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g??/738h ABRSTRACT

The maximum efficiency of conventional gasoline engines is
largely determined by the compression ratio, and this is limited
et of knock. The maximum cylinder size 1s 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 & means of avoiding knock in a large,spark-ignition methanol
engine.

A simple knock model was proposed wherein the auto-ignition
behaviour of a fuel was expressed in a globsl 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 analyticel solution was

sought using regression techniques, which also served to quantify

the accuracy of the analysis system.

Two fundamental differences between the knock mechanisms of
gasoline and methanol were identified: -
1) 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 promgiing

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

The implications of these differences are very significant.
Traditional methods of knock suppression involving the design of
the combustion chamber to promote turbulence would have no effect

with methanol. Similarly, the methanol engine size would not be
constrained by knock. '



These aspects were subseguently investigated using a Daimler Benz
OH 407 engine, of which one cylinder was modified to spark
~ignition. Low-compression pistons were fitted having a
combustion-chamber bowl and a squish-zone periphery. A special
cylinder head was provided by Daimler Benz AG, Stuttgart, West
- Germany which featured 179 thin-film surface thermocouples
arrayed across the combustion chamber face. Data from these

thermocouples was used to determine the locel heat flux an

0

to
follow the flame propagation. The knock characterisation dsta was
utilised to predict the bulk end-gas temperatu}e 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 thst the principal knock-
—supressing mechanism of the squish design relied on increased
combustion rate rather than end-gas ccoling for its effect.
‘Although the thermal boundary layer approached full development
in the case of gsasoline, with methanol, the increased combustion
~ rate, attendant with the increased compression ratio, resulted in
: 3 less-developed boundary layer. Thus the end-gas core
temperature was equal to the adiabatic temperature and it was
vdeduced that the sguish 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 cocling was not seen to be & viable option for

controclling methanol knock, it was observed that the evaporative

.- cooling of the fuel itself was very effective as a means of

lowering the overall cycle temperature and it was noted that this
ﬁas 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 sdditives were recommended for follow-on research.
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1.1 BACKGRQUND AND QBJECTIVES

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 aslcohols, 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 cperating 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



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 énd materisl compatibility have been studied by the

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

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

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

diesel are also listed.

Table 1. Properties of methanol and typical gasoline and diesel [§&]
Property units Hethanol Gasoline Diesel
Chemical formula CH=0H Cse.gHi14 .8 Ci4.5Ha3o
Atomic Hydrogen/Carbon |[ratio 4 2.14 2.07
Molecular weight 32 a8 204
Liquid density at 20°C kg/1 0.785 0.74 0.84
Boiling point °C 85 32-186 177-356
Heat of evaporation kd/kg 1108 293-377 251
Calorific heat Hu HJ/kg 19.866 43.85 42 .53
Stoichiometric ratio kg/kg 6.4 14.9 14.55
Research QOctane number 110 893 ~
Motor Octane number 82 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 reguire =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




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.
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approach has been considered {9] and appears to be an
1

ractively simple possibility, although suffering some
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a concept would be restricted in terms of engine size. The

isadvantages 'in terms of higher fuel consumption. Moreover, such

maximum cylinder size of a épark—ignition engihe 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 tc 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 Jjust 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
' ¢ﬁrrent 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 loock at the
influence of combustion chamber shape and size. In order to

achieve this objective, it was necessary to first study the



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
informeticn about the combustion and heat transfer in an 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 reésearch work was conducted using a sihgle-
cylinder Ricardo E6 research engine to study the auto-ignition
bharacteristics ofvmethanol 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 engine
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 detailed combustion analysis was carried
out using a large spark-ignition engine. The choice of engine was
influenced by the general interest in the use of methanol as =a
diesel replacement and consisted of a Daimler Benz type OM 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



by Daimler Benz AG which featured 178 thin-film thermocouples
arrayed across the combustion-chamber surface. The ¢glmm sheathed,
"K" type thermocouple pairs were routed through holes in the
cylinder head and the temperature-measuring junction was formed
by a 4um layer of gold plating. The resulting fast-response
.temberature measurements were used to generaté two-dimensional
maps showihg the flame propagation and the wall temperature at
each crank angle, from which the local heat flux was determined.
Addifionally, with the engine operating at thé‘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-gsas

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 ignitibn of the two fuels.



Basic research work was conducted using a singie-cylinder Ricardo
EB research engine to compare the auto-ignition charactéristics
of methanol and gasoline. The primary aim of this research was to
characterise the knccking mechanism of the two fuels for
subsequent analysis in the OM 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 aré 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 vyet
unburned mixture. The energy released by the chemicalj
reaction serves to maintain the shock front immedilately ahead
of it. Detonation waves of this description are commonly
observed when studying the combustion of flammable gasés in
long tubes o

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.



In either event, knocking is characterised by a localised high
pressure region within the combustion chamber which, on reldxing,
disturbs the thermal boundary layer of stagnant gas that
insulstes the combustion chamber walls and causes excessive heat

. loss and engine damage.

2 | The [ . T}
The phenomenon of knocking taxed the ingenuity of the early

. researchers because the 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 1847, Miller [11]'reported that he had obtained conclusive
photographic evidence of a detonation wave originating in the-
end-gas after 1t had apparently auto-ignited. Schliéren
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 qttempts to obtain
photographic 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 lpcatioh 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 burnqd and unburned gas speeds. The highest gas

speeds occurred behind the flame front as it approached the



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 -2 number ¢f 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 propagdation
was still subsonic, although it should be emphasized thét 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 [18]
and also methanol [5]. It could be argued that significant’
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 recent years, the evidence supporting the auto-ignition theory
of knock has accumulated 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 & closed vessel was developed and used to describe



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 foredoing discussion, it was noted that
their combustion analysis contained an error. Referring to the
sketch below, the burned gaé velocity was detérmined by‘
considering the combustion to occur in two imaginary steps; an
incremental combustion at constant pressure which would cause the
cvylinder 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,

“8ri1i" 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, "6rai", directed towards the
flame front, was a conseqguence 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, "arie"”, 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, "arib-6ri", and not only "8ri" as was assumed.
Ist step v/
/] R >
/] R+ aR R &
7 Y . Shy :ﬁg
2nd step
/] R R
' V.
/ Al J /
A v |5n by L/
L/

A schematic representation of the two-step combustion process

- as the flame advances from "rep” to "rep+arie” [17].



Assuming knock to be a spontaneous auto-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 auiluv-l1lgnition proceeds. .

Considering the idealised Otto cycle, the pressure (P) within the
cylinder during the constant-volume combustiom phase can be
related to the mass fraction (n) burned by the approximate

expression:

. (P - Pi1)
n= ps - B1) [12]

where the subscripts.l 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 may be determined by
assuming that the end-gas ié compressed polytropically according
to the expression:

PV = 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 locsl 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.
Male [18] demonstrated that the auto-ignition process was not an
- homogeneous reaction of the end-gas by means of photographs taken
at 9500 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 800 rpm and iso-octane
as the fuel, the squib was detonated by an electrical circuit
approximately 5°BTDC and the pressure history of the
combustilion 1nitiated by the squib was followed. The rate of
pressure rise 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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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], Minkoff et al [23] and

T

Fish (243, to name a few. The general conclusions were that the
combustion of most hydrocarbons proceeds in two stages. The first

7]

tage involves a weakly exothermic reaction which produces
intermediate products that are sufficiently stable to temporafily
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 theory, 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 suto-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], methanbl
[25], ethanol [15], and hydrogen [13]. The majority of -
hydrocarbon fuels, however, appear to exhibit a two phase

combustion character.

Fish [24] elaboratéd on the concept of two stage combustioh and
was able to demonstrate that the magnitude of the delay pefiod
between cool flame and hot ignition was related to the preésure
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 preésure 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 the 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 fnsignificant role
in determining the onset of knock. This contradiction was noted
by Miller [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.”

The 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 model the knock behaviour of
 ‘hethanol and gasoline should be treated with caution since their

combustion chemistry is obviously very different.



2.2  THEORETICAL BASIS

Theoretical research which attempts to describe detailed chemicai
kinetics generally assumes that the kinetics of a reaction are
known. The analysis then assumes reaction paths consisting of:
several successive and parallel stages with the pvarticipation of
unstable intermediate products. Although the development of
numerical methods of analysis have rendered such specificalli'
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 methods of research into combustion problems uéually
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 and’
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:

B
g—‘;— - ah PP el C(2.1)
Where: concentration of the pertinent reaction component
constant
pressure

pressure coefficient
gas temperature
temperature coefficient

W33 o>
ooy
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The solution of the differential equation involved the assumption
that auto-ignition occurs at some critical time, te,
corresponding to the attainment of a critical concentration of

the chain carriers, aec, given as,

(2.2)

If the pressure and temperature were constant, this critical time
could be computed by a straightforward integration of the

equation (2.2),

B
Tz (te - to) = AP T (2.3)

" where T = (te - to) is usually referred to as the auto-ignition
delay and applies to the situation encountered with the use of

rapid compression 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", sat
least three different sets of conditions are regquired 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 technigue. The

détails 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 attributes:

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) Unli

=
o

e the Octane tests, the knock model characterised only

E o S
Lile

+n

and was 1inaependent of the engine used.

-

ue
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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 lessef 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 tempefﬁture,
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 acousticl‘
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 [28]. The combustion chamber was
distorted by fiﬁting 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 accuéacy of the
pressure and alir flow measurement and the aésumptions 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 advéncing 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 ignifion 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 that has been tried, involving sodium line
reversal and absorption spectroscopy, was not very successful
[30].

V Comparatively recently, the use of laser techniques have been
>'applled 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
':fecently 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
“cduld 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 témperature 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. Horeover, in all the temperature-measurement
techniques described sbove, the accuracy and precision of the
technique was verified in comparison with the calculeated .
temperatures and therefore the simplest optiod‘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 75 mm
Stroke 111 mm
Connecting Rod 242 mm
Compression Ratio 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 88 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 V
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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the pressure and temperature data originating from

operating conditions.

the scoftware routines are included in Appendix B.
the temperature was the most critical parameter

subseguent sanalysis the method of its

vy 1o ~
waS oOaseda,

calculation warrants particular attention.

The measured parameters were the ambient température and

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

exhaust temperature,

speed.

The parameters are depicted diagrammatically below,

the pressure in the cylinder and the engine

as

well as the additional information that had to be deduced in

order to solve
closure (IVC).

for the temperature at the point of inlet valve

MEASURED PARAHETER INLET PROCESS CALCULATED VALUE

Alr mai

Ambient Air

Heat Q
Air Ts
Fuel Flow

Viscous Air Flow Meter

Air Hesater

Carburettor

Inlet Valve

Cylinder Pressure

Residual Gas mr, T»r

Inlet Work Wi

Latent heat Qi

v

Pe,Te at IVC

An unfortunate disadvantage of the piezo-electric transducer used

for 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 gés remaining in the cvlinder, the incoming air-fuel

8

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

arnia the latent nheat of evaporation of the fuel.

a

R
LLUR

n

Since a knowledge of the pressure was required for some of these
energy terms, and the absolute pressure zero reference was not

known at this point, an iterative solution was:adopted, using an .
estimated value for the pressure reference for the first

calculation.
mi1 Cps (Te-T1) + me Cpr (Te-Tx) + Wa + Q1 = 0O (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.vThe presence of ligquid fuel in the
system prevented a realistic estimate of the heat transfer being
made. However, it was assumed that, because of the relatively
small temperature 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 traﬁsfer 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,
nr. 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, T»r, was
assumed to be the same as that measured for the exhaust gas in
the exhaust port. The residual gas volume was assumed to bg
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 incomihg
~ mixture, Wi, was computed from the pressure-volume diagram.
.Finally the latent heat component, Qi, 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 gsas.

dQ + dW = dU (2.9)

The calculation of heat loss was based on the empirical formula

proposed by Woschni [31].

-0.862

-0.2 c.s8 0.8
h = 0.820 D P (2.28 C) T (2.8)
where Heat transfer coefficient (kW/m2K)
- Bore (m)
Pressure (bar)
Piston speed (m/s)
temperature (K)

_OUO o
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"~ - 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 enérgy [32], and most of this heat loss occurs during the

expansion stroke. The subject of heat transfer is discussed in

greater dep

inal tempe
was imagine
the pressur

temperature

th in Section 3 of this thesis.

he determination of the mixture properties was based on the

rature from the previous step. Secondly, the mixture
d toc undergo an adiabatic compression process to raise
e up to the measured value, from which the final

was determined.
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The calculation was performed in steps of one crankshaft degree

and halted

|
i

at the point that knock occurred.

Z43___DlﬁﬂﬂﬁﬁlQH_QE_BESHLIS

The results

for the two

of the calculations for the characteristic constants

fuels are tabulated below.

TABLE 2.1 |The characteristic fuel constants deduced from the
Ricardo test datsa.
Fuel Constant Pressure Temperature Correlation
(msec) Coefficient Coefficient Coefficient
Gasoline | 1.68 10 ° -0.66 8950 0.87
Methanol | 3.28 10 2 0.64 7748 0.38

It was imme
constants t
was fundame
coefficient
theoretical

methanol.

diately apparent from the relative magnitudes of the
hat the character of methanol and gasoline knocking
ntally different. In addition,
s indicated that the gasoline data fit to the

correlation

expfession was significantly better than that for
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Before consideration was given to the behaviour of methanol, the
gasoline results were examined in relation to the findings of
other researchers. By et al [33]'compared the results of a number
cf such research programmes and their findings for gasoline are

summarised below:

7487 -

-1.48 T :
T = 0.017085 P e (Rifkin & Walcutt)
. 32400
-12 -1.04 -2.57 T
T = 0.816x%x10 o P e (Burwell & Olson)

_ -3 p ' T (Vermeer, Meyer
T = 10 [ ] € & Oppenheim)

RO
18.75 [ 100

-4
13
=
[ WSS
o
[
~
4]
-

(Douaud & Eyzat)

Where, the auto-ignition delay. (msec)
Pressure (Bar)

Temperature (K)

the equivalence ratio

the Research octane number

el M Ba ol ]

W ononou

ON

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,

i: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 1is
helpful to consider the partial derivatives of the ignition delay

"equation 2.3 with respect to pressure and temperature:

B

8T = - naptTmD) T
B

61 -n T
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These equaﬁions may be conveniently rearranged to express the

~ percentage

pressure o

Thus,. the

the rate-c

pressure a

equation 2

absolute t

term in Do

the 1gniti

pressure a

similarly,
small perc
of the rat

very narro

change in delay in terms of a percentage change in:

r tempersature:

o

B

I
L

o
4|4
o

(2.8)
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.
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(2.8)

constants “n” and "B" may be regarded as characterising
respect to
L1} AIO

.3 serves only to peg the fuel’'s ignition delay in

ontrolling knock reaction mechanism with
|

nd temperature. The value of the constant in

erms. This is clearly indicated by the RON correction

vaud and Eyzat’'s formula. Equation 2.8 indicates that

on delay 1s sensitive to a small percentage change in

"
)

ccording to the magnitude of the constant "n and

equation 2.8 shows that the delay would respond to a
entage change in temperature
"B/T".

w band of the pressure and temperature spectrum, the

according to the magnitude

io Given experimental

data which ranges over s

multi~vari§nt analysis, which separates and calculates these

pressure a
any experi

inherent t

The above
gasoline r
to a fixed
formulae o
Since the
conditions
motored an

in figure

It may be

in tempera

pd temperature gradients, is clearly very sensitive to
mental inaccuracy. This i1s an important problem that is

o this particular research approach.

formulae are compared together with the experimehtal
esults in figure 1, where the temperature correspbnding
delay of 2ms has been computed for each of the above
ver a range of pressures typical to engine operafion.
ebove formulae were derived under widely differiég test

(shock tubes, continuocusly stirred tank reactors,

d fired engines),

the absolute value of the temﬁérature
1 varied considerably. ) |

appreciated from figure 1, that the percentage change

ture, corresponding to the 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

[ ¢

as temperature, rather tnan a factual difference in the fuels
hat 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 teéhniques 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.

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
‘“EOSsible inaccuracy. A sensitivity analysis was therefore

' ¢onducted 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
5fepresent the estimated precision of each parameter at its
‘extreme limit. The results are shown in figure 2, from which it
Tmay 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 characteristic constants given in table 2.1, the

temperature was calculated and compared to the measured value for

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

determinedl The results are illustrated in figure 3, and yielded

a standard;error of the estimate of 12.2°C. This did not confi:m.

hot+ |

+ o
“ilia o

the form of equation 2.2 was correct, but rather confirmed

the magnitude of the scatter due tc measurement and calculation
inaccuracies.

no corresponding method of cross-referencing to check

cy of the absolute value of the calculated temperature.

There was

the accursa

2.4.3 Discussion of methanol results
The attemp
to 8 singl
involves sa

analysis t

constants,

has been s

problens,

theoreticsa

t to condense the chemical kinetic behaviour of a fuel

e, g2lobal expression, as discussed in section 2.2,

Also,
to solve for the characteristic fuel

number of assumptions and simplifications. the

echnique,
requires the calculation of the gas temperature which
hown to be subject to inaccuracies. Despite these

the gasoline data was found to correlate well with the

1 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
manner,
Moreover,

for methan

measured p

the experi

'vielded an

figure 4.

A number o

the very p

data:

th

3.

e correlation coefficient was found to be 0.38.

When the methanol data was analysed in a similar

when the characteristic constants, given in table 2.1
0l were used to calculate the temperature at the
ressure and engine speed and the result was compared to

mental temperature value for each test, the comparison

standard error of the estimate of 38.5°C, as éhown in

f possible explanations were considered to account for

oor correlation given by the analysis of the methanol
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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.

A b)) As was discussed in section 2.1.1, despite the accumulation
| of evidence to suggest thst gascline knocks by way of an
auto—ignition mechanism, much of the eviderice was not
applicable in the case of methanol. Cbviously the auto-
ignitioﬁ knock model would not correlate with a detonation

mechanism if this was the basis for methanol knock.

¢) The assumptions, which were implicit in the thgoretical knock
mechanism and which concerned the reaction process, may not
hold true for methanol. It was noted in section 2.1.3 thsat
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 tempefature calculation, the

gasoline results had shown a good statistical correlation.

_The possible existence of a detonation mechanism was shelved
until the latter two possibilities had first been considered and

‘fejected.

- It was noted in section 2.1.3 that the combustion chemistry of
i 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 methznol holecule involves far fewer possible-
reaction sﬁeps, compared to gasoline. Thus, it could be expected
that the auto-ignition reaction kinetics of methanol, from fuel

f
i

STalh ~rs Y | SN P VR -
to pruduct, could be EALYEMELY astc.

If this were the case, tnhe time step "dt" used in the solution of
equation 2i2 would have to be at least an order of magnitude
smaller thén the total reaction time if the pressure and
temperaturé dependencies were to be resolved. In the analysis, a
time step corresponding to one degree of crank-shaft revolution

was used wgich may have been too long.

On the basis of the foregoing discussion, and assuming that the
auto-ignition reactions of methanol were indeed orders of
magnitude faster than the engine speed, the rate of the pressure
and temperature rise, prior to auto-ignition, would be
irrelevant, The only significant parameters in the analysis of

the auto-ignition would be the final value of the pressure and

the temperature prior to knock. This hypothesis was tested as
shown in fggure 5, by comparing the temperature immediately prior
to knock with the corresponding pressure. As indicated, a measure
of correlation was apparent which, assumed to be linear to a
first épproximation, indicated a correlation coefficient of 0.71
and the st%ndard error of the estimate of 15.6°C. This was a

significant improvement on the results shown in table 2.1.

As vyet unpbblished 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
when methaﬁol auto-ignites. The chemical kinetic model also
indicated én extremely abrupt transition from negligible chemical
activity to spontaneous ignition within a very narrow temperaﬁure
band.
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"The correlation shown in figure 5, revealed a positive slope in
the pressure - temperature relationship which was interesting.

The overall reaction of methanol:

2 CHaOH + 3 02z ==> 2 COz + 4 H=20
reveals that 5 moles of methanol and oxygen produce 6 moles of
carbon-dicxide and water. Thus there is a nef increase in volume
in the reaction and the effect of pressure would be to retard the
process, &s 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 wes

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 & for methanol was considered adequate. The

linear regression equation was thus of the form:

T = 1000 + 1.86.P
where T = the absolute temperature prior to knock (K)
P = the absclute 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 1, 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 1is
increased, 'the maximum temperature that may be ‘tolerated at the
knock~limié decreases, whilst for methanol the trend was
reversed: ﬁf the pressure was increased, the maximum témperature

that could |be tolerated at the knock-limit also increased.

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

extent as 8 result of the polytropic compression law.
PV = Const

Neglecting heat loss for the moment, an increase in pressure will
result in an increase in temperature, and both these conditions
promote knock in the case of gasoline. However, in the case of
methanol, the increase in pressure will tend to suppress
knocking, although in the adiabatic example, the effect of the

rising temperature will dominate. This is illustrated in figure 7

| . . .
by the polytropic compression curve corresponding to k = 1.40.

If the eff?ct of heat loss in the end-gas region is also
considered, it is possible to conceive of the situation where the
increase iﬁ temperature resulting from an increase in compression
ratio was iessened to such an extent by the heat loés, that the
increase in knock-supressing pressure was dominant over the
knock-inducing increase in temperature. Under such circumstances,
the compression 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 adiasbatic compression exponent. Thus it would appesar
that methanol has attractive potential as a fuel for highly-
efficient, 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 vield two of the

three varisbles, 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 CONCLUSIONS WITH REGARD TO RICARDQ ENGINE TESTS

The principal conclusions of

the Ricardo tests are summarised
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1. The determinsticn ¢f the end-gas temperature was the most
important aspect of this investigation. Randem scatter due to
experimental accuracy was guantified but the possibility of
systematic errors originating from insccurate assumptions

1ot be checked. As far as possible, the instrumentation
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oretical model which was used to characterise the
nock behaviour of gasoline, was too simplified to

the details of the underlying chemical kinetic
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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 asuto-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.

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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d with that of gasoline.

which was used for this research was a six-cylinder
ne, of which one cylinder was modified for spark-
ération. The engine, a Daimler Benz OM 407 had a total
i of 11.4 litre and a bore of 125mm. A range of |
%available having different sized combustion chambers
hfferent compression ratios. A special cylinder head

d from Daimler Benz AG, Stuttgart, which featured 178
hermocouples arrayed across the combustion-chamber

e glmm sheathed, "K" type thermocouple pairs were

ugh holes in the cylinder head and the temperature-

unction was formed by a 4um layer of gold plating‘ The

ast-response temperature measurements were used to -

generate two-dimensional maps showing the flame propagatidhfand

the wall te
heat flux w

mperature at each crank angle, from which the local

as 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 cycie
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 -of 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 1itself

‘was used to signal a known gas-temperature situation.

3.1 LITERATURE OVERVIEW

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.

‘Nalv] ]- : ] 3 - ] ] l 3 - ’ -

:Knock may be regarded as a race taking place between the
vﬁaturally 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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ks. With gasoline, factors such as reduced engine

ncreased flame transit distance increase the tendency
e to knock by allowing more time for the chemical

.0 take place in the end-gas.

of a combustion chamber for a spark-ignition engine

compromise between several

>
re

conflicting quirements.

rermodynamic viewpoint, and

the compression ratio,

yressure and temperature should be maximised. However,
>nce of knock represents a barrier to the incréased
 ratio. Since the auto-ignition originates in the end-
an obvious concept is to cool this region whilst

the compression ratio. This may be achieved by

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

high surfac
to increase
from end-ge
efficiency

increased ¢

re area-to-volume ratio, or having high gas velocities

-

=

the heat transfer. However, the energy loss stemming
1s'cooling represents an overall reduction in
negate the benefit of the

In the case of the gasoline engine,

which may, to some extent,

rompression ratio.

reducing the time that the end-gas is exposed to elevated

temperaturés is the other obvious concept for the suppression of

knock. Typically, this is achieved by having = qmaller cylinder

size or by
combustion
combustion

place, and

The applice

illustratec

Engineering,

possible to o

than conventional combustion chamber designs,

same gquality fuel [34].

NAPS-Z open chamber,
design (HRCC),

the three ¢
burn was a
The HRCC d

means of increased turbulence to promote rapid
. If used in conjunction with end-gas cooling, reduced
duration also reduces the time_that heat loss can take

it is not always clear which concept is dominant.

stion of these combustion chamber design concepts was

d in a2 recent overview publication by Ricardo

which revealed that by suitable design, it is’.
perate engines with 1 to 2 compression ratios higher
whilst

Three designs were compared:

using -the
The Nissan
the high-ratio,

compact chamber in head

and the four-valve pent-roof chamber. A sketch of

iesigns is shown below. With the NAPS-2Z chamber, fast
chieved by using twin spark plugs and high swirl level.

esign 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.

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
ccncentrate 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 shoyed 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
tirbulence was shown to increase the knock limit. This conclusion
. was based on results obtained using shrouded inlet wvalves, which
despite having a unacceptable influence on engine breathing at

"high speed, served to demonstrate that the turbulence generated

sm.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.



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.
Turbulence was found to be the general mechanism for increased

Qomhn:fin'n rete hbut

e D W e e -

T

L]
Y

was shown to have some negative impacts

toc; it increased heat loss and decreased the maximum power.

Shrouded |inlet valve test results indicated that the generai
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 1t 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
multiple‘ignition. Diggs [38] experimented with A side-valve CFR
research engine which was equipped with 17 spark plugs and was
used to investigate the relationship between burn speed and
knock, without changing other engine parameters.

It was postulafed that, if an 1increased combustioﬁ rate acts to
increase the end-gas pressure and temperature, the benefit that
might be lexpected 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
simultanejpusly, 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 negligib}e in
terms of |its likely effect on knock and it was noted that;shorter

combustion duration that resulted when all the plugs were fired

together resulted in a significantly reduced Octane regquirement.
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 region was an important consideration and that the end-

Il
1
1
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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 reguirement.

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 bétween 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
Maly [38]. 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, 1t may be appreciated that the traditional technigues

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

‘gasoline, methods of knock control involving more rapid
“combustion are not applicable. Moreover, it follows that methanol
iis 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 asuto-ignite are the temperature and, to a lesser
"extent, the pressure of the end-gas. This leaves end-gas cooling
"85 the only viable option for extending the knock limit of the

methanol engine.
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Gatowski [
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generated‘
that part

37] also studied squish as an alternative method of
the combustion rate and found that the turbulence
by the squish action was very localised and limited to

of the combustion chamber close to the inner edge of

the squish region. It was presumed that the high squish

velocities
and theref

resulted in localised heat loss to the chamber walls

ore the squish zoné shquld 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 beccming more cpen, with the result that the [lame can
initially grow unobstructed, with maximum surface area and thus

maximum Sspeed.

This last observation was observed experimentally by Lucas (407.
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 Maly 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
sgquish zone. The bump clearance was 0.8mm in this particular

experiment.

:“fThus 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
v in the squish zone which, in turn, results in & lower end-gas

temperature.
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c¢) The turbulence generated by the squish .action results in =
rapid combustion rate that suppresses knock by reducing the

time ayailable for auto-ignition reactions to occur.

d) The compact combustion chamber shape that indirectly results

from the squi rapid combustion by virtue of

the large initizl flame-front area. This suppresses knock by
reducing the time available for auto-ignition reactions to

occur. ’;

It was recpgnised that the confusion surrounding the mechanism of
squish wasL in part, reflected in the lack of understanding of
heat trans%er in engines as a whole. However, whilst gasoline

wou ld respénd favourably to any one of the above mechanisms,
methanol cLuld be expected to respond -favourably to only the
first two which invclve end-gas cooling. Thus it was appropriate
that the present research effort should concentrate on the
problem of | heat transfer in the squish zone, and its potential

for the suppression of methanol knock.

i
|

Two heap—tfansfer 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 difficulties associated with the study of heat transfer in

engines were summarised very concisely by Borman [31]

"The heat flux to the surface of a reciprocating-engine
combustion|chamber varies from zero to as high as 10MW/m? and
back to zero again in less than 10Omsec. The flux also varies
dramatically with position; portions of a surface only lcm apart
can receive peak fluxes differing by as much as OHW/m?®. To add to
the complexity, 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-dimensicnal 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 gquasi-steady state assumption is used, as indicated

by the expression,
Q' = h A (T - Tw) kW/m?2

where @~ 1s the heat flux, "h" the heat transfer coefficient,
"T" is the bulk gas temperature and "Tw” 1is the wall surface
temperature. To incorporate different wall temperatures in
different parts of the combustion chamber, the expression may be

modified,

An (T - Twn) kW/mz
1

£LO
1
jo g
H M=

n

‘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

fbrmula,
-3 0.33 0.5
h = 7.87x10 Cm (P T) kW/(m%K)

_“where "Cm" is the mean piston speed and "P" and "T" the pressure
4and temperature. This formula was widely used and was modified
3'slightly by various subsequent researchers to correlate with

specific test results.
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Dimensional analysis was considered as & means to a more
fundamental expression for heat flux. The energy eguation, which
consists of the storage, conduction, convection, pressure work
and heat generation terms, contains too many unknowns to be

solved in its entirety and simpler models have been proposed of

the form,

| - -

|
Taylor [18] showed that the time-averaged heat flux exponent,
"n", ranged from 0.5 to 0.9, depending on the engine type'and
when the Reynolds number was based on the cylinder bore with a

mass flow rate that was equivalent to the mean mass flow rate
through the engine.

Annand [41] proposed the following formula which is based on the

similarity|law of steady turbulent heat transfer.

. K 0.7 4 4 :
1 q = a j Re (T - Tw) + b (T - Tw) kW/m?

where "a" 1is a constant ranging from 0.35 to 0.8 depending on the
intensity of the charge motion. The second term represents the
radiant heat flux and was based on gray-body radiation. The
constant, ‘[b", was suggested to be 4.3x10-12 kW/m2K< for spark
ignition engines.

Woschni s equation [42] 1is yet another widely used correlation
based on the similarity law, but derived from an engine heat

balance.

~

» 0.8 0.8 _-0.2 _-0.547 L
'h = 0.0136 W - P D T k¥W/(m?K)

|

E

where the Jeference velocity, "W", represents the mean gas'”

velocity affecting the heat transfer and is given for each stroke

of the engine 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 ncot 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 assumptions. 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 podeling: 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 flujid-dynamic models: Blumberg [43]
stressed the importahce 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 floh 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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3.2 THEQRETICAL BASIS
3.2.1 Heat flux calculation from wall temperature measurement

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

vcomponent:
B d N g 0.5
Q . n . _ X
dt = Qm + knzl [ZE] [(An+Bn) Cos(ngt) + (Bn-An) Sln(ncz!t)]
(3-1)
_ In practice, the value of average heat flux, “ém”, is not known.

‘-iﬂ‘However, at some point during the compression stroke, the wall

"‘surche 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 engine operating at border-line knock conditions, the
Ricardo knock-characterisation data was used to determine the
bulk end-gas temperature. With this data, and with the measured
surface temperature at the location of the auto-ignition origin,
it was possible to determine the boundary layer temperature

profile.

A similar|approach to that of Oguri was adopted (see section
3.1.3), in that the convective term from the energy equation was
eliminated by assuming an effective conductivity for the gas
boundary layer. This simplification was reasonable since the area
of interest was in the squish zone, where the gas flow was |

predominantly parallel to the cylinder-head surface. The distance

between the piston-crown and the cylinder head was divided into
50 equsal elements. The calculation was initiated at the point
where the|gas temperature and the wall temperature were equal. At
each successive crank angle, the temperature of each element. was

|

incremented as a result of the pressure work. The gas temperature
profile wgs calculated using Schmidtt’'s method described by
Holman [44] and Schlichting [45], to match the total heat loss
from the end-gas zone with the heat flux into the cylinder head
that was determined by the method described in section 3.2.1

above.

The heat flux to the piston was assumed to be equal to that
flowing into the cylinder head. This assumption was justified on
the basis|of typical data given by Borman [31]. The reported
figures indicated that about 504 of the heat lost went into the
piston and 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
piston and the cylinder head. The remaining 20% heat flux was

assumed to be lost to the valves and the cylinder walls.
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3.3 EXPERIMENTAL 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. Details of the thermccouple
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 that thermocouple

number 10, (Tc 10), was defective.

The principal details of the test, cylinder were:

Bore ‘ 125 mm
Stroke 155 mm
Connecting rod 256 mm
Compression Ratio 9.5 (Gasoline tests)

12.5 (HMethanol 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 borderiine knock with wide-open
thfottle and at 1300 rev/min. As with the Ricardo tests, the
fuels used were commercial grade 98 RON gasoline, and standard

grade methanol.

- Details of the software routines that were developed to analyse

" the data are included in Appendix D.

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 & pressure transducer access hole was fitted. The trigger
and ignition point were calibrated againsf the motoring pressure
signal and teéts were conducted to establish the boundaries of
air flow, |fuel flow and ignition timing that would permit knock-

free and knocking operation.

compression ratio was too high te

P

It was fouwnd that the $.5:

1))

ermit knock-free operation at wide open throttle with the timing
n the normal range that would result in the peak pressure

ccurring |about 15° after TDC.

On removal of the cylinder head slight signs of piston crown
damage were evident, having the classical rough erosion
appearance attributed to knocking. A photographic reproduction of

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

sufficien%ly severe to warrant changing the piston and was

considered a bonus in that the exact locations of the knock

origin were clearly evident.

The standard cylinder head was replaced by the thermocouple head.
A series of tests was performed with the engine operating without
knocking and all the thermocouple signals were scanned. The
pressure trace before and after the scan was also recorded. A

single test sequence of knocking operation was undertaken whilst
monitoriné a thermocouple array which projected radially into the
area of known knock origin. During this test two thermocouples,
numbers 3 |and 70, were damaged and it was decided to limit the

knocking test to avoid further damage to the cylinder head.

The piston was changed to raise the compression ratio to 11.5:1
and the standard cylinder head was fitted. The fuel system was
drained a#d flushed with commercial grade methanol and fifing
tests resumed. This compression ratio was found to be too low and
knocking could not be induced at any speed. It was apparent that
the combustion was close to knocking by the level of high
frequency |combustion noise 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 twc 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 had no effect. A
"solenoid valve had been incorporated in the fuel injectibn 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.

't 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 were found between the spark plug aperture and both the

inlet and |exhaust valve apertures. Figures 11 and 12 show

photographs of the damage to the cylinder head. The piston showed

no sign of
in figure
land ares
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3.4 DISC

3.4.1 QM|

As this w%
to the an%
the gasoli

|
A typical?
14 and 15.
cycles. TH
arrowed in
near the s
thermocoup
progressiv

temperatur

knock damage, as is apparent from the photograph shown

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

the swirl pattern.

USSION QF RESULTS

107 T R ] With G 13

s the basis for comparison, attention was first given
lysis of the gasoline combustion characteristics and

ne flame propagation.

example of two thermocouple traces is shown in figure'
These traces represent the average of 50 engine

e point of flame arrival was clearly evident, shown
each figure. In
park plug. After
le at -6°CA, the

ely heated by the subsequent pressure rise until a pesak

figure 14, the thermocouple was sited
the flame had passed over the

product gas temperature was

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

trace of d thermocouple sited in the squish zone at the outer:

extremity]

at +7°CA.
temperatur

gas by the

With the e
state cond
cycles and
for each t
contouring
using line
used. The'

of the flame travel. Here flame arrival was much later,
Prior to the flame arrival, there was a significant
e rise corresponding to the compression of the unburned

rising pressure.

ngine operating close to the knock point at stesdy

itions, all the thermocouples were sampled over 50

averaged. The point of flame arrival was determined
hermocouple and the results were processed by a
.program. The inlet and exhaust valve areas were filled
ar interpolation and a simple smoothing algorithm was

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 1s tangent to the bore
since in that region there were no thermocouple readings to
permlt 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
8. 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

vdétonation.

- 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 difference in temperature
‘  across the surface of the cylinder head. This was studied more
‘qlosely 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
1plug and the exhsaust 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 acroés the
tgylinder 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



the import
measuremen
thermocoup

tacitly as

As stated
undertaken
damage to
knocking o
thermocoup
known knoc
recording
equilibriu

generally

From the 5

combustion

discussionl.

Although t
knock 1itse
too high t
and was th
correspond
figure 18.
point aver
a greater

locations.
the flame

‘transducer
although 1
other poin

thermocoup

The heat f
as describ

two thermo

o4

ance of using a large number of surface temperature

ts.

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

les in his study of the mechanism of knock damage,

sumed that his measured temperature values were

tive of the whole combustion chamber,

which 1s quite

—~ -

earlier, a full scan of all the thermocouplés was not

under knocking conditions to minimise the chance of

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

peration
le array
kK origin.
was made

m,

was undertaken whilst monitoring a

which projected radially into the area of
It was apparent that the thermocouple
before the engine had reached thermal

since the local surface temperature levels were

lower than those indicated in figure 17.

0 cycles captured,

a typical example of knocking
and non-knocking combustion was selected for

Figure 18 shows the two pressure traces superimposed.
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couples depicted in figure 19, are shown in figures 20




- 55 -

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 discussion, 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?,
the knocking combustion revealed a distinct trend, with the
minimum peak heat flux occurring at the supposed knock origin,
and increésing 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-layver temperature profile.

Borman [31] noted that the measured surface temperature varies

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

Mlengine 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

M:vcycles 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

',,Hits 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 the end-gas
zone, revealed two characteristic peaks, a small peak at -17°CA
and & major peak at 14°CA. The main peak clearly corresponded
with the flame arrival. The much smaller peak was thought to 
relate to the heat transfer associated with the squish-gas
motion. As |[the piston nears TDC, the nigh gas velocities
associated |[with the sguish action result in increasing heat
transfer. However, with the expansion of the burning gas
following ignition, this inward flow 1is arrested, and the heat .

flux drops jagain.

A similar ﬁffect was noted by Alkidas {48] who used heat flux
probes (fast response surface thermocouples) in a divided-chamber
diesel engine (Comet head). For two probes situated in the engine

main chamber, the heat flux showed two distinct peaks similar to
the ones séown in figure 23, one just before TDC and the second
at about 30° ATDC. The first peak was ascribed to the effects of
the compression gas motion and the second to the effects of
combustion |in the main chamber. The effect of increasing the
engine speed from 1000 rev/min to 2500rev/min resulted in a
compression heat flux peak increase of 0.7 to 1.0 MW/m?®, and a

combustion  heat flux peak increase of 27 to 36 HW/m2.

The characteristic fuel constants obtained from the Ricardo tests
were used to determine the gas temperature in the end-gas region
under knocking conditions. The pressure diagram and engine speed
provided the necessary basis for the calculation and the gas
temperature was calculated in the manner described in section
2.3, the only difference being that, in this case, the starting
temperature has unknown and had to be determined by trial and
error, until the point at which knock occurred corresponded with

the theoretical characteristic expression for gasoline.

t .
€ dt

1 = B850

-0.6868 T(t)

1.68x10 ° P(e) . e (3-2)

to
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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 diasgram) 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 1mm).

The same analysis was performed on the adjacent thermocouple
positions with interesting results. Figure 28 shows the
temperature profile at position 3, the absolute outer extremit&.
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
effect.

.This result may relate to an observation made by Haly [38], 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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bowl, is shown in figure 28. The analysis predicts

that adiabatic temperatures will be achieved here because the
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thermal boundary layer is only 1lmm to 2mm in thickness. Although
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dimensiona

the assumptions implicit in the one-

analysis are not strictly valid outside of the swish
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areas of pesk heat flux that occurred following knocking

combustion,

as was indicated in figure 22. This would seem to
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107 Test Results With Methanol
with the petrol tests, the engine was operated using
ose to the knock point and at steady state conditions,
thermocouples were sampled over 50 cycles and

he point of flame arrival for each thermocouple was

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

detall 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 pfesence 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 zone. Of the 20 cycles, 189 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 aill.
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flux calculation for methanol combustion at border-1line
conditions was analysed in the same manner as that of

ine data. An example of the heat flux for thermocouple

iis shown in figure 35. As was the case with gasoline,
jevidence of squish-induced turbulence at about -18°CA
ulted in a small peak in the heat flux, which diminished
uish was counter-acted by the gas motion associated with

. propagation.
|

end-gas temperature was determined by trial error to
with the simplified methanol knock model that was

and discussed in Chapter 2, ie.

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

ting temperature diagram revealed an interesting

Figure 36 shows the gas temperature development with
it may be noted that for half the compression stroke,
emperature was sub-zero. This was attributed to fuel
on. The fuel was injected into the inlet port in liguid
allowing for the difference in air-fuel ratios between
and gasoline, it was known to have a latent heat

of 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 bouncary layer having taken place. The expianation for
~this difference between the anaiysis for methanol compared tc
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
3.1.1, 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 OM 407 engine, a piston-crown to head
clearance of much less that 1lmm 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 boundary 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 situation 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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the effect ¢of the relatively less developed thermal boundary
layer 1in the case of methanol correlates with the subjective
observation already noted, that methanol either knocks severely

or not at all.

Y1)

A CONCTLUSIONS WITH REGARD TO THE OM 407 TESTS.

The principal conclusions of the Daimler Benz 407 engine tests

are summar/ised below:

1. The mapping of the flame profile, indicated by the sudden
rise in surface temperature, correlated with the mapping of
the combustion chamber average surface temperature for both
the galsoline tests and the methancl tests. Confirmation of
the flame profile was obtained in the form of slight knock
damage|l that left witness marks on the piston after the
gasoline tests and resulted in damage to selected

thermocouples after the methanol tests.

2. The flame-mapping data indicated that the turbulence and
swirl was 1increased 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 Maly, this difference was assumed to be solely due to the

different levels of turbulence and swirl in the two tests.

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

tests,iwas used to determine the gas tempersature in the end-

gas re%ion. This datz, in conjunction with the surface
temper%ture data, revealed that the end-gas region was not
effectlively cooled by the squish design, and that the core
temperéture of the end-gas was essentially the adiabatic
temperhture 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 gassoline 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 effective in cooling thé
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.

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 O0.5mm 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 1lmm or less, could
potentially have & 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.

‘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
cccur 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 ther€¢ 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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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-
limit 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 st 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 motdr racing
experience, although high-speed knock usually results in'such
severe engine damage that the cause is generally difficult to

ascertain [489].

The study of heat transfer in the end-gas zone of the Daimler
Benz 407 engine revealed thap whilst squish is indeed a very
effective method of suppressing knock with gasoline, the
characteristics of methanol auto-ignition render it wvirtually
insensitive to increased turbulence and increased 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 Motor 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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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 consegquence on the final
~end-gas temperature.

4.1 RECOMMENDATIONS 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 gngine 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

o 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 applicability
of the Research and Motor Octane numbers to modern engines and
fuels.
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The gas temperature determination was identified as the

greatest source of
analysis. Not only

engine |research 1in

reliab%e, accurate

uncertainty in the knock characterisation
for this type of analysis, but also for
general, there 1s an urgent need for a

and robust temperature measurement device.

Although methanol was the focus of this research study, it 1is

probabie that the results and findings are, in some measure,

applicable to ethanol. Since ethanol 1is already utilised as a

basic fuel in Brazil, this research is obviously pertinent.

The effect of blending fuels such as methanol and gasoline

represénts the most difficult analysis situation of all.

Although tempting,
knock reactions of

gradual transition

there 1s no reason to suppose that the
the blend fuel will simply exhibit a

from the one fuel to the other. Since 1t is

already current practice to blend oxygenated fuels with pure

hydrocdarbon fuels this would seem to be an area for parametric

studies with a view to a more fundamental understanding of the

blending process and the effect on abnormal combustion.
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Thermocouple cylinder head following severe methanol

)

inocking which removed some of the gold plating.
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Figure 12. A close view of the cracks in the cvlinder head.



Figure 13. Piston condition after severe methanol knocking.

(Note: The marks on the piston were burnt oil stains)
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Engine : OM 407
Compression ratio : 8.5

Engine speed (rev/min) : 1311

Ignition (°BTDC) : 16

Fuel type ' : Gasoline (88 RON)

A/F Equiv. ratio : 1.03
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Figure 17.|Cylinder head iso-therms for gasoline combustion at

incipient knock conditions.

Inner contour at 4350°C
Increments at -25°C ‘
Outer contour at 175°C

Engine : OM 407
Cbmpression ratio : 9.5

Engine speed (rev/min) : 1311

Ignition (°BTDC) 18

Fuel type : Gasoline (88 RON)

A/F Egquiv. ratio : 1.083
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Figure 27. Gas temperature disgram 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 : OM 407
Compression ratio 8.5

Engine speed (rev/min) : 1311

Ignition (°BTDC) : 186

Fuel type : Gasoline (88 RON)
A/F Equiv. ratio : 1.08
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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 adisbatic

temperature for the same instant.

Engine : : OM 407
Compression ratio : 9.5
Engine speed (rev/min) : 1311
Ignition (°BTDC) : 18
Fuel type : Gasoline (98 RON)
A/F Equiv. ratio : 1.03
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Figure 28. End-gas temperature profile st the instant of flame
arrival at the location of thermocouple number 37 for
gasoline combustion. Also showing the adiabatiec

temperature for the same instant.

Engine _ : OM 407
Compression ratio : 8.5
Engine speed (rev/min) : 1311
Ignition (°BTDC) : 16
Fuel type : Gasoline (88 RON)
A/F Equiv. ratio :1.03
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_ Figure 30. Flame contours for methanol combustion at incipient

knock_conditions.

Inner contour at -8° c¢c.a.
Increments at +1 ° ¢c.a.
Outer contour at 8° c.sa.

Engine : OM 407 |

Compression ratio : 12.5

Engine speed (rev/min) : 1364

Ignition (°BTDC) : 18

Fuel type : Methanol
. 0.87

A/F Equiv. ratio



- 104 -

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 : OM 407
Compression ratio :12.56
Engine speed (rev/min) : 1364
Ignition (°BTDC) : 18

Fuel type Methanol

A/F Equiv. ratio 0.87
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Figure 32. Thermocouple number 27 signal for 20 successive cycles

showing an isolated case of methanol knocking.

Engine : OM 407
Compression ratio :12.5
Engine speed (rev/min) : 1388
Ignition (°BTDC) : 18
Fuel type : Methanol
A/F Equiv. ratio : 0.88
T
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Figure 33. Pressure diagram corresponding to the knocking cycle
in figu:e 32.

Engine : OM 407
Compression ratio : 12.5
Engine speed (rev/min) : 1398
Ignition (°BTDC) . : 18 : . I
Fuel type - : Methanol
A/F Equiv. ratio : 0.98
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Figure 34. Thermocouple number 153 signal corresponding to the

knocking cycle in figure 32.

Engine : OM 407
Compression ratio : 12.5
Engine speed (rev/mln) : 1388
Ignition (°BTDC) : 18

Fuel type : Methanol
A/F Equiv. ratioc : 0.88
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at incipient knock conditions using
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Figure 36. Gas temperature diagram at thermocouple location 17,
calculated with the aid of the characteristic fuel

constants for knocking methancl combustion.

Engine : GM 407
Compression ratio : 12.95
Engine speed (rev/min) 1388
Ignition (°BTDC) 18

Fuel type Methanol
A/F Equiv. ratio 0.98
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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 : OM 407
Compression ratio :12.5
Engine speed (rev/min) : 1388
Ignition (°BTDC) : 18
Fuel type : Methanol
A/F Equiv. ratio : 0.98
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»Figure 38. End-gas temperature profile at the instant of flame
arr,ival at the location of thermocouple number 19 for
methanol combustion. Also showing the adiabatic

temperature for the same instant.

Engine : OM 407
Compression ratio : 12.5
Engine speed (rev/min) : 1388
Ignition (°BTDC) : 18
Fuel type . : Methanol
A/F Equiv. ratio : 0.98
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In a pioneering paper by Rifkin and Walcutt [fU), an attempt was
made to characterise fuels in terms of an ignitioh 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

haye the form:

0.

a
t

0.

= f{ a,T,P,¢,fuel } (A. 1)

Where: concentration of the pertinent reaction component
the gas temperature
the pressure, and

the equivalence ratio of the fuel/air mixture.

a
T
P
@

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:

B
da _ , .n T
dt = a AP e (A.2)
Where: A’ = constant
n = pressure coefficient
B = temperature coefficient

It was assumed further that the ultimate conseguence 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, te, 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 computéd
by & straightforward integration of the equation (A.2) from some

t

time origin, "tg’

B - .
-n T '
T = te - toe = AP e (A.3)
. - Lngac}
Where: A = A" Ln(aa)
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 discrepancies. However, they
concluded that: '

"It is difficult to evaluate the seriousness of this
discrepancy because 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 tempersture levels. Thus the

critical time, te, is determined by the equation:

te dt
1 = B
A P"(E) eT(t) (A,g)

T to
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.Expressed in this form, the sihgleneSs 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

“Ju_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 oécurrence, has limited practical application to
the wide variety of commercial fuels and engineé. A rapid
compression machine is not suited to operation with a wide
beiling-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:

-

tci dt

" "From a mathematical view point, since there are three unknown

7 - constants, at least three different conditions must be fulfilled

to determine a solution which characterise the fuel. In practice,
it was desired thst 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.

” n tes dt ' . i
sQ = _" 1 - B (A.B)

- -n  Tict>
1=] [ (A Pi(t) " e ¢
o

The standard deviation also served to indicate: the accursacy of

the fuel coefficients.

The method of solution of equation (A.B8) 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" = 8000, was found by
inspection as indicated. The range of “"n" and "B" could be
narrowed to find & solution to the desired precision, and hence
the value of "A" and "SQ".

Non-13 . ] . (A6

Standard Deviation Of The Mean Of "A" (Percent)

n\B 6000 7000 8000 8000 10000 11000 12000

-0.00 11.80 10.28 8.05 8.31 g9.18 11.05 13.68
-0.30 10.40 8.27 7.94 7.13 7.88 9.93 12.62
-0.860 g.11 7.98 6.78 6.25 7.11 8.87 12.96
-0.80 7.82 7.41 7.17 6.76 7.84 10.10 13.23
-1.20 8.57 8.03 7.55 7.45 8.89 11.22 14.43
-1.50 9.28 8.66 7.78 8.69.-} 10.83 13.05 16.86




The single cylinder engine used for these studies was the Ricardo

E8 research engine. Principal details of the engine are:

Bore : 75 mm
Stroke 111 mm
Connecting Rod 242 mm
Compression Ratio Variable

The engine was operated naturally aspirated with the water
temperature held constant at 638°C and the o0il 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
fiming and inlet temperatures. A stoichiometric air/fuel rsatio

was maintained throughout the tests.

The combustion chamber of this engine 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% aromatics and 10%
olefins. The lead content was 0.6g/1.
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B.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 transducers’

calibration was checked periodically using a dead-weight tester.

A computer-based data acquisition 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 108
conversions per second although, if more than one analogue input
was reguired, the sigZnals 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-18 system, which was designed to slot

into an IBM 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 tfigger signal was
obtained from an AVL type 360c¢/800/s optical crank-angle marker
unit. This shaft encoder unit also provided an accurate crank-
angle referencé 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 sat
borderline knock and the engine knock itself was used to initigte
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 7kHz. 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 & 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

'1data capture) and the pressure transducer signal was therefore

FY

Qf‘freg from the after-effects of thermal shock that could follow a
“knocking cycle.

The crank angle marker unit was also used to calibrate the engine

speed indicator using a digital frequency couﬁter. 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 procéssed

sz pressure and temperature data from 80° 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-18 Parameter File
and input the experimental dats.

I \
[ Read the trigger data channel and locate TDC ]

I

Read the pressure data channel, convert to approximate
absolute pressure and locate the knock point.

I

l Calculate the ges temperature up to the knock point.AJ

|

l Save absolute pressure and temperature l

Rj I . I lysis £l {5
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The following experimentai data was alsoc required in order to

perform the analysis:

- the pressure transducer calibration (Bar/V)

- the atmospheric pressure (mm Hg)

- the atmospheric temperature (°C)

- the inlet temperature after the inlet heater (°C) .
- the air manometer reading (mm)

- the engine speed (Rev/min)

- the compression ratio

- the ignition timing (°BTDC)

~ the heat input (W) B

- the fuel type (Gasoline=1, Methanolz=z2)

‘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 &
separate channel. This checked visually from the graphical plot

shown below.

Trigger Dats
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| . 1 showi I ] ion TDC offse

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 daté,
capture, the digitised pesk 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-1line, shown in the example overleaf.
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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 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, 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
:’3teps of one crankshaft degree, corresbonding with the measured
préssure data. The calculation was halted at the point that knock

occurred.

The figure shown overleaf illustrates a typical temperature
““'profile calculated by this method.
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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 behéviour, 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.

" PRESSURE DATA IXTECRIAL FURCTION
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Besides the theoretical Kknock 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 regfession data was saved as a data file

and imported into a spread-sheet program for plotting graphs such
as that shown below. o
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The one-dimensional, unsteady heat conductionquation is given
b .

v
g =

8T _ 1 - & g 81T
t © pc  8x 5x .
(C.1)
where the density of the wall material
the specific heat of the wall mateal

the thermal conductivity of the wa material.

~ 0y
1nuon

Since the surface temperature variation is perlic, equation
(C.1) may be conveniently solved by using a Foier series
approximation of the femperature profile to pewrm the
integration. The heat capacity, "pc”, and the trmal
conductivity, "k", are assumed to be constant & equation (C.1)

reduces to:

8T -« 52T
5t - 8x? (C.2)
where a = i% = the thermal diffusivity oftt

wall material.

The steady periodic surface temperature, "Tw", chinm with ,
angular velocity, "g" rad/s, and can be expanded inthe Fourier
series given by:

Tw = Tm+ % [ An Cos(ngt) + Bn Sin(ngt)  (C.3)

where 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,



-C 2 -

the value of temperature as a function of time and position is
given by: .

T(x,t) = Tm - x 4+ §

L e®" [ An Cos(ngt-Zn) + Ba Sin(ngt-Zn) ]
n

(C.4)

1
0.5

2a

.. Where ¢n = -X [ ng
the mean heat flux over the full period.

| S

0
B
n

From equation (C.4), the surface heat flux may be computed as:

L& ] e ]
T . bx L0 (C.5)

Thus, inserting equation (C.4) into equation (C.5), performing
the differentiation and setting x=0, the heat flux at the surface

simplifies to:

0.5
%% = ém + kngl [ %g ] . [(An+Bn) Cos(ngt) + (Bn-An) Sin(n¢t)]
. ' (C.B)

In practice, the value of average heat flux, "gm", 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 as:

0.5

. N .
am = - k 2 [ ng } . [(An+Bn) Cos(ngta) + (Bn-An) Sln(nﬁto)]
n=1 2¢
(C.7)
where To = the temperature at the point where the gas and the

wall temperatures are equal.
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APPENDIX D - EXPERIMENTAL DETAILS QF THE DAIHLER:.
BENZ QM 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 with the special

thermocouple cylinder head.

The principal details of the test cylinder were:

Bore 125 mm
Stroke 155 mm
Connecting rod 256 mm
Compression Ratio 8.5 (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 aﬁ 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 1800 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 ﬁiming 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 intoc 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

_pefmitted adjustment of the fuel pressure to yield a desired fuel

flow, before the fuel was actually fed tc 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
a8 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 4um 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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The tests were conducted with the engine fully warmed, the water
temperature being controlled byvthe thermostat in the usual
manner. The tests were conducted at borderiine knock with wide-
open throttle. Only one engine speed of 1300 rev/min was
investigated because the thermocouple cylinder head was damaged

during 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 gascline, and standard grade methanol.
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D.1 ANALYTICAL EQUIPHENT

An AVL water-cooled pressure transducer, type 12QP, was used for
all the tests. The transducer signal was processed using a

' Kistler model 588 charge amplifier. The pressure transducer
»calibration was checked périodically 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 waférjacket.vThe
cylinder head was damaged during this test and therefore the
expériment 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 AD584. 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 diasgram of the scanner unit is shown

diagrammatically below

16 Thermocouples

CD 4052 CD 4052 CD 4052 CD 4052

sl I

Selected
Thermocouple
Output

[ ]

CD4051 CD 4052 CD 4052 CD 4052 CD 4052

Enable 16 Thermocouples

+15v

Digital
Selection

; Lo D 0f The S Elec .
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A computer-based data acquisition systém was used having the
capability to multiplex and digitise up to eight analogue signéls,
at a rate of up to 27000 coﬁversions per second. The systgm was
based on é hardware card by Data Translation, the DT2801la, which -
was desigﬁed to slot into an IBM XT personal cdmputer. Siﬁce the
sample frequency was too slow to permit sihultaneous capfﬁre 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 -0.0 dB
S5 to 10 kH=z - -0.5 dB
10 to 15 kHz ‘ -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 of checks were performed to test the ansalytical
equipment for signal integrity, background noise levels,‘
frequency fesponse, etc: The tape recorder was found to be a
source of high fregquency 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 degradsation.

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 each
i
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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 moriitoring the trigger channel on the tape
__recqrder during playback using an accurate frequency couhter. A
» ‘;iow—pass filter was constructed for each channel that could be
‘d:fféet according to the rate of digitisation to 40% of the

conversion frequency.

D.2 ANALYSIS SOFTWARE

Because of the large quantity of data involved, & number of
programs were written to handle the file organisation and

manipulation. The following diagram shows the main program

structure:
{ Main Menu of Program Options J
] ] 1 1
Generate =& List all View a Calibrate
new master naster file data file engine speed
record titles T or trigger
[ N |
Capture data -
and save to [ Data Analysis Sub-Menu
data file 1 T 7
| E— Identify Calculsate Calculate
the flanme the average the heat
arrival of a number flux at one
instant of cycles Tc location
] | F________
Contour
Mapping Use the Ricardo datsa
Progran to determine gss
] temperature & thus
i | I analyse the thermal
' boundary layer
| .

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 Conditions

Test Ng: 17 Date (mm/dd/yy): 02-17-1886 Engine: OM 407

Title: Tc group 7 - Non-knocking with gesoline

Ambient Pressure (mm hg): 750 Anbient Tenperaturg (*C): 25

Engine Settings - Compression Ratio : 8.5
. Speed (rev/min) ¢ 1312
Ignition (°*BTDC) : 18
Fuel type : P(88)

Parameters ~ Air Flow (g/s) : 20.8 Coolant Temperature (°C): 72
Fuel Flow (g/s): 1.44 Exhaust Temperature (°C): 885

Tape Recorder - Trigger Angle (°BTDC) : 210

Data Read Interval (°*CA): 1

Number of Cycles : 80
Channel B2 T 1 : 2 : 3 H 4 H ] : [ :
Transducer :Tc-178 :Te-168 :Tc-158 :Te-148 :Te-130 :Te-113 :
Unit Full Scale : 500 : 500 : 800 : 500 .: 500 500

Example of a Haster 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 Scale @ Serface Temperature (°C)
U T T T e T T T
28} ool
2
1
fille : : : :
LT T PR
168
178
1681 -
158
148
R S S R R :
lzJilililililll‘lllll:ll;
-EBG -1 -8 ] (4] 128 188

Crand fagle (degrees)

Examp_lﬁ_auhé_xiﬁﬂ;dﬂia_.D_mgmm



‘.The flame-arrival identification program was based on the
processed data f;om 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.

298 . : ‘Ar\ierillgoi k!nlo : E-yer:(lu (!'C)

xsh ..... .....

-198 -150 -f2¢ -9 -8 -3t 1] n 0 9 0
Crank Angle (degreen)

Id £ 5 . f the £ _ val i

The contour mapping could be selected from the flame-arrival data
. or from the average surface temperature. Linear interpolation of
'amy missing data (under the valves for example) was carried out
rfirst, 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.



The heat-flux calculation method is described in Appendix C. An

exgmple of the result of this calculation is shown below.

e Thase lrrlvll:
'-lBl -2 ) [} 1} 18 188
Crask Angle (degrees)

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 =
spread-sheet program for graphical representation, as illust;ated

below.

Cylinder heod

-t -

-2 ' Adiobobic
Tamp.

Distance (mm)
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