 

as described in Appendix C, and the results corresponding to the 

two thermocouples depicted in figure 19, are shown in figures 20 
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and 21. As indicated by the temperature rise, the peak heat flux 

under knocking conditions rises two to threefold above the peak 

value for normal operation. This was greater than the 70% heat

flux increase reported by Enomoto [32] for knocking operation, 

although the increase would undoubtedly depend on the level of 

knock intensity. The difference in the magnitude of the heat flux 

shown in figures 20 and 21 was interesting. The peak heat flux of 

the 5 adjacent thermocouples, corresponding to the knocking and 

non-knocking cycles used in the above discussfon, are depicted in 

the form of a bar-chart in figure 22. Whilst the peak heat flux 

under normal combustion was relatively constant at about 4MW/m 2 , 

the knocking combustion revealed a distinct trend~ with the 

minimum peak heat flux occurring at the supposed knock origin, 

and increasing on either side. Before discussing this observation 

further, it is necessary to look at the heat flux data in 

conjunction with the knock-characterisation information which was 

obtained with the aid of the Ricardo engine and to solve for the 

boundary-layer temperature profile. 

3.4.2 Heat-flux analysis and gasoline end-gas temperature 

Borman [31] noted that the measured surface temperature varies 

considerably and almost randomly from cycle-to-cycle under steady 

engine operation. The reason for these variations was attributed 

to local randomness in the flow field and averaging over many 

engine cycles was advocated to cancel out the random variation. 

Thus, the result of a heat flux analysis of 50 consecutive engine 

cycles of the thermocouple number 11 is shown in figure 23. The 

estimated flame arrival time, indicated in figure 16, 

corresponded with the heat flux having already risen to 50% of 

.its maximum value. It was assumed that this followed as a 

consequence of the smoothing algorithm although it is interesting 

to note that a similar situation was reflected in the data which 

was presented by Borman. 
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Figure 23, which was typical of the heat flux in ~he end-gas 

zone, revealed two characteristic peaks, a small peak at -17°CA 

and a major peak at l4°CA. The main peak clearly corresponded 

with the flame arrival. The much smaller peak was thought to 

relate to Jhe heat transfer associated with the squish-gas 

motion. As the piston n~ars TDC, the high gas velocities 

associated with the squish action result in increasing heat 

transfer. However, witn the expansion of the burning gas 

following Jgnition, this inward flow is arrested, and the heat 

flux drops again. 

A similar effect was noted by Alkidas [48] who used heat flux 

probes (fadt response surface thermocouples) in a divided-chamber 

diesel eng~ne (Comet head). For two probes situated in the engine 

main chambdr, the heat flux showed two distinct peaks similar to 

the ones s~own in figure 23, one just before TDC and the second 

at about 3d 0 ATDC. The first peak was ascribed to the effects of 

the compreJsion gas motion and the second to the effects of 

combustion lin the main chamber. The effect of increasing the 

engine speed from 1000 rev/min to 2500rev/min resulted in a 

compressio~ heat flux peak increase of 0.7 to 1.0 HW/m 2
, and a 

combustion heat flux peak increase of 27 to 36 HW/m 2
• 

The charactieristic fuel constants obtained from the Ricardo tests 

were used Jo determine the gas temperature in the end-gas region 

under knocJing conditions. The pressure diagram and engine speed 

provided tf e necessary basis for the calculation and the gas 

temperature was calculated in the manner described in section 
I 

2.3, the olly difference being that, in this case, the starting 

temperature was unknown and had to be determined by trial and 
I 

error, until the point at which knock occurred corresponded with 

the theoreJical characteristic expression for gasoline. 

dt 
1 = r to 

88!:10 
-3 -0.66 T(t) 

l.68x10 P(t) e (3-2) 
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Figure 24 shows the resulting temperature development diagram and 

the corresponding measured surface temperature. 

The one-dimensional heat transfer analysis, described in section 

3.2.2, was conducted using the known bulk gas temperature and the 

measured heat flux. Figure 25 shows the gas .temperature profile 

at the point of knock, corresponding to thermocouple position 11. 

The adiabatic temperature (computed from the pressure diagram) is 

also shown and it may be seen that core temperature was cooled to 

24°C below the adiabatic temperature. 

This result indicates clearly that squish design in this 

particular engine did not appreciably lower the end-gas 

temperature, although it should be noted that the bump clearance 

for an engine of this size was larger than is generally possible 

with smaller engines (1.5mm as opposed to less than lmm). 

The same analysis was performed on the adjacent thermocouple 

positions with interesting results. Figure 26 shows the 

.temperature profile at position 3, the absolute outer extremity. 

Here there was a significant cooling effect on the end-gas 

resulting 'in a final temperature which was about 150°C below the 

adiabatic temperature, although the final temperature was lower 

than the peak temperature, as is shown in figure 27, where the 

gas temperature and the adiabatic temperature are shown on a time 

·base. The gas temperature rose to 700°C before the heat loss took 

P.ffect . 

. This result may relate to an observation made by Maly [39], who 

noted that increasing the squish clearance is beneficial in 

reducing or eliminating knock damage to the head gasket. If one 

accepts the conclusions of Lee (47], that knock damage is 

primarily caused by the mechanical action of the shock wave, then 

it is to be expected that the primary damage will occur at the 

combustion chamber periphery where the first shock wave 

reflection occurs. Moreover, the act of increasing the squish 

clearance will allow the adiabatic core to extend deeper into the 

squish zone which gives less opportunity for the initial shock 

wave to develop before it reflects off the nearest wall. 
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Hoving inwards, the thermal boundary layer profile corresponding 

to positio~ 23 is shown in figure 28. Here too, the final 

temperaturJ was more than 100°C below the adiabatic temperature. 

This was aJcribed to the higher heat flux prior to the flame 

arrival thJt was measured at the rim of the piston bowl and 
I 

80nfirmed ~h"" rii"'"""'"'i"n in section 3.1.2 referring to the very 1 ··- - ------ ·-" 
localised turbulence and heat transfer associated with the squish 

design. 

Finally, the temperature profile at position 37, at the edge of 

the piston bowl, is shown in figure 28. The analysis predicts 

that adiab~tic temperatures will be achieved here because the 
I 

thermal boJndary layer is only lmm to 2mm in thickness. Although 

this is prJbably true, the assumptions implicit in the one

dimensionai analysis are not strictly valid outside of the swish 

zone. The Jossibility of adiabatic temperatures occurring in the 

piston bowi corresponds with the evidence of some auto-ignition 

having ori~inated there, despite that fact that the flame would 

arrive at tlhe edge of the piston bowl first. 

It should le emphasised that the end-gas temperature profile 

calculatio~ was based on the measured heat flux up to the point 

of flame aJrival. It is interesting to note that the areas of 

greatest e~d-gas cooling, at the piston-bowl edge and at the 

outermost ~xtremity of the squish zone, corresponded with the 

areas of peak heat flux that occurred following knocking 

combustion, as was indicated in figure 22. This would seem to 

confirm that these areas represent the zones of greatest 

turbulence·• 

3.4.3 OH 407 Test Results With Methanol 

As was donj with the petrol tests, the engine was operated using 

methanol cjose to the knock point and at steady state conditions, 

and a 11 th I the rmocoup 1 es were sampled over 50 eye les and 

averaged. ihe point of flame arrival for each thermocouple was 

processed ~Y the contouring program to yield figure 30. It should 
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be reiterated that a significant number of thermocouples in the 

end-gas region had been damaged at this point and some of the 

detail of the flame profile in that area was inferred from the 

data interpolation. 

Despite the lack of data beneath the inlet and exhaust valves, 

the extrapolation of the data at the periphery of the valves 

indicated a complete fragmentation of the flame front. The end

gas zone appeared to be situated in the squish area farthest from 

the spark plug which corresponded to the area where most of the 

thermocouple damage·occurred. 

It was clear from figure 30 that the flame shape and propagation 

was very much more distorted by turbulence in the case of 

methanol than was the case for petrol. Despite the spark plug 

being situated in the centre of the combustion chamber, by the 

time that a flame front was detectable, the flame kernel had 

apparently moved 15mm from its origin, indicating the presence of 

significant gas motion. The shape of the flame front as it 

developed indicated the presence of considerable swirl, as might 

be expected from the smaller piston bowl diameter. 

The surface temperature was mapped as shown in figure 31. The 

hottest surface coincided closely with that for the petrol tests. 

There was also a remarkable correlation between the inferred 

flame activity in the valve areas and the inferred surface 

temperature, bearing in mind that these two parameters were 

obtained independently from the thermocouple data. 

Figure 32 shows 20 consecutive recordings for thermocouple number 

,27, sited close to the end-gas zcine. Of the 20 cycles, 19 were 

normal combustion cycles whilst one was a violent knocking cycle, 

causing a surface temperature rise of about 70°C. This compares 

to a rise of about 50°C for petrol, shown in figure 18. This 

illustrates a subjective observation that was noted whilst 

conducting the tests, that for each engine cycle, methanol tends 

to either knock very severely or not at all. 
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It was noted that for petrol there was a slight discrepancy 
I 

between the thermocouple signal of an abrupt rise in the surface 
i 

temperature and the indication of knocking from the pressure 

transducer signal. With methanol the pressure response was 

simultaneous as shown by figure 33 which represents the pressure 

transducel signal corresponding to the knocking trace. The 

surface tfmperature measured by thermocouple number 153, si~uated 

on the opposite side of the inlet valve from thermocouple number 

27 also ihdicated an instantaneous response to the knock, as 

shown in figure 34. The simultaneous rise in the surface 

temperatu~e at 0° in both traces, corresponding with the pressure 

signal spike, was clearly indicative of a shock wave. 

i 
I 

3.4.4 Helt~flux analysis and methanol end-gas temperature 

The heat llux calculation for methanol combustion at border-line 

knocking bonditions was analysed in the same manner as that of 

the gasol~ne data. An example of the heat flux for thermocouple 

number 17i is shown in figure 35. As was the case with gasoline, 

there was evidence of squish-induced turbulence at about -18°CA 

which resulted in a small peak in the heat flux, which diminished 

as the squish _was counter-acted by the gas motion associated with 

the flame: propagation. 
I 

The bulk lnd-gas temperature was determined by trial error to 

correlatelwith the simplified methanol knock model that was 

proposed nd discussed in Chapter 2, ie. 

T(max) = 1000 + 1.86 P(max) (3-3) 

i 
The resul~ing temperature diagram revealed an interesting 

feature. figure 36 shows the gas temperature development with 

time and it may be noted that for half the compression stroke, 

the gas temperature was sub-zero. This was attributed to fuel 

evaporatibn. The fuel was injected into the inlet port in liquid 

form and,] allowing for the difference in air-fuel ratios between 

methanol and gasoline, it was known to have a latent heat 

capacity bf about 900% of that of gasoline. 
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The heat flux calculations were treated in a similar manner to 

those of gasoline. The resulting thermal boundary layer for two 

thermocouple locations is shown in figures 37 and 38. In both 

cases, the end-gas core temperature was the same as the adiabatic 

temperature, as shown, with relatively little development of the 

thermal boundary layer having taken place. The explanation for 

this difference between the analysis for methanol compared to 

gasoline was traced to the relative combustion rates. Comparing 

figures 16 for gasoline and 30 for methanol, the combustion 

duration for methanol was about 20% shorter than that of 

gasoline. This meant that there was 20% less time for heat loss 

to occur in the case of methanol. 

The reason for the difference in combustion rate was ascribed to 

the increased compression ratio which, as was already noted, 

resulted in increased turbulence. As was discussed in section 

3.1.l, the concepts of end-gas cooling and the promotion of rapid 

combustion are mutually exclusive, since end-gas cooling requires . 
a gradual temperature rise to be effective whilst rapid 

combustion results in a fast temperature rise. Hence it was clear 

from figures 37 and 38 that, for effective end-gas cooling in the 

case of methanol in the OH 407 engine, a piston-crown to head 

clearance of much less that lmm would be required, since the 

thermal boundary layer at the time of flame arrival was only 

about 0.5mm. 

The relatively thin thermal boundary layer in the case of 

methanol, raises an interesting point of comparison between the 

knock behaviour of methanol and gasoline. Borman made an 

observation concerning the b6undary layer thickness and knock 

[31]. He noted that, in practice, a substantial amount of the 

cylinder mass (10-20%) is cooled in the boundary layer to a 

temperature well below the core temperature, and consequently 

does not attain knock conditions at the same instant as the end

gas core itself. The manifestation of this ~ituation would relate 

to the intensity of the auto-ignition, the thicker the thermal 

boundary layer, the more gradual would be the transition from 

knock-free operation to knocking operation. It is possible that 
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I 
I 

the effect' of the relatively less developed thermal boundary 

layer in t~e case of methanol correlates with the subjective 

observation already noted, that methanol either knocks severely 

or not at all. 

3.4 CONCLUSlilNS WITH REGARD TO THE OH 407 TESTS. 

The principal conclusions of the Daimler Benz 407 engine tests 

are summar 1ised below: 

1. The ma
1

pping of the flame profile, indicated by the sudden 

rise ih surface temperature, correlated with the mapping of 

the combustion chamber average surface temperature for both 

the gasoline tests and the methanol tests. Confirmation of 

the flame profile was obtained in the form of slight knock 

damage that left witness marks on the piston after the 

gasolilne tests and resulted in damage to selected 

thermocouples after the methanol tests. 

2. The flame-mapping data indicated that the turbulence and 

swirl was increased significantly by the increased 

compression ratio in the methanol tests. This finding was 

confirmed by the combustion duration, which was 26°CA from 

ignition to peak pressure in the case of gasoline and 23°CA 

in the case of methanol. On the basis of the tests reported 

by Halr, this difference was assumed to be solely due to the 

differfnt levels of turbulence and swirl in the two tests. 

I 

3. The apblication of the knock model, derived from the Ricardo 

tests.I was used to determine the gas temperature in the end

gas re~ion. This data, in conjunction with the surface 
I 

temper~ture data, revealed that the end-gas region was not 

effect~vely cooled by the squish design, and that the core 

temper~ture of the end-gas was essentially the adiabatic 

temperature that was calculated by assuming isentropic 

compression. It was however found that the thermal boundary 

layer was virtually fully developed in the case of the 
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gasoline tests whilst in the methanol tests, the more rapid 

combustion resulted in a less developed boundary layer, 

despite the greater turbulent gas velocities. Thus, for this 

particular engine, the squish design was found to be 

effective as a means for suppressing knock with gasoline by 

virtue of the rapid combustion which reduced the time 

available for the relatively slow auto-ignition pre

reactions. Since the methanol auto-ignition reactions were 

very fast and, since squish was not effec~ive in cooling the 

end-gas temperature, it was concluded that the squish design 

in this particular engine had no beneficial effect with 

regard to the suppression of methanol knock. 

4. The possibility of using squish to cool the end-gas region in 

an engine was not excluded per se by the findings of this 

research. The thermal boundary layer was calculated to be 

about 0.5mm at the point of flame arrival for methanol, from 

which it may be inferred that a bump clearance between the 

cylinder head and the piston crown of lmm or less, could 

potentially have a cooling effect. However, it was clear that 

the squish design inherently generates turbulence and results 

in a compact combustion chamber, both of which cause an 

increase in combustion rate which reduces the time available 

for heat loss to occur. 

5. Although engine speed was not examined in this study, all the 

literature pertaining to heat loss from engines indicated 

that increased engine speed allows less time for heat loss to 

occur and, despite greater turbulence levels, the end-gas 

temperature will tend towards the adiabatic temperature. 

Thus, in the case of methanol, where the knock reactions are 

so fast that there is no benefit derived from the rapid 

combustion associated with increased engine speed, it may be 

inferred that squish offers no real potential for knock 

suppression in high-speed engines. 
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CHAPTER 4 

REGARD TO THESIS OBJECTIYES 

It is perhaps appropriate, at this stage, to review the thesis 
I 

objectivesj. ·In view of the high octane rating of methanol, it was 

proposed that the research should look at the possibility of 

using meth~nol as a diesel replacement, with particular attention 
I 
I 

being giveh to the limitations imposed by the knocking combustion 

of methane~ and gasoline with respect to engine size and 

combustion[ chamber shape. 

I 

The analys~s of the fundamental knock characteristics of gasoline 

and methanbl, using the Ricardo engine, revealed a significant 

difference! between the two fuels. Evidence was found that 

suggested ~ha~ the auto-ignition reactions of methanol were very 

rap id in cfmpar is on to gaso 1 ine. A consequence of this finding 

was that tre point of auto-ignition reduced to be~g a function 

of pressur~ and temperature only and was virtuall~independent of 
I 

the flame ~ransit time and the rate of combustion.This led to 

the conclu~ion that the methanol engine was not lilted by engine 
I 

size and t~at knocking with methanol would not neasarily occur 
i 

at low engrne speed. 

As yet unpµblished research that has been in progrs at the 
I 

University j of Cape Town, invo 1 ving the chemical kit ic mode 11 ing 
I 

of methanoll combustion, has arrived ~t similar conusions with 

regard to the very rapid rate of reaction that aces when 
I 

methanol ahto-ignites. Unfortunately, this chemicanodelling was 
I 

restricted! to the use of the available rate consta data that 

was only v~lid for atmospheric pressure, and ther~re the 
I 

correlatioh is not strictly conclusive. Alsp, thFfluence of 

pressure that was observed in the engine test d~1as not 
I 

reflected ~n the chemical model, although this Y>e also due to 
I 

the use of low-pressure rate-constant data. 
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This pressure influence was significant because the trend was 

opposite to that of gasoline. The trend for gasoline indicated 

that the maximum temperature that may be tolerated at the knock

limi t decreased with an increase in pressure, whilst for methanol 

the maximum temperature increased with pressure. This would imply 

that for methanol, knock would be more likely to occur at high 

engine speed, or at high altitude, assuming constant inlet 

temperatures. Evidence in support of this conclusion was 

described by Powell with reference to his motor racing 

experience, although high-speed knock usually results in such 

severe engine damage that the cause is generally difficult to 

ascertain [49). 

The study of heat transfer in the end-gas zone of the Daimler 

Benz 407 engine revealed that whilst squish is indeed a very 

effective method of suppressing knock with gasoline, the 

characteristics of methanol auto-ignition render it virtually 

insensitive to increased turbulence and increa~ed combustion 

rate. Moreover, the experimental results indicated that the 

clearance between cylinder head and piston crown are critical for 

effective cooling of the end-gas zone and that if effective end

gas cooling were achieved, the engine speed would be have to be 

restricted to prevent the core temperature of the end-gas from 

reaching the adiabatic temperature. 

Whilst end-gas cooling was not found to be a viable option, it 

was observed that the evaporative cooling of the fuel itself was 

very effective as a means of lowering the overall temperature. 

The high latent heat of methanol, coupled with the relatively low 

stoichiometric air/fuel ratio resulted in the Daimler Benz 

cylinder temperatures remaining sub-zero for almost half the 

compression stroke. The effect of evaporating the fuel by heating 

the inlet mixture could be expected to have a seriously negative 

impact on the overall knock resistance, more so than would be the 

case for gasoline. This theoretical observation is borne out in 

the difference between the Research and the Hotor Octane number 

for methanol which differs by 18 numbers between the two tests. 

The significant difference between the tests is that the Research 
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Octane telt stipulates an air temperature of 51.6°C and the Motor 

Octane te~t requires a mixture temperature of 51.6°C. By 

compariso~, the gasoline used for this research work differs by 
I 

only 6 numbers between the two Octane tests and by definition, 

iso-octanJ does not differ at all. 

I 

Although ~odern carburetted spark-ignition engines utilise some 

form of. iJlet manifcld heating to minimise the amount of wall-
1 

wetting bt the fuel, at wide-open throttle, the bulk of the 
I 

liquid fu11 is entrained with the air stream. Thus, in the case 

of methan01, there is little scope for preventing knock by 
I 

combustiorl chamber design. The maximum temperature is thus 

determine~ by the compression ratio, the evaporative cooling and 

the ignition timing. For optimum efficiency, the air/fuel ratio 
I 

and the ignition timing are constrained and under such 

circumsta~ces, the maximum compression ratio for a methanol 

engine ap~ears to be about 12.5:1. For racing purposes, higher 

comp~essidn ratios have been used with deliberate over-fuelling 

and the aJtendant evaporative cooling being employed to suppress 

knocking Jnd to simultaneously increase the charge density. 
I 
I 

Interestingly, the report of the development of the Daimler Benz 
I 

H407 engi~e, which incorporates a methanol evaporator, does not 

mention a~y problems that were encountered with knocking at a 

relativel~ high compression ratio of 12.5:1 that was used with 
I 

this engi~e [50]. However, in discussions with members of the 
I 

developme~t team it was conceded that the fuel evaporator was not 

sized for lthe full-load fuel flow, and that under full-load 

operation ·i fue 1 in 1 iqu id form was being en trained with the air 

stream and this was a possible explanation for the knock-tree 
. I 

operation.I 

The fact Jhat end-gas cooling is not a viable proposition for 

methanol ~peration opens up the possibility for designing the 

combustio~ chamber to minimise heat loss. In a computer 
I 

simulation!, Watts [42] showed that in engines designed to 

maximise e1nd-gas cooling, heat loss may amount to as much as 15% 

of the tot~l fuel energy input, with most of this loss occurring 

I 
I 
I 
I 
I 
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during the expansion stroke. However, the simulation indicated 

that whilst the adiabatic concept could improve efficiency 

modestly, it would also cause a drop in volumetric efficiency 

owing to the heating of the intake charge from the hot, insulated 

cylinder walls. For the methanol engine, this early intake 

heating would also have an undesirable consequence on the final 

end-gas temperature. 

4.1 RECOHHENDATIONS FOR FOLLOW-ON RESEARCH 

The study of the abnormal combustion of methanol is largely an 

unexplored field and there is enormous scope for further 

research. Some of the most promising avenues are identified 

below. 

The effect of ~ngine speed was touched on in this thesis but 

was not studied in depth. The fact that knock may occur 

preferentially at high engine speeds with methanol would be an 

important consideration for engine designers if it were to be 

implemented as an alternative fuel. 

The relatively simple knock model used in this thesis was 

capable of revealing characteristic differences in the knock 

mechanism of gasoline and methanol. This could serve as the 

starting point for a complete chemical-kinetic model to 

identify the rate-controlling reaction chains, and ultimately 

to identify possible chemical anti-knock agents for methanol. 

The method of characterising fuels directly in terms of 

pressure, temperature and time has distinct advantages over 

the present indirect methods such as the Research Octane test 

and the Motor Octane test. It was noted that the fact that 

three constants were required to characterise each fuel could 

explain much of the confusion that surrounds the app~icability 

of the Research and Motor Octane numbers to modern engines and 

fuels. 
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The ga, temperature determination was identified as the 

greatest source of uncertainty in the knock characterisation 

analysJs. Not only for this type of analysis, but also for 

engine !research in general, there is an urgent need for a 

reliab~e, accurate and robust temperature measurement device. 
I 

Although methanol was the focus of this research study, it is 

probable that the results and findings are, in some measure, 

applicable to ethanol. Since ethanol is alr~ady utilised as a 

basic fuel in Brazil, this research is obviously pertinent. 

The effect of blending fuels such as methanol and gasoline 

repres1nts the most difficult analysis situation of all. 

Although tempting, there is no reason to suppose that the 

knock nlleactions of the blend fuel will simply exhibit a 

gradua] transition from the one fuel to the other. Since it is 

alread~ current practice to blend oxygenated ,fuels with pure 

hydrocarbon fuels this would seem to be an area for parametric 

studied with a view to a more fundamental understanding of the 

blendi~g process and the effect on abnormal combustion. 
I 
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Figure 1. ~he gas temperature corresponding to an ignition delay 

of 2msec, based on the theoretical expressions. 
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Figure 2. Sensitivity of the gas temperature calculation to 
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Figure 3. Gasoline data - The gas temperature, as determined from 

the theoretical regression constants, compared to the 

original calculated values. 
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Figure 4. Methanol data - The gas temperature, as determined from 

the theoretical regression constants, compared to the 

original calculated values. 
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. 165 164 163 162 161 160 159 15B 157 156 155 .~ 

174 173 172 171 170 169 16B 167 166 
-·-., 179 178 177 176 175 ----- .... -· ... -·- .. 

. _ ~Figure 8. A plan view of the special cylinder head showing the 

arrangement and numbering of the surface thermocouples. 

(S.P.= Spark Plug, P.T.= Pressure Transducer) 
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.. ; . 

'.f,·· 

Figure 9. ~riston damage ~~sultirig from petrol knock. tNote: The. 

light sebtion at the to~ of the piston bowl was ~ot 

~aeused by refleciion but was an area that appeared to 
~ burnt cl~an) 
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// 

'•.._, 174 173 I 0 I 171 170 169 16B 167 166 // 
............... ·"'"' 

-----. 179 ... 177 ... 175 __ /.,.---- __.,. 

. -----------··---
. Figure 10. The thermocouple locati.ons where methanol knock damage 

occurred following pre-ignition during warm-up. 

(S.P.= Spark Plug, P.T.= Pressure Transducer) 
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Figure 11. Thermocouple cylinder head following severe methanol 

knocking which removed some of the gold plating. 
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Figure 12. A close view of the cracks in the cylinder head. 
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Figure 13. Piston condition after severe methanol kr1ocking. 

(Note: The marks on the piston were burr1t oil stains) 
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Vertical Scale Tee1perature C°C) 
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Figure 14. Thermocouple number 113 signal for normal gasoline 

combustion 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1.03 

Schematic diagram showing the thermocouple location 

Tc 113 

Cylinder Diameter 
>I 

-------> 
I< 
<-------

Piston Bowl Diameter 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- 88 -

190 ... . : J. 
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1ss......_-~1--....._ _ _._ _ ___. __ _._ _ _._ _ ____..___...._ _ __._~-.__ _ _.__ _ _, 
-1a0 -1s0 -120 ·-9B -68 -38 B 30 60 90 120 
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Figure 15 ., Thermocouple number 17 signal for normal gasoline 

combustion 

Engine 
dompression ratio 

I 

Engine speed (rev/min) 
Ilgnition ( 0 BTDC) 
Blue 1 type 
~IF Equiv. ratio 

OM 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the thermocouple location 

I 
Tc 17 

ii· 
<~1 _______ Cylinder Diameter 

>I Piston Bowl Diameter 

--------> 
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Figure 16. Flame contours for gasoline combustion at incipient 

knock conditions. 

Inner contour at -sec.a. 
Increments at +lee.a. 
Outer contour at 1oec.a. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition (eBTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 
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Figure 17. Cylinder head iso-therms for gasoline combustion at 

incipient knock conditions. 

liner contour 
Iml crements at 
Omter contour 

E
I . 

at 450°C 
-25°C 
at 175°C 

mg1ne 
cbmpression ratio 
EAgine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 
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Vertical Scale : Pressure Char) 

35~ . 
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25 ........................................ . 

20 ............................................................... . 

15 ......................................... . 
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. . . . . . /. . 
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-188 -158 -120 -90 -60 -30 a 30 68 90 120 
Crank Angle (degrees) 

Figure 18. Pressure dia~ram overlay for normal and knocking 

combustion for gasoline. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1495 
16 
Gasoline (98 RON) 
1. 03 
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Vertical Scale : Surface Temperature c•c) 
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Figure 18. Thermocouple signals at locations Tc 3 and Tc 23 

compared for normal and knocking combustion of 

gasoline. 

Engine 
Compression ratio 
Engine.speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
9.5 
1350 (nominal) 
16, 20 
Gasoline (98 RON) 
1. 0 (nominal) 

Schematic diagram showing the thermocouple location 

~ 23 3 

·11< <--- Piston Bowl Diamete_r ____ >_I ___ .... 
Cylinder Diameter , 

Tc 23 

Tc 3 
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B ................................................................. 

6 .... 

4 

2L. .... : ................... . 

-z.__...._.....__.___._~..__..._....._......__.____.~.._.....___.__,___...~.._.....__._.......__._~.__...__.__, 

-180 -128 -68 0 68 120 180 
Crank Angle (degrees) 

Figure 20. Heat flux computed from Tc 3 data for normal and 

knocking combustion of gasoline. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
9.5 
1495 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the thermocougle location 

Piston Bowl Diameter 

Cylinder Diameter 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- 94 -

!Zr 
10 . - -... -. -

8 ..... . 
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-180 -128 -68 8 60 120 180 
Crank Angle (degrees) 

Figure 21. Heat flux ~omputed from Tc 23 data for normal and 

knocking combustion of gasoline. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 8TDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1495 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the thermocouple location 

Tc 23 

I< 
<~------ Cylinder Diameter 

Piston Bowl Diameter ·1 
-------> 
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Figure 22. Diagram showing the peak heat flux for normal and 

knocking combustion of gasoline. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
9.5 
1350 (nominal) 
16, 20 
Gasoline (98 RON) 
1.0 (nominal) 

Schematic diagram showing the thermocouple location 

~ 53 37 23 11 3 

~< 
<------- Cylinder Diameter 

Piston Bowl Diameter 
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Vertical Scale: Heat-Flux (MW/Mt) 
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~ Fla.me Arrival · 
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-188 -120 -68 0 68 120 180 
Crank Angle (degrees) 

Figure 23. Heat flux computed from the average of 50 engine 

cycles at thermocouple location Tc 11. Engine 

operation at incipient knock conditions. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the thermocouple location 

Tc 11 

I< Piston Bowl Diameter ., ___ ,, 

<------- Cylinder Diameter --------> 
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Vertical Scale : TeMperature c•c) 
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Figure 24. Gas temperature diagram at thermocouple location 11, 

calculated with the aid of the characteristic fuel 

constants for knocking gasoline combustion. Also 

showing the wall-surface temperature at the same 

location. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
'9. 5 
1311 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the thermocouple location 

Tc 11 

I< 
<------- Cylinder Diameter 

Piston Bowl Diameter >I 
--------> 
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Cylinder head 

,...... 
E -1 
E ._, 
() 
u 
c 
0 
+' .., 

-2 Adiabatic 
i5 

Temp. 

Piston Crown 

0 200 600 800 

Gos Temperature (deg C) 

Figure 25. End-gas temperature profile at the instant of flame 

arrival at the location of thermocouple number 11 for 

gasoline combustion. Also showing the adiabatic 

temperature for the same instant. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 8TDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 

. . 
Schematic diagram showing the thermocouple location 

Tc 11 

Piston Bowl Diameter 

Cylinder Diameter 
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Cylinder head 

,,.... 
E -1 
E ._, 
() 
(.) 

c 
0 ... 
WI -2 Adiabatic a 

Temp. 

Piston Crown 

Gos Temperature (deg C) 

Figure 26. End-gas temperature profile at the instant of flame 

arrival at the location of thermocouple number 3 for 

gasoline combustion. Also showing the adiabatic 

temperature for the same instant. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
.. 8. 5 

1311 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the tbermocouole location 

Piston Bowl Diameter 

Cylinder Diameter 
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t Fla111e Arrival· 

8.__..__....,___.____.___....._...____.__..___.____.~.__~_..__........____.___.~..___,__..___.____.~,__....___. 
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Figure 27. Gas temperature diagram at thermocouple location 3, 

calculated with the aid of the characteristic fuel 

constants for knocking gasoline combustion. Also 

showing the superimposed adiabatic temperature 

diagram. 

Engine 
Compression ratio 
Engine speed (rev/min)· 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 

Schematic diagram showing the thermocouple location 

--:::~-n~B-o_w_l~D-1-·a_m_e~t-e-r-~-------~>-~~~T~c~~~
3

1~~ 
Cylinder Diameter , 
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Cylinder head 

""" E 
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E ....... 
Cl 
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c: 
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" -2 Adiabatic Ci 

Temp. 

Piston Crown 

Q 200 600 800 

Gas Temperature (deg C) 

Figure 28. End-gas temperature profile at the instant of flame 

arrival at the location of thermocouple number 23 for 

gasoline combustion. Also showing the adiabatic 

temperature for the same instant. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1. 03 

. 
Schematic diagram showing the thermocouple location 

Tc 23 

Piston Bowl Diameter 

Cylinder Diameter 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- 102 -

10 

Cylinder head 

0 

--... 

-10 -
,.....,. 
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Ci 

Temp. 
--30 

__.. 

-40 -

Piston Be>wl 
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0 200 600 800 

Gas Tempera~ure (deg C) 

Figure 29. End-gas temperature profile at the instant of flame 

arrival at the location of thermocouple number 37 for 

gasoline combustion. Also showing the adiabatic 

temperature for the same instant. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A!F Equiv. ratio 

OM 407 
9.5 
1311 
16 
Gasoline (98 RON) 
1..03 

. 
Schematic diagram showing the thermocouple location 

Tc 37 

I< Piston Bowl Diameter'--->!

<-------- Cylinder Diameter -------~> 
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Figure 30. Flame contours for methanol combustion at incipient 

knock conditions. 

Inner contour at -8° c.a. 
Increments at +l 0 c.a. 
Outer contour at 5° c.a. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
12.5 
1364 
18 
Methanol 
0.97 
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Figure 31. Cylinder head iso-therms for methanol combustion at 

incipient knock conditions. 

Inner contour at 475°C 
Increments at -25°C 
Outer contour at 175°C 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
12.5 
1364 
18 
Methanol 
0.97 
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Vertical Scale : Tetitperature C°C) 
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Figure 32. Thermocouple number 27 signal for 20 successive cycles 

showing an isolated case of methanol knocking. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
12.5 
1399 
18 
Methanol 
0.98 

'~:~ Schematic diag~am showing the thermocouple location 

Tc 27 

I<- Piston Bowl Diameter -->I 
<-------------- Cylinder Diameter ---------------> 
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Vertical Scale : Pressure (bar) 
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Figure 33. Pressure diagram corresponding to the knocking cycle 

in figure 32. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
12.5 
1399 
18 
Methanol 
0.98 

-

./ 
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Vertical Scale TeMperature c•c) 
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Figure 34. Thermocouple number 153 signal corresponding to the 

knocking cycle in figure 32. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
12.5 
1399 
18 
Methanol 
0.98 

Schematic diagram showing the thermocouple location 

Tc 153 

----i<~ Piston Bowl Diameter ~->I 
<~~~~~~- Cylinder Diameter ~~~~~~~> 
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I I l . .......... : ..... : ..... : 11 \ .. . 

. I \ . 

~ Flarae Arrival 

-1'---'--'--'---'"~..__...____,__,___.___.~..___.__._-l.-__..__,'--...__-'-_..._--1...----'~.I-.--'-~ 

-180 -120 -60 0 60 120 
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Figure 35. Heat flux computed from the average of 50 engine 

cycles at thermocouple location Tc 17. Engine 

operation at incipient knock conditions using 

methanol. 

Engine 
Compression ratio 
'Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
12.5 
1399 
18 
Methanol 
0.98 

Schematic diagram showing the thermocouple location 

Tc 17 

---i<~ Piston Bowl Diameter ~->I 
<~~~~~~~ Cylinder Diameter ~~~~~~~-> 

1B8 
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400 

:/ 
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. ;: . 
200 ......................... j· ....... . 
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/ 100 .................... · 1· .. 
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Figure 36. Gas temperature diagram at thermocouple location 17, 

calculated with the aid of the characteristic fuel 

constants for knocking methanol combustion. 

Engine 
Compression .ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OH 407 
12.5 
1399 
18 
Methanol 
0.98 

Schematic diagram showing the thermocouple location 

Tc 17 

~<~Piston Bowl Diameter ~->I 
<~~~~~~~ Cylinder Diameter ~~~~~~~-> 
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0.6 

0.4 -
0.2 - Cylinder head 

o 

--0.2 

-04 ~ ~ 
........ -0.6 
c ~ 
I.. 

E --0.8 - -...._, 
() -1 u -
c 
0 -1.2 ... -
" 5 -1.4 

Adiabatic -
-1.6 

-1.8 ______-/ 
Temp. 

-

-
-2 

-2.2 -
Piston Crown 

-2.4 -
-2.6 I I I I I I I I 

0 200 600 800 

Gos Temperature (deg C) 

Figure 37. End-gas temperature profile at the instant of flame 

arrival at the location of thermocouple number 17 for 

methanol combustion. Also showing the adiabatic 

temperature for the same instant. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fue'l type 
A/F Equiv. ratio 

OM 407 
12.5 
1399 
18 
Methanol 
0.98 

Schematic diagram showing the thermocouple location 

Tc 17 

~<~Piston Bowl Diameter ----->r 
<~~~~~~~- Cylinder Diameter -~~~~~~~> 
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0.6 

0.4 -

0.2 - Cylinder head 

0 

-0.2 

-0.4 

-
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-
II -1 u -
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0 -1.2 .. -
" 0 -1.4 - Adiabatic 
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-
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Figure 38. End-gas temperature profile at the instant of flame 

ar~ival at the location of thermocouple number 19 for 

methanol combustion. Also showing the adiabatic 

temperature for the same instant. 

Engine 
Compression ratio 
Engine speed (rev/min) 
Ignition ( 0 BTDC) 
Fuel type 
A/F Equiv. ratio 

OM 407 
12.5 
1399 
18 
Methanol 
0.98 

Schematic diagram showing the thermocouole location 

Tc 19 

Piston Bowl Diameter ~->I 
Cylinder Diameter ~~~~~~~~> 
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APPENDICES 

APPENDIX A - KNOCK MODEL DERIYATION 

In a pioneering paper by Rifkin and Walcutt [!0], an attempt was 

made to characterise fuels in terms of an ignition delay time 

using a rapid-compression machine. Their approach assumed that 

the production of the chemical species or chain-carriers 

necessary for auto-ignition to take place, could be expressed by 

a generalised gross reaction which was expected to be valid for 

the limited pressure and temperature range encountered in spark

ignition engine operation. The proposed reaction was assumed to 

have the form: 

Where: a = 
T = 
p = 
¢ = 

da 
dt = f{ a,T,P,¢,fuel } (A.1) 

concentration of the pertinent reaction component 
the gas temperature 
the pressure, and 
the equivalence ratio of the fuel/air mixture. 

Equation (A.1) implies that, for a given fuel/air mixture, there 

exists a fixed functional relationship between the rate of the 

aggregate reaction, the instantaneous physical state and time. 

The form of this relationship was assumed to have a simple 

Arrhenius dependency on temperature: 

Where: A' = 
n = 
B = 

da 
dt = 

constant 

_!! 
n T 

a A' P e 

pressure coefficient 
temperature coefficient 

(A.2) 

It was assumed further that the ultimate consequence of the gross 

reaction of equation (A.2), was a sudden transition to a process 
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with a much faster reaction rate that rapidly completes the 

reaction. The critical time, tc, for the occurrence of auto

ignition thus corresponded to the attainment of a critical 

concentration of the chain carriers, ac. If the pressure and 

temperature were constant, this critical time could be computed 

by a straightforward integration of the equation (A.2) from some 

time origin, 

Where: A = 

•1 .. II 

!;..0 

~ 
-n T 

T = tc - to = A p e 

Ln(ac) 
A' Ln(ao) 

(A.3) 

The time interval, ~T··, was referred to as the auto-ignition 

delay. Rifkin and Walcutt determined the characteristic constants 

of several pure fuels, using the rapid-compression machine to 

generate sharp steps of constant pressure and temperature. When 

they attempted to correlate their ignition delay data with the 

peak pressure and temperature that occurred in an actual engine, 

they encountered significant dfscrepancies. However, they 

concluded that: 

"It is difficult to evaluate the seriousness of this 
discrepancy b~cause of the uncertainty in the calculation of 
the temperatures, both in the rapid compression machine and 
in the engine. In fact, systematic errors in these 
calculations, which would bring the two sets of data almost 
completely into line, can easily be imagined." 

Besides this convenient explanation for the discrepancy in their 

data, their analysis technique also erred in that they used the 

peak engine. pressure and temperature as a basis for comparison. 

When.applied to time-variable pressure and temperature, such as 

exists within an engine, equation (A.2) may be solved in integral 

form provided that the critical concentration of chain carriers 

obtained at the critical time at which knock occurs is 

independent of the pressure and temperature levels. Thus the 

critical time, tc, is determined by the equation: 

1 = r · to 

_B_ 
-n T(t) 

A P (t) e (A .4) 

dt 
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Expressed in this form, the singleness of the phenomenon 

between auto-ignition in the rapid compression machine and knock 

in an engine was shown by Taylor [18]. The instant that knock 

-occurred in the engine was predicted by the auto-ignition model 

based on rapid-compression machine data, with sufficiently 

........ ' 

accuracy to validate the assumptions. 

This approach, where the delay parameters of the fuel were 

determined with a rapid compression machine and then used to 

predict knock occurrence, has limited practical application to 

the wide variety of commercial fuels and engines. A rapid 

compression machine is not suited to operation with a wide 

boiling-range fuel in the pressure and temperature range 

encountered in engines. Also, the rate at which data is produced 

is very slow and moreover, the general extrapolation of data to 

an actual engine always has the risk of introducing error of 

interpretation. 

An alternative technique was proposed by Douaud [51] wherein an 

attempt was made to use the engine itself, running under knocking 

conditions, as a source of data from which the auto-ignition 

delay coefficients of the fuel could be deduced. The engine was 

operated under a wide variety of knocking conditions and the 

pressure and temperature history of the end-gas was recorded and 

used to solve the non-linear set of equations: 

.. . ri dt 
1 = B (A.5) 

A E'1.(t)-n 8
T1.(t) 

to 
i = ,l, 2, ... , n 

From a mathematical view point, since there are three unknown 

constants, at least three different conditions must be fulfilled 

to determine a solution which characterise the fuel. In practice, 

it was desired that the number of independent conditions be 

greater in order to improve the uniqueness of the solution using 

statistical analysis. A mathematical optimisation procedure was 

therefore used to minimise the standard deviation, "SQ", between 
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the value of the integral and the theoretical value of 1 for all 

the tests. 

.) 

SQ = 
n 
2: 

i=l A P1(t) 

dt 

-n 
B 

T:1(t) 
e r (A.6) 

The standard deviation also served to indicate the accuracy of 

the fuel coefficients. 

The method of solution of equation (A.6) consisted of treating 

"n" and "B" as independant variables, and solving for the value 

of "A" that would give the lowest value of "SQ". An example of a 

range of "n" and "B" values and the corresponding standard 

deviation of the mean of "A" are shown in the table below for 

gasoline. The solution, "n" ::: -1.6 and "B" ::: 9000, was found by 

inspection as indicated. The range of "n" and "B" could be 

narrowed to find a solution to the desired precision, and hen~e 

the value of "A" and "SQ". 

Non-linear regression to solye equation <A.6) 

Standard Deviation Of The Hean Of "A" (Percent) 

n \ B 6000 7000 8000 9000 10000 11000 12000 

-0.00 11. 90 10.29 9.05 8.31 9.19 11. 05 13.68 
-0.30 10.40 9.27 7.94 7.13 7.88 9:93 12.62 
-0.60 9.11 7.98 6.78 6.25 7.11 9.87 12.96 
-0.90 7.82 7.41 7.17 6.76 7.94 10.10 13.23 
-1. 20 8.57 8.03 7.55 7.45 8.89 11. 22 14.43 
-1. so 9.28 8.66 7.78 8.69· 10.63 13.05 16.86 
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APPENDIX B - EXPERIMENTAL DETAILS OF THE RICARDO TESTS 

The single cylinder engine used for these studies was the Ricardo 

E6 research engine. Principal details of the engine are: 

Bore 
Stroke 
Connecting Rod 
Compression Ratio 

75 mm 
111 mm 
242 mm 
Variable 

The engine was operated naturally aspirated with the water 

temperature held constant at 69°C and the oil temperature 

constant at 60°C. An Alcock viscous air flow meter was used to 

measure the inlet air flow. The fuel was carburetted with a 

facility for pre-heating the air before the carburettor. The 

tests were conducted at borderline knock with wide open throttle 

and under a variety of speeds, compression ratios, ignition 

timing and inlet temperatures. A stoichiometric air/fuel ratio 

was maintained throughout the tests. 

The combustion chamber of this e~gine was cylindrical in shape, 

the piston crown and cylinder head being flat. The spark-plug was 

situated 12mm from the center axis of the cylinder. The pressure 

transducer aperture was also 12mm from the center of the 

cylinder, diametrically opposite the spark-plug. 

The two fuels tested were commercial grade 98 RON pump gasoline 

and standard commercial grade methanol. The gasoline comprised 

approximately 60% paraffins, 20% napthenes, 10% aromaiics and 10% 

olefins. The lead content was 0.6g/l. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- B 2 -

8.1 ANALYTICAL EQUIPMENT 

An AVL water-cooled pressure transducer, type 12QP, was used for 

pressure measurement. The transducer signal was processed using a 

Kistler model 568 charge amplifier. The pressure transduc~rs· 

calibration was checked periodically using a dead-weight tester. 

A computer-based data acqui~ition system was used for logging the 

cylinder pressure signal. The acquisition system had the 

capability to digitise analogue signals at a rate of up to 10s 

conversions per second although, if more than one analogue input 

was required, the signals had to be multiplexed and the maximum' 

analogue-to-digital conversion rate per channel was 

correspondingly reduced. The system was based on a hardware card 

by RC Electronics, the ISC-16 system, which was designed to slot 

into an IBH XT personal computer. 

For the engine tests, three channels were used and the rate of 

digitisation was regulated by an external clock facility which 

was part of the ISC-16 system. The clock trigger signal was 

obtained from an AVL type 360c/600/s optical crank-angle marker 

unit. This shaft encoder unit also provided an accurate crank

angle reference trigger signal which was recorded on one of the 

channels. The reference trigger position was calibrated by means 

of the pressure signal. Under motoring conditions and allowing 

for the effects of heat transfer, the peak motoring pressure was 

assumed to occur at 0.7° BTDC (31). 

The engine tests were conducted with the engine operating at 

borderline knock and the engine knock itself was used to initiate 

the data capture. The pressure signal was passed through a 0.33 

octave band-pass filter which was tuned to the knocking frequency 

of about ?kHz. The filtered signal was captured on the third 

analogue-to-digital channel and the high frequency vibration that 

signified a knocking cycle was used to trigger the data capture. 

A special feature of the ISC-16 system software was its ability 

to initiate data capture on a delayed trigger. Thus, the data 

spanning a full engine revolution before and after the trigger 
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event was captured. An advantage of this method of data capture 

was that the engine cycle immediately preceding the data capture 

had to be a non-knocking cycle (or it would have initiated the 

data capture) and the pressure transducer signal was therefore 

··free from the after-effects of thermal shock that could follow a 

~-"knocking cycle. 
' :.· ~::t j .. .;,, '.· 

..... , . 

-d . 

'i . .i . .' : " 

The crank angle marker unit was also used to calibrate the engine 

speed indicator using a digital frequency counter. Accuracies of 

better than 0.2% were possible by this method. 

B.2 ANALYSIS SOFTWARE 

The data capture was controlled by the ISC-16 system software 

which included facilities for viewing and printing the raw data. 

The system had the capability of holding up to 64 kilo-bytes of 

buffer storage which was saved to floppy disk for subsequent 

analysis. Two main software routines were written to analyse this 

data. 

The first program processed the raw pressure signal and 

determined the temperature of the unburned portion of the 

cylinder contents up to the point of knock. The processed 

pressure and temperature data from 90° BTDC up to the point of 

knock was saved for subsequent analysis. The flow-diagram below 

shows the main program steps. 

Read data from the ISC-16 Parameter File 
and input the experimental data. 

Read the trigger data channel and locate TDC 

Read the pressure data channel, convert to approximate 
absolute pressure and locate the knock point. 

Calculate the gas temperature up to the knock point. 

Save absolute pressure and temperature 

Ricardo engine data analysis flow diagram 
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The following experimental data was also required in order to 

perform the analysis: 

the pressure transduce~ calibration (Bar/V) 
the atmospheric pressure (mm Hg) 
the atmospheric temperature (DC) 
the inlet temperature after the inlet heater (DC) 
the air manometer reading (mm) 
the engine speed (Rev/min) 
the compression ratio 
the ignition timing (DBTDC) 
the heat input (W) 
the fuel type (Gasoline=l, Methanol=2) 

Since the start of the data capture was post-triggered by the 

filtered high-frequency component of the pressure trace that 

·signalled a knocking cycle, the TDC mark was determined from a 

separate channel. This checked visually from the graphical plot 

shown below. 

Trlner hh 
Uertlc&I ••Its : Ii-I Uthe 

48%1r-..--.--.-rr---r--r----r--.----r---ri 

3584 . 

IS lb 

1824 .. 

512 

mm 

w m m m rn rn m m m oo 
Crnl A11l1 Ue1l 

Marker signal showing the combustiqn TDC offset 

The absolute pressure was estimated for the purposes of plotting 

the pressure trace to identify the knock point. The program 

searched the data for the highest pressure reading which was 

proposed as the knock point. However, owing to the rate of data. 

capture, the digitis~d peak pressure sometimes corresponded to 

the second or third pressure fluctuation and it was necessary to 

identify the start of knocking visually by moving the "knock" 

hair-line, shown in the example overleaf. 
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Frunre hh 

51 
Verllcal nlla : lre111re lhrl 

41 

21 

18 

I 
-181 -llS _,. -45 I 45 

Crul A11h Ue1I 

lreu • or • to ...... U.e hotl llae 

1lS 181 

Pressure data identifying the knock point 

An energy balance was performed on the inlet mixture at the point 

of inlet valve closure (IVC) to solve for the absolute pressure 

and the temperature. Details of this calculation are discussed in 

section 2.-3. With this as the starting point, the temperature was 

calculated up to the point of ignition assuming ideal gas 

relationships. After ignition had occurred, the volume of the 

unburned gas was unk~own and the calculation of the temperature 

was continued in small time increments. For each time increment, 

the calculation involved two steps. First~ a theoretical pressure 

and temperature was determined for the whole mixture as if no 

further combustion had taken place, the only considerations being 

the piston work and the heat loss. Secondly, the mixture was 

imagined to undergo an adiabatic compression process to raise the 

pressure up to the measured value, from which the final 

temperature was determined. The calculation was performed in 

:,,; ~ _;.:steps of one crankshaft degree, corresponding with the measured 

pressure data. The calculation was halted at the point that knock 

occurred . 
. . -

) 

~rhe figure shown overleaf illustrates a typical temperature 

·-- ·:profile calculated by this method. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- B 6 -
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Calculated gas temperature f~nm TVC to the knock point 

Finally, the absolute pressure and calculated temperature were 

saved to disk for subsequent analysis by the second program. 

The second program's function was to characterise the fuel in 

terms of its knock behaviour, utilising the pressure and 

temperature data which originated from a wide variety of engine 

operating conditions. The program consisted of simply identifying 

the data files pertaining to a particular fuel, after which the 

fuel-characteristic constants were calculated according to the 

method described in Appendix A. 

The development of the integral function for each set of pressure 

and temperature data could be viewed graphically as shown below. 
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1
112lf5,71 
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Integral function development for one engine test condition 
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Besides the theoretical knock model analysis, a multiple linear 

regression option was also included which expressed the maximum 

temperature prior to the onset of knock as a function of pressure 

and engine speed. This latter option was added since it contained 

no implicit assumptions ·about the underlying kinetics of the 

knock mechanism and was used to study the behaviour of methanol 

more closely. The linear regression data was saved as a dat~ file 

and imported into a spread-sheet program for plotting graphs such 

as that shown below. 
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APPENDIX C - SOLUTION OF THE ONE-DIHEliONAL UNSTEADY 
STATE HEAT CONDUCTION EGrION 

··:~ . 

The one-dimensional, unsteady heat conductionquation is given 
by: 

where 

oT 
at = ...L 

PC 

p = the density of the wall material 
c = the specific heat of the wall mateal 
k = the thermal conductivity of the wa material. 

(C.1) 

Since the surface temperature variation is perlic, equation 

(C.1) may be conveniently solved by using a Fo1er series 

approximation of the temperature profile to pe1rm the 

integration. The heat capacity, "pc", and the trmal 

conductivity, ''k", are assumed to be constant a equation (C.1) 

reduces to: 

oT 0 2 T = a at ox 2 (C.2) 

where a = lL = the thermal diffusivity oft\". 
PC wall material. 

The steady periodic surface temperature, "Tw", chm with 

angular velocity, "¢" rad/s, and can be expanded inthe Fourier 

series given by: 

where 

N 
Tw = Tm + n~i [An Cos(n¢t) + Bn Sin(n¢t) 

Tm = the time-averaged component of Tw and 
An, Bn are the Fourier coefficients. 

Solving equation (C.2) with the boundary condition n as 

T = Tw(t) at x = 0, 

CC.3) 
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the value of temperature as a function of time and position is 

given by: 

T(x,.t) = 

. where 

Tm - x .9...m + 
k 

N 
~ 

n=l 
~n e [An Cos(n¢t-~n) + Bn Sin(n¢t-~n) J 

~n = -x [ ] 

a. ts 
!lt 
2a 

qm = the mean heat flux over the fuli period. 

(C.4) 

From equation (C.4), the surface heat flux may be computed as: 

[ 
Q_g_ 
ot 

oT(t,x) 
ox (C.5) 

Thus, inserting equation (C.4) into equation (C.5), performing 

the differentiation and setting x=O, the heat flux at the surface 

simplifies to: 

Q_g_ 
dt = 

N 
k ~ 
n=l 

0.5 

[ ~] · [(An+Bn) Cos(n¢t) + (Bn-An) Sin(n¢t)] 

(C.6) 

In practice, the value of average heat flux, "qm", is not known. 

However, at some point during the compression stroke, the wall 

surface temperature must equal the gas temperature and at that 

point, the heat flux is zero. Since the gas temperature may be 

calculated with reasonable accuracy during the compression . 
stroke, and the wall temperature was measured, the value of "q:m" 

may be determined for that condition as: 

= 

where 

0.5 

[ ~] · [<An+Bn) Cos(n¢to) + (Bn-An) Sin(n¢to)] 

(C.7) 

To = the temperature at the point where the gas and the 
wall temperatures are equal. 

N 
k ~ 

n=l 
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APPENDIX D - EXPERIMENTAL DETAILS OF THE DAIMLER 
BENZ OH 407 TESTS 

The engine used for these studies was a Daimler Benz OM 407 

diesel engine, of which one cylinder was fitted with low 

compression ratio pistons and instrumented wifh the special 

thermocouple cylinder head. 

The principal details of the test cylinder were: 

Bore 
Stroke 
Connecting rod 
Compression Ratio 

125 mm 
155 mm 
256 mm 
9.5 (Gasoline tests) 
12.5 (Methanol tests) 

The air supply to number six cylinder (nearest the flywheel) was 

isolated and fitted with a separate air supply system having a 

throttle valve, a surge tank of 40 litre capacity and an air flow 

measuring facility. The air flow measurement was based on the 

pressure depression at the vena-contractor of a thin-walled plain 

intake. The air flow measuring system was found to resonate at an 

engine speed of about 1600 rev/min. At the time that the problem 

was diagnosed, a number of tests had already been conducted and 

the basis of air flow measurement was subsequently checked 

against a calculated air mass flow using the recorded pressure 

and the swept volume at the intake temperature. 

An ignition distributor and contact breaker unit was mounted in 

the place of the tachometer drive. The ignition timing control 

was achieved by means of a linkage system to rotate the ignition 

unit. Initial trials indicated that the ignition point was 

subject to considerable fluctuation but this was diagnosed to 

excessive clearance in the tongue and groove coupling of the 

tachometer drive. The problem was cured by incorporating a spring 

element into the coupling to eliminate the free play. 
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Provision was made for continuous fuel injection in the inlet 

port of number six cylinder, with a second identical fuel 

injector mounted so as to feed into an empty container. The fuel 

nozzles were designed to incorporate an air bleed that rendered 

them insensitive to the manifold pressure. Either fuel injector 

could be selected by means of solenoid valves. This arrangement 

permitted adjustment of the fuel pressure to yield a desired fuel 

flow, before the fuel was actually fed to the engine. 

A trigger system to initiate the data capture was built which 

utilised the exhaust valve movement on cylinder number 1. The 

system comprised an electrically insulated, spring-loaded plunger 

that touched the valve rocker whilst the valve was closed. The 

exact point in the valve actuation at which the plunger broke 

contact with the rocker could be accurately adjusted. The 

earthing of the plunger that occurred as the valve shut was found 

to provide an accurate and repeatable trigger signal. 

' The trigger was calibrated dynamically using the peak pressure of 

a motoring pressure trace. With the engine fully warmed up, the 

peak pressure was assumed to occur 0.7° BTDC (the shift from TDC 

being caused by heat loss from the compressed gas). The trigger 

" . . point was re-checked periodically throughout the test program and 

~~ was found to remain unaltered at 210° BTDC. 

The special thermocouple cylinder head that was supplied by 

Daimler Benz with 179, type K, thin-film thermocouples was tested 
{ .. for integrity~ The ¢lmm, sheathed thermocouple wires were routed 

'' 

to the combustion-chamber surface and a 4µm layer of gold plating 

was used to form the electrical junction, as shown in the sketch 

overleaf. A plan view of the cylinder head indicating the 

arrangement and numbering of the thermocouples is shown in figure 

···3.1. On commissioning, it was found that thermocouple number 10 

was defective. 
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Thin-film thermocouple construction 

The tests were conducted with the engine fully warmed, the water 

temperature being controlled by the thermostat in the usual 

manner. The tests were conducted at borderline knock with wide

open throttle. Only one engine speed of 1300 rev/min was 

investigated because the thermocouple cylinder head was damaged 

durin~ the methanol testing as a result of a brief run-away 

preignition situation. 

The combustion chamber of the engine consisted of a bowl in 

piston design~ The compression ratio was determined by the size 

of the bowl. The spark-plug was situated near the centre axis of 

the piston bowl and the pressure transducer was slightly offset 

as shown in figure 3.1. 

As with the Ricardo tests, the fuels used were commercial grade 

98 RON gasoline, and standard grade methanol. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- D 4 -

D.l ANALYTICAL EQUIPMENT 

An AVL water-cooled pressure transducer, type 12QP, was used for 

all the tests. The transducer signal was processed using a 

Kistler model 568 charge amplifier. The pressure transducer 

calibration was checked periodically and was found to remain 

within specification. During the final test with methanol on the 

OM 407 engine the diaphragm of the transducer cracked and 

developed a gas leak into the transducer's waterjacket. The 

cylinder head was damaged during this test and therefore the 

experiment could not be repeated. A subsequent calibration test 

indicated that the pressure transducer was still operating and 

the results of the last test were apparently not compromised. 

The thermocouple signals from the special cylinder head were 

amplified through six thermocouple amplifiers which were 

specially calibrated for "K" type thermocouples. They were based 

on the Analogue Devices integrated circuit AD594. A switchable 

scanner unit was constructed to enable the selection of groups of 

six thermocouples. The control of the selection of each bank-of 

thermocouples was achieved by means of a five-bit selectable 

digital signal. The circuit diagram of the scanner unit is shown 

diagrammatically below 

Enable 
+15v 

Digital 
Selection 

16 Thermocouples 

Selected 
ll====~l====~~====lf== Thermocouple 

Output 

16 Thermocouples 

Schematic Diagram Of The Scanner Electronics 
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A computer-based data acquisition system was used having the 

capability to multiplex and digitise up to eight analogue sighals 

at a rate of up to 27000 conversions per second. The system was 
' 

based on a hardware card by Data Translation, the DT2801a, which 

was designed to slot into an IBM XT personal computer. Since the 

sample frequency was too slow to permit simultaneous capture of 

six thermocouple signals, a multi-channel instrumentation tape 

recorder was used for the raw data capture. 

The tape recorder that was used, a Philips EL 1020, had seven 

instrument channels and one voice track. One channel was required 

for the trigger signal leaving six channels available for 

thermocouple or pressure data. At the maximum tape speed, and 

using frequency modulated DC recording, the recorder had a freq

uency response specification: 

0 to 5 kHz 
5 to 10 kHz 

10 to 15 kHz 

-0.0 dB 
-0.5 dB 
-3.0 dB 

The recorded signal could be played back at reduced speed to 

permit simultaneous transfer of the information on all channels 

to the computer for analogue to digital conversion. 

A number 0£ checks were performed to test the analytical 

equipment for signal integrity, background noise levels, 

frequency ~esponse, etc. The tape recorder was found to be a 

source of high frequency noise greater than 10 kHz which could 

not be completely eliminated by cable shielding and equipment 

grounding. The possibility of capturing the data directly on line 

was considered but this would have limited the sample rate to one 

reading every two crankshaft degrees which was not considered 

sufficient. Furthermore, the security of having all the tests 

recorded continuously was thought to out-weigh the disadvantage 

of a degree of signal degradation. 

The digitisation was initiated using the external trigger 

facility and the rate of digitisation was set on an internal 

clock which was computed to be equivalent to one reading on eacr. 
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channel every crankshaft degree for one rotation. Since a 

crankshaft encoder was not used (to save a tape recorder 

channel), the engine speed had to be measured very accurately. 

This was achieved by monitoring the trigger channel on the tape 

recorder during playback using an accurate frequency counter. A 

low-pass filter was constructed for each channel that could be 
.. ·..... . 

set according to the rate of digitisation to 40% of the 

conversion fr~quency. 

D.2 ANALYSIS SOFTWARE 

Because of the large quantity of data involved, a number of 

programs were written to handle the file organisation and 

manipulation. The following diagram shows the main program 

structure: 

I Hain Menu of Program Options I 
I I I l 

Generate a List all I View a Calibrate 
new JDaster JDaster file data file engine speed 

record titles 
I 

or trigger 

I I I 
Capture data 
and save to Data Analysis Sub-Menu ~ data tile 

I I • I 
I Identify Calculate Calculate 

the fla11e the average the heat 
arrival of a nuJDber flux at one 
instant of cycles Tc location 

' ' ' Contour I 

Happing Use the Ricardo data 
Program to deter11ine gas 

I 
teJDperature & thus 

analyse the therJDal 
boundary layer 

·~. . ; 
l 

Daimler Benz program organisation 

The master file contained records of the experimental setup for 

each test. After creating a new master record, the data 
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acquisition program created a corresponding data file. An example 

of a master record is shown below. 

Experimental Test Condition$ 

Test NQ: 17 Date (11m/dd/yy): 02-17-1986 Engine: Oli 407 

Title: Tc group 7 - Non-knocking with gasoline 

Ainbient Pressure ( llll hg): 750 Ambient Te11perature 

Engine Settings - Compression Ratio 9.5 
Speed (rev/11in) 1311 
Ignition ("BTDC) 16 
Fuel type P(98) 

Pare.meters - Air Flow (g/s) : 20.8 Coolant Temperature 
Fuel Flow (g/s): 1.44 Exhaust Te11perature 

Tape Recorder - Trigger Anale ("BTDC) 210 
Data Read Interval ("CA): 1 
Nu11ber of Cycles 50 

( "C): 

< ·c): 
< ·c >: 

Channel NQ 1 2 3 4 5 6 

25 

72 
685 

Transducer :Tc-176 :Tc-169 :Tc-159 :Tc-146 :Tc-130 :Tc-113 
Unit Full Scale 500 500 500 500 500 500 

Examole of a Master Record 

Utility programs for scanning through the master file titles and 

for viewing the test data were written. The viewing program 

included a facility to superimpose data from several engine 

cycles, different thermocouple channels and also different tests. 

An example of one such combination, showing several different 

thermocouple traces is given below. 

Vertical kale : S.rlac1 Tm er1tore !'Cl 
m.-.-~....-.-.-:.::;.:.:.;:.:.;..=..:.:r-..;.:.:.;~.:.r-<.;.:..;;~.o.r-.,..-,-.-.--.,..-, 

m 
m 
211 

288 

•zr - ee 

..... ···-·· 

. . . . . . . . 

-IZI -'8 I LI 121 181 
trnk At1 le Ue1reu J 

Example of the view-data pro.JU:.a.ll 
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The flame-arrival identification program was based on the 

processed data from the cycle-averaging program. The instant of 

flame arrival was determined visually with the use of moveable 

hair-lines. An example, illustrating of the program graphics is 

shown below. 

385 
r1- arrival! •. 

l8B 

375 . . ...... . 

355 

JSB'--~--'-~-'----'-----J'--~-'-~..___.___.~_..__, 

-188 -ISf -121 -91 ·61 -31 I 31 '8 98 121 
Crui Ait le Urtree1 I 

Identification of the flame-arrival instant 

The contour mapping could be selected from the flame-arrival data 

or from the average surface temperature. Linear interpolation of 

any missing data (under the valves for example) was carried out 

first, followed by nearest-data point extrapolation where data 

was missing at the outer periphery. An X-Y smoothing routine was 

required to produce a contour plot such as that illustrated 

overleaf. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

- D 9 -

Illustration of the contour-mapping program output 

The heat-flux calculation method is described in Appendix C. An 

example of the result of this calculation is shown below. 

Verllul Stile : Hul-rlu !ti/lo' l 

• rlue Arrival 

-121 .-it I " 121 
c ... ~ .. ,,. Uetl'Hll 

Heat flux calculation example 

Finally, a program was written to calculate the thermal boundary 

layer temperature, utilising the knock model constants that 

characterised each fuel which were determined from the Ricardo 

test analysis. Details of the calculation method is given in 
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section 3.2.2. The gas temperature was found by trial-and-error, 

manipulating the temperature at the point of inlet-valve closure 

until the knock point predicted by the model agreed with the 

actual knock point. The final boundary layer temperature profile 

was saved as a data file which was subsequently imported into a 

spread-sheet program for graphical representation, as illustrated 

below. 

C1'1nder heod 

0 

e -1 

~ 
• " c s . -2 A.diobatic l5 

Temp. 

-3 

Plolofl Cro"" 

--' 
0 200 400 &00 800 

Oa1 Ttmperotul""I (d19 C) 

Example of the calculated thermal boundary-layer profile 
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