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AD ST RACT
The combusition processes in a dual-fuel engine
are atc filrst exanlned through the computation and analysis
£ effective rates of combustion heat release. An exam-
ination cof a large number of heal release records,
covering a wide raage of pllot and gaszeous fuelling rates

suggests that in dual-fuel engines the ccmbustion generally
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together with a substantial fraction of the gaseous charge.

Detalls are provided of a generalised computer
programme developed in Fortran IV, which is workable for
the computations of rates of heat release for dual-fuel,
diesel, gas and motored autoigniting engine. Errors
norﬁally assoclated with the computations of apparent rates
of combustion heat release are examined systematically and
suggestions for thelr improvement are made. - A comparative
study of dual-fuel encine combustion processes is made by
collating heat release records of various principles of
reciprocating engine operation.

It is shown that the thermcdynamic analysis of
the autoignition processes in a motored engine of propane-,
n-heptane-air mixtures and the blends of propane and
methane with n-heptane yields quantitative information
which provides better understanding of the dual-fuel com-
bustion phenomena as encountered in engines. The
implications and significance of these findings are fully
discussed with direct reference to knock reactions.

It is demonstrated that gross chemical kinetic
data of the self-igniticn of n-heptane and propane in air
together with the role of the presence of a higher hydro-

carbon vapour such as n-heptane with methane and propane



can be obtained using o motored engine. These data are
shown to characterise the dual-fuel combustion phencmena.
Finally, a possibility is explored for a
simplified model to explain on a gualitative basis the
mechanisms in dual-fuel engines under normal and knocking

combustian.
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0. TITNTRODUCTION

0.1 Dual—fuel Engine as a Prime Mover

Any emphésis on the efficient utilisation of
gaseous fuels, whether from natural or industrial sources,
for power production in relatively small units, will focus
attention on the duval-fuel engine as a prime mover.

Under dual-fuel operation the primary fuel is normally
gaseous alt atmospheric temperatures and pressures, and in
the case of Liguified Neatural Gas ought to be evaporated
with exhaust heat. In the four-stroke engines it is
either inducted with the air charge or, in the case of

large engines, introduced into the engine cylihder under

positive pressure during AZQPPASfﬂ n stroke, Also,

during this stroke at some point near to top-dead-centre
position, a small charge cof liquid fuel is injected through
the conventional diesel fuel system to act as a source of
ignition for the main charge. Power output is controlled
by changing the amount of the primary gaseous fuel added

to the air, whilst the quantity of the pilot charge per
injection is usually kept constant for a given engine,
regardless of the engine output and it normally contributes
€@ less than ten per cent of the total heat release at full
load. Engines of this type are usually capable of
operating in this manner or purely on the diesel principle.
Such a system is assuming a particular significance with
“the increased exploitation of natural gas reserves in
various parts of the globe and the prospeéts of increased
avallability of natural gas from sources located in and
around the North Sea (9). '

_ In recent years dual-fuel engines have been used
for. thermal power production; in industry for electricity,
in process plants like sewage treatment plants, in
refineries and for pumping bulk water supply; and in
transport for automotive (8), locomotive and marine
purposes (55). The transportation of indigenous fuels like

Liquified Petroleum Gases (LPG) and Liquified Natural
Gas (LNG) from Alaska, Libya, the Middle East and Algeria



to varicus parts of the globe, otherwise deficlent in
energy sources, calls upoen the development of transmission
and/or transportation techniques in both of which cases
ubal~'UfJ engines are promising in fulfilling the power
requirements. Another important use of dunrl-fuel engines
has been found in reducing the atmospheric pollution by
converting the dicsel transport into dual-fuel operation
utilising L.P.G.(8). Duzal-fuel engines possess the
unparallel flexibility of operation on diescl or dual-fuel
principle which makes them ideal for use in sewage treat-

ment plants where the evaileability of the sewege gas
varies in accordance with the progress of sewage treatment

process.

D.2 The Development of Dual-fuel Encines

- A survev of historical basckground

Although one comes across occasional references
about the dual-fuel principle of operation in the early
part of the present century, extensive investigations on
this system only took place during the Second World War
(1939-1945) when the operability of the prime movers on
gaseous fuels was a pressing need to get round the scarcity
of liquid fuel supplies. Early efforts in the development
of dual-fuel engines were mainly directed towards operating
technigues so that satisfactory running condifions could be
obtained. However, after the War was over, investigators
.could,afford to look with more detail into the problems
posed by the wartime efforts.

Notable investigations during and before the War
were made by Sir Alfred Egerton and collaborators-(18),
whose underlying theme of engineering interest was to
understand the slow oxidation processes and to run the
automotive engines on L.N.G. Whilst the former problem
bore, and still bears, the significance of utilising lean
gaseous fuel mixtures in Internal Combustion Engine, the
latter was spurred ofL in the quest to provide alternative
fuels, other than 'conventional' liquid fuels, for the

producticon of motive power. Perhaps the first 'status'
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report presented in dual-fuel engine combustion was that
by Boyer (14) in 19349, His treatment was, however,
generaliszcd and contained certain remarks which may now be
regarded as extraordinary with the present state of our
knowledge.  For example, Boyer thought that thesc engines
do not ‘knock'. In a rather eleborate study Elliot and
Davis (20) investigeted the loss of efficiency under part-
load performance. They found that at light loads when the
mixture strength of the gaseous fuel is below a certain
critical value, part of the charge escapes the combustion
processes unreacted, thus imposing a toll on the engine
efficiency. '

At TImperial College an extensive research
programme for looking in detail into the Combustion
processes in dual-fuel engines had started in the early
fifties. Moore and Lewls (72) have, in agreement with the
findings of Elliot and Davis, establicshed by direct exhaust
gas analyses that under part-load performance, unburnt fuel
was present in the exhaust and partial oxidation products
were formed. They suggested that this poor performance of
the dual-fuel engine could be improved either by increasing
the pilot quantity or by pre-heating the intake charge.
Moore and Simonson (75), in addition to conducting spectro-
scopic studies of blue flames in the autoignition of
methane using a motored engine, demonstrated the influénce
of injection timings and pilot fuelling rate on the dual-
fuel engine performance. In an exhaustive study of
combustion processes in dual-fuel engines, Moore and
Mitchell (74) presented clearly the nature of the problem
and dehonstrated that an improvement in the combustion
efficiency at low loads can be effected by any of the
following: air restriction; increase in pilot quantityvs
advancing in pilot injection; and increasing the inlet
chargé temperature. They found that air restriction is
the most effective means of controlling the engine part-
load efficiency. They also observed that the values of
preignition and knock resistance for spafk ignition can be
applied qualitatively under dual-fuel engine conditions.
These studies, as may be noticed, were mostly confined to

lean mixtures whose limiting strength used was around 70%



of Chemically Correct value beyond which knock ensues.
The autoigniltion and knock studies of propane as a fuel by
Moore and Roy (73) will be discussed in the introducticn
to Part B. In an interesting exercisc Karim and Moore
studied the proposltion of simultaneous producticn of
power and synthesis gas by running a dual-fuel engine on
rich mixtures (45). Azouz (10) repeated some of
Simonson's work with an extended range of pilot injection
timings. He analysed exhaust gases to assess incomplete-
ness of combusﬁion processes as indicated by the presence
of carbon monoxide and unreacted methane. Rogers (47)
extended Klalt's (51) and Moore and Roy's work (73) by
using butane as an engine fuel and comparing its perform-
ance with that of propane. He experimented systematically
in defining the knock-limited performance on these fuels
utilising three pilot fuelling rates. He attempted to
construct approximately heat release diagram from the
experimentally obtained pressure variations, which was
later ‘extended by the present investigator (49). .
The development of dual-fuel engines for higher
ratings has brought the problem of avoiding knock to the
fore. When this type of engine is required to utilise
richer mixtures of gaseous fuels, as warranted by the-
increased load conditions, there occurs a loss of combustion
control with subsequently higher rates of pressure rise,
increase in heat transfer and consequent loss in thermal
efficiency. In sohe cases such abnormal phenomena,
uéually termed as knock, entail mechanical failures, in
addition to imparting structural vibrations.

' In their studies of knocking combustion processes
in dual-fuel engines, Felt and Steele (22) noticed that the
phenomena of knock in these engines are akin to those of
end-gas autoignition in a spark-ignition eﬁgine. They
found that pressure development patterns for knocking in
both types of engines are similar, and the addition of
Lead Alkyls has the same effect in knock sdppression.  In
their efforts to develop large dual-fuel engines above
1500 B.H.P., Hopkins et al. (30)_experienced that they had
to derate the power output by 4% for every 10°F intake

temperature rise when using sludge gas to avoid knock.



The receat studies of the combustion mechanisms in dual-
fuel enagines by Xarim, Klat and ¥Moore (43) have showun that

there exists a linear relaiion beoitwe Limited

\D

Power Output of z dual-fuel engins

intake temperature. They have alco ascertained the
knock-free operating limits for propane, methane, hydrogen,

ethylene, acetylene and theilr blends over a wide range of
mixture strengths, intske temperaturss and compression
ratios. In an exhaustive survey of dual-fuel and gas

engine developnent, Leiker (55, 5¢) describes most of the

German efforts and concludes the inability, up to the
present time, of predicting the behaviour of large engines

on the basis of the findings over relatively =mall units.

He also points out the necessity of a standardised procedure

for knock-~rating of gaseous fuels which lie beyond the
usual Octane ratincs. -
Most of the studies referred to above helped in

bringing out the effects of various parameters, such as
pilot quantity, injection timing, injection pressure,
ilgnition quality of pilot fuel, speed and turbulence in

the combustion space, on the performance of dual-fuel
-engines. These investigations looked into -the useful out-
put, exhaust analysis, spectroscopic studies of the
combustion processes. Because of an empirical nature,
they lack generality and cannot even provide a basis for a
broad analysis which could be formulated as a .guide to
engine designers who, in the absence of any such guide,
resort to guesswork. This is why efforts for extending
these -findings, which are mostly confined to small research
engines, fall short because of lack of correspondence
between the small engines and those used in the industry.
Analytical approaches to prescribe these complex processes,
on the other hand, are limited in theilr applications because

of oversimplifications which cannot however be avoided.
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0.3 Scoma of Present Work

0.3=1 Ohjectives

A survey of literature indicated that, although
the nature of the limitations in dual-fuel engine coperation
associated with the use of lean gaseous fuel mixtures and
that of knock in richer ones, hes been the subject of
several investigations, the exact nature of the combusticn
processes in such a relatively complex system 1s far from
being completely understood. With this in mind, the

present investigation set out with the following objectives:

(i) to develop experimental procedures to establish
experimentally the nature of underlying combustion v
proccesses that limit the useful output of dual-fuel

engines;

(ii) to develop analytical and computing procedures

to aid the interpretation of such processes on a more broad
and generalised basls; and

(iii) ~ to attempt to look into the possibility of
providing a simplified analytical model towards predicting

the onset of these limits with the help of the under-

standing developed.

0.3-2 Approach

The present apprcach to above objectives

consisted of the following steps:

(i) ' Development of a computer programme in Fortran IV
workable for I.B.M. 7094, to compute rates of heat release
and heat transfer from experimentally obtained cylinder das

pressure records;

(ii) Analysis and examination of computed variations

of gross rates of heat release under a wide range of pilot
and gaseous fuelling rates with'particular emphasis on the
part-load and light knocking performance of dual-fuel

engines;-

C(1idi) Comparison and confirmation of the salient

features of dual-fuel combustion processes as against
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various other nodes of operaticn by collating hcat release
records computable with the generalised programme developed

and other records availoble in literaturec;

(iv) Examination of the errors normally asscciated
with the calculation of apparent rates of combustion heat
release in these engines and suggestion of the means to

improve theilr accuracy;

(v) Development of experimental procedures for the
" 'end--gas' simulated autoignition studies of the following
fuels in a motored engine:

(a) propane-air,

(b) n-heptane-air,

(¢) propane-n-heptane-—air,

(d4) methane-n-heptane-air,

(e¢) rich mixtures of (b)-(d) with

carbon dioxide as a diluent;

(vi) . Examination of rates of heat release and con-
firmation as to the nature of the processes leading to

autoignition;

(vii) Characterisation of the chemical nature of the
autoignition processes by deriving gross chemical kinetic
data based .on the accurate calculation of the rates of heat

release; and

(viii) Exploring the possibility of making use of the
information vyielded by the preceding steps in developing
a simplified model capable of predicting the engine

behaviour under normal and knocking conditions.

0.4 Outline of the Thesis

_ This thesis has been divided into three main
parts. The chapters belongihg_to each part form an array
such as Al, A2, ..... while the subscript zero signifies
that it forms the introduction, e.g. (AO) is the intro-
duction to Part A.

Part A deals with the development of the computer

" programme, analysis and examination of combustion heat
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release in ducl-fucl cngines and examines critically most
of the errors normally ansociated with the computations of
heat release, Discussionz and concluslons are appended
whenever necessary, instead of keeping the reader away
from the immediate significance as pertinent to this part
of our present inveétigation. In order to demonstrate the
implications of the results, records have been sowe times
superimposad to depict relative differences at a glance.

Part B covers the autolgnition studies in a
-motored engine, as a logi§a1 sequence to part A which
underlines the knock reactilions through heat release
analysis in dual-fuel engines. It can be subdivided into
two parts; part one examines the heat release due to auto-
ignition reactions, while the second part derives the
combustion kinetic data. In keeping with the format of
Part A, discussions and conclusions related to the chemical
aspects of autoignition reactions with particular reference
to knock in dual-fuel engines are presented within Part B.

A In Part C, it is attempted to conjoin Parts A and.

B so as to demonstrate the adequacy or otherwise of the
avallable data in presenting a simplified model. It con-
tains general conclusions and recommendations for future
work.

List of symbols used in the text and references
are arranged in alphabetical order and follow Part C.

-Listing of the computer programme and the
description of the numerical procedures adopted appear in
Appendix form, together with the analysis of fuels used,
theory of calibration of viscous flow air meter and choked

nozzle meters.



CHAPTER AQ
INTRODUCTTION TO PARLD A
DUAL--FUEL BENGINE TRIALS

AO.L1 Motivation

The method of calculating rates of heat release
from experimentally obtained pressure-time records was
first conceived by Schweitzer (86), which he named as
'Tangent-method', as pressure rates were obtained graph-
ically by drawing tangents to the pressure diagram. This
method was not adopted for being cumbersome and inaccurate.
Morecver, the pressure measuring technigues in those days
were in their infancy. Recently, the use of fast elec-
tronic computers for engine cycle simulation brought the
technique of heat release analysis to the fore. Recent
attempts in this direction can be divided into two groups;
the first group synthesised the heat release diagrams from
the fundamental considerations of the combustion of diesel
fuel 4 roplets under quasi-steady conditions, while the
second group analysed experimentally obtained pressure
records so as to interpret indirectly the combustion
processes through heat release analyses in diegel and
gasolené engines.

Original studies by Lyn (62, 63) are a classical
example of the first group. He' established the relation
between the heat release diagram, pressure development and
cycle efficiency. Later Gee and Karim (27), and more
recently Shipinski, Myers and Uyehara (87), synthesised
the heat release diagram with the 'droplet-model' technique
while assuming that the atomised spray of the diesel fuel
undergoes combustion on the pattern of various droplets
being burnt under guasi-steady conditions. The second
group is formed by Whitehouse et al. (104), Krieger and
Borman (52), Patterson and Van Wylen (83) and McAulay (67)
who anaiysed the pressure-time records to obtaln heat

release diagrams. Their studies have demonstrated that
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heat release annlysis “tive neans of inter-
preting indircct rrocesses in internal
combusltion engines, No c¢fforts, nowever, seem to have

b

been directed in the past towards =smploving such an

analysils to the more complex combustlon processes of the
dual-fuel type of engines.
AO,2 Presenit Contribultion

The présemt work was uncertaken making use of
the technigue of hzat release analvsis to establish beltter
understanding and providing soluticns to the prcoblems
related to dual-fuel engine combustion. It sets out with
the analysis of pressure-~time records obltained experiment -
ally over a wide range of operating conditions from light-
load to that of onset of knock. lethane was adopted as
the primary fuel in view of its extensive abundance in
natural gas scources, its comparatively high calorific value
on mass basis among other common fuels and the large
information available about its combustion characteristics
in general (71) and those in dual-fuel engines in
particular (74). A wide range of methane concentrations
and that of pilot fuelling rate was covered for the analysis.
The effect of deliberately introducing carbon dioxide along
with methane was also examined to simulate operation on
methane sources containing CO2 as a major contaminant, as
commonly is the case with sludge gzas. '

The generallised character of the computer pro-
gramme developed is demonstrated by analysing the heat
release rates of dlesel gas and motored autoigniting
engine cycles. It is shown that the numerical procedures
adopted in the programme depict effectivelyv the character-
ising features of combustion processes under these modes of
operation. - ; '

! A comparison is then made of the heat release
rates in dual-fuel engine combustion with all other possible-
modes of operation as presently computed together with the

ones ‘reported in the literature. This is thought to be of
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value in brincing out the relative differences which

characterise dual-fucl systems into perspective.

AOD.3 Outline of Part A

Part A presents the heat release analysis of a
single cylinder naturally aspirated duval-fuel engine. Tt
consists of four chapters.

In chapter A1 is:described the apparatus used
and the experimeﬁtal procedure adopted.

Chapter A2 describes the compubing procedure in
detail and presents the results of heat release analysis of
dual-fuel engine trials. It also presents some typical
heat-release plots of diesel, gas and motored engine
operation, which serve to illustrate thz generality of the
comput ing programme developed. Some heat release records
depicting special configurations of reciprocating engines
such as stratified charge engines as available in the
literature, have been reproduced to complete the picture.

7 Chapter A3 analyses, at length, all possible
errors which have a bearing on the accuracy of the present
heat release analysis. The errors are discussed and con-
clusions drawn as to the reliability of the present analysis
in presenting the dual-fuel engine combustion phenomena.

In chapter A4 are discussed the dual-fuel engine
combustion processes in the light of the detailed heat
release analyses. It conclusively demonstrates the
capability of heat release techniques in characterising
the combustion processes, while purporting the experimental

evidence available in the literature thus far.
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APPARATUS AND EXPFERIMENTAL PROCEDURE:

r

Ad.1 Introductinsn

One of the main objectives of the present
investigation is to develop better understanding, through
heat release analysis, of the underlying processes in dual-
fuel engines and particularly those pertailning to part-
load and knocking performance. An engine is therefore
required which can be operated on a wide range of load
conditions, while suitable instrumentation is needed to
record ilmportant parameters such as cylinder pressure,
intake temperature and pressure, alr and fuel flow rates
and brake horse power.

A vertical single cylinder National 0il and Gas
Engine was used for this purpose. As common with the
dual-fuel engines, in general, it was a conventional
diesel engine incorporating the facility of introducing
metered quantity of gaseous fuel in the intake. This
feature had an added advantage of comparing the dual-fuel
engine performance with that of 'pure' diesel operation.
The single cylinder construction rendered the formation of
mixture consistent and the effect of residuals could be

computed reliably.

Al.?2 Apparatus
Al1.2-1 The Enaines and the Test-Bed

The engine used was a standard vertical, single
cylinder National 0il and Gas Engine conforming to the

following particulars:

" Bore 4,125"
Stroke ' _ 6.0"
ACompression ratio 4.7 @ 1
Injector Type Conventional spring

loaded needle valve
with 5 holes



Injection Pressure 700 -~ 200 atmos,.

Maximum Speed 1500 Rev.

Combustion Chamber | Open, direct injection
type

Con-rod to crank-throw ratio 4 : 1.

The engine was coupled to a D.C. ccmpound wound
swinging field dynamometer which had the facility of being
operated as a motor or generator depending on the perform-
ance of the engine. The motoring could afford the engine
‘to be started from cold and to measure the I'rictional
Horse Power, i1f need be. The voltage generated by the
dynamometer under normal conditions was dissipated through
immersion heaters, while the same heaters could serve as a
starting resistor at the beginning of engine operation.

A dial type spring balance hung with the load
arm across the dynamometer registered the brake torque
whose calibration gave:

WN
2600

where, BHP i1s the brake horse power, W the net brake load

BHP =

and N the engine speed. Plates (A1.1 - A1.5) show general
views of the engine installation, the control panels and
the housing of pressure pick-up and injector needle 1lift
indicator.

7 Fig. Al.1 presents schematically the engine
cboling water and lubricating oil circuit. A closed
circulating cooling water system was adopted whose
circulation was maintained by an electrically driven pump.
The cooling water was, in turn, cooled by a supply of mains
water in the heat exchanger which received thermostatically
controlled quantity of mains water to keep the cylinder
jacket water outlet temperature at 70°C within set limits

of'i ZOC.

_ Shown in Fig. A1.1 is also the lubricant circuit.
The engine has a dry sump forcéd lubricating system. An
electrically driven scavenge pump maintained the flow
through the sealed tank, the filter and finally to the
internally located lubricating oil pump.  The mains cooling
water in the intercooler was controlled thérmostatically

"wvia a solenoid valve.:
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A visccous flow alr mebter was usa

[o

for measuring
air flow to the engine because of its effective smoothed
characteristics to pllsating {low measurements, ils
independence from the introcduction of gaseous fuel down-—
stream and being least prone to hazardous back-firing.
It consisted of a matrix of metallic triangular arrays
offering triangular passages of equal area to alr flow and
rendering the flow 'viscous', whereby there cccurred a
pressure drop in linear proportion to volume rate as shown
in Appendix T. The wviscous [flcw air meter was calibrated
by a 778” # orifice plate with D/2 and D pressure tappings
across in accordance with the B.S.S. 1042, (7).I'ig. Al.2
shows the calibration curve obtained.

© Methane and carbon dioxide flows were meterced
with AMAL Jets which are commercially meant for carburettors.
Under choked conditions fhese nozzle-jets render the flow
rates linear to the upstream pressure and temperature ratio
and they are independent of the pulsating flow downstream
(44). - Shown in Appendix II is the underlying theory:behind
the choked nozzle flow measurements. The nozzles were
calibrated against a B.S.S. 1042, 5/16" ¢ orifice plate.
Fig. A1.3 shows the calibrated linear relationship of
methane and carbon diokide flow through various jets used.

' Fig. Al1.4 shows a general layout of the apparatus
used. It can be seen hat methane and carbon dioxide were
used in bottles containing about 200 s.cft. at 2000 psig.
-Both methane and C02 fldw circuits were essentially the
same except a portable electric heater was mounted on the
CO2 bottle, whereas methane was heated in the heat exchanger
by the engine coolant. This heating was necessary to
avoid freezing of moisture in lines because of the Joule-
Thomson effect due to sudden expansion across the regulating
valve. Facility was also available to pre-heat the
"intake, i1f need be, with a Variac heater situated in the
intake. ‘

. Commerc1al gas 0oil was used as a pilot fuel. It
o was supplled to the fuel pump through an auxiliary reservoir

at a head maintained constant by transferring oil by auto-

N
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matically operated D.C. punp from & six-gallon can, The
pilot fuel oil consumption was recorded volumctrically by
2 graded burettc having a renge of 10, 50 and 100 c.c.
The fuel pump was a C.A.V. variable stroke plunger type.
Pilot fuel could easily be varied by adjusting the plunger
stroke against a raclk. The fuel pump was driven through
a cam shaft‘ggﬂhelical splines at half the englne speed.
The driving mechanism of the fuel pump could afford the
variations in the actuating time of the plunger and hence
the injector 1ift timings by changing the relative pesition
of the pump shaft to that of the engine. Thus the
injection timings could be varied over about 30° of crank
moveinent,

Methane, gas oil and carbondioxide used for the
trials belonged to commercial grades whose composition was
checked regularly with the suppliecrs. Appendix TTI

presents their typical composition.

Al1.2-3 Electronic Measuring Instruments

Arrangements, as shown schematically in Fig.
Al1.4, were made for recording cylinder preséure, crank
timings and injector needle 1lift. The variaticns of these
parameters were displayed on a Cathode Ray Oscilloscope
(C.eR.0.) and preserved for computer analyéis on a film by

a camera,.

Al1.2-32a Pressure Transducer

A Kistler piezo-electric transducer of type 410W
was used for recording cylinder gas pressure. It con-

formed to the following particulars:

Type o Kistler 410W, quartz crystal
Cooling System Water cooled, internally
" Pressure Range 0 - 3500 p.s.i.

Sensitivity 8.5 pc/pes.i.

.Response 10p Sec, rise Time

Natural frequency 50 KC/sec.

Resolution .0003 atmos.



. The transducer wes found particularly suitable
for its wide pressure range, fast response and fine
resolution, while its natural freguency was exceptionally
high as compared to the frequency of working cycle at a

rate of 8} c/s.

The transducer was screwed in a 14mm $ tapped
hole at the end of a short passage leading to the com-
bustlion chamber through the cylinder head. This arrange-—

ment was the only way out as the atomiser occupied the
central position, leaving no space for the transducer to

be flush-mounted. The effect of such a passage has been
found to be insignificant on pressure respense (51).

Fig. A1.5 presents the drawing of the pick-up while Fig.
A1.6'is.it5 static calibration carried out with a Budenberg
dead-weight tester. It can be seen that the charge-
pressure relationship is linear over a wide range.

A Kistler 220 Volts A/C mains operated universal
eléctrostatic charge amplifier Model 568 was used for pre-
amplification of the pressure pick-up output before it is
displayed on to C.R.O. This compact unit was kept in a
glass wool pads' enclosure for isolation from the noise.
Tt was selected for its matching high input impedence,
high frequency response, low linearity error and wide

range of operation.

Al.2-3b Injector Needle-Lift Indicator

A photo-electric cell was used to record the
injector needle movement. The duration of injector 1lift,
in proportion to the amount of pilot fuel being injected,
causes proportionate interruption of the light reaching
the photo cell which, in turn, develops a charge across
the cell. In construction, the indicator consisted
'principally of a miniature Mullard type BPY 10 Silicon
photovoltaic cell mounted on a tufnol block. . It received
light from a 2.5 W pre-focussed bulb energised by a 6V
steady D.C. supply obtained by stepping down the 220V Mains
suppiy and filtering after rectifying. The light from
the bulb passed through a narrow aperture of .012" x 125"
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formed by two sharp--edged blades. The extension rod

welded to the injector needle was situated in between the

cell and the bulb. The assembly of the cell and the
light source were ciamped to the engine casinge. Except

for very small pilot fuelling rates, the photo—cell was
sufficlently strong to produce signals on the oscllloscope
without pre-—amplification. For the pilot fuelling rates
of 0.35 1b/h, it was found necessary Lo introduce an
amplifier in addition to the amplification done by the
built-in operational amplifier in fhe oscilloscope. Such
arrangement was thought to be necessary to eliminate the
mechanical vibrations of the injector assembly togéther v
with those of the engine, which otherwise make it difficult
to reckon the durdtion of ihjection. The injector 1lift
traces displayed on the oscilloscope could represent well
the dynamic injecticn timings. Shown in Fig. Al.4 is the
position of the photo-cell in the general layout, wile

its mounting in close-up appears in Plate Ad.4.

Al.2-3c Electromagnetic Pick-up for Crank Rotation

Crank shaft rotation was sensed by an electro-
magnetic pick-up mounted just above the fly wheel. The
peripheral equi-angular slots inscribed on the rim of the
" fly wheel for positions 90° before and after T.D.C. caused
changes in the permeability to the magnetié flux produced
by the permanent magnet of the pick-up. This, in turn,
gave rise to a change in the inductance of thé coils wound
round the pick-up. The electromotive force thus produced
was‘displayed'on the oscilloscope which recorded the crank

Shaft movement in terms of 5 and 100 intervals.

J

Al,2~3d The Cathode Ray Oscilloscope

A dual-beam Tektronix Cathode Ray Oscilloscope
(C.R.0.) type 502A was used for its high input sensitivity,
trace stability, good frequency response; effective and
reliable tfigger operation and relative freedom from noise.

~ The pressure transducer output was disblayed'via a Kistler
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568 pre-amplifier. The zecond beam was permanently used
for crank angle diecplay, while injector needle 1ift
diagram could bhc accommedated in place of cylinder gas

pres

%)

Ure, The triggering facility of.the oscilloscope
could scan a cycle out of the continuéus display of
recurrent cycles.

Permanent photographic records of cylinder gas
pressure and injector 1ift together with cfank angle were
obtained on a 35 mm fine grain black and white ILFORD P4
Film of ASA 125, The camera used was a Cossor Model 14238
MK ITI A. - Its large aperture with £1.5 could resolve
finely the traces displayed‘on the oscilloscope screen.
The film could‘either be exposed by manually operating the
shutter or it could be moved at a speed of 05" — 25"/sec
whilé keeping the shutter dpen. Continuous recording of
a few cycles in combed recofds could be effecteé with the
latter arrangement and was found to be éxtremely suitable:

for studying cyclic dispersion (50).

Al,3 Experimental Procedure

At first all the air, fuel and pressure measuring
instruments were calibrated. Stabilised operating con-
ditions conforming to the following particulars, were

attained while running the engine on diesel operation.

Speed — 1000 £ 5 r.p.m.
Injéction Timings 20° BTDC
Injection Pressure 150 atmos.
Pilot 0Oil .35, .5, .75, 1.0 1b/h
Methane in Intake Varied from lean to
knocking
- Cylinder jacket water 70 * 2°¢
outlet temperature
Lubricant temperature 40 * 2°%.

The ébove operating conditions were selected on
the basis of initial trials conducted to familiarise with
the éomparative diesel and dual-fuel engine performances.

~The injection timings and the injection p ressure were found
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to be saticfactory over the wide range of pilot fuelling
rates, while the selection of a constant medium speed, in
effeclt, kept the residence time of the charge in the
engine cylinder constant. Under lean cconcentratlcn of
gascous fuel in the intake with relatively small pilot rate
of 0.35 1b/h, it was found difficult for the engine to
develop sufficient power to overcome frictional losses.
Such marginal operating conditions were obtained starting
from the rich beundary-line knociiing operation and
reducing the gaseous fuel concentration discretely until
the unsatisfactory conditions of negative output were
reached.

Knocking was reckoned by virtue of its audibility
and roughness of engine performance which was also mani-
fested by the oscillations in the pressure traces due to
excessive pressurce rates. Violent knocking was not
reached essentially for avoiding excessive thermal and
mechanical loading of engine parts and also for the fact
that excessive pressure oscillations on the pressure
diagrams render the results void of certainty. However,

a few knocking records were obtained to analyse heat
release under these abnormal conditions.

Before procuring the pressure record on film
pertaining to a particular trial, it was ensured that
steady conditlions were reached. In order to obtain a
representative cycle, five separate records were obtained
at random. Mean cycle could, therefore, be selected out
of five during enlarging. However, it can be recalled
that steady conditions with comparatively less cyclic dis-
persions were easily attainable under medium to full-load
operatilon. Under part-load performance with smaller
pilot fuelling rates, it was found that cyclic dispersion
gets pronounced.  While dealing with rich mixtures it was
noticeable that although conditions were stabilised, there
occurred advancing in ignition if violent knocking ensued.
Similar experience has been reported by earlier workers (43).

- The traces obtained on the film were pro jected
by an enlarger on a sectional scale, wherefrom pressure

~readings could be scaled out with reference to crank angle.

i



The effects of crude btraces and eventual difficulty in

finding the actual pressure and the sub-division of

at length under 'Terror analysis'. This, in fact, led
to the development of a digitaliser which was later used in
the autoignition studies and will be described in the
relevant section.

In the absence of a reliable dynamic reference
pressure the scavenging pressure line displayed 'simul-
taneously' with the triggering arrangement could serve to
indicate the inlet valve closure at which instant the
cylinder gas bressure was assumed to be 1 pes.il. less than
the ambient intake pressure. An improvement in reference
pressure recording was later effected in motored-engine
studies by using a Kistler adapter pick-up,to be discussed
in the description of apparatus of motored-engine trials.

A specimen set of photographed pressure-time
traces and needle 1lift indicater diaqrams are shown on

Plates A1.6 to A1.8.
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COMPUTING PROCEDURE AND RESULTS

A2.1 Purpose of the Chapter

The calculation of rates of heat release and
heat transfer in dual-fuel engines from ezperimentally
obtained pressure-time records is a well-known simple
thermodynamic exercise. Recent use of fast computers
enabled us to look into the details of the combustion
processes; which was hitherto not possible. The
essential features of any heat-release analysis ought to
be its effectiveness in characterising the combustilon
processes under study with minimum of simplifying
assumptions and economy in computer time.

It is the purpose of this chapter to describe
the computing procedures together with the underlying
assumptions and to discuss theilr limitations to present
accurately the combustion processes. Results are then
presented to 1llustrate -the output of the computer

programme.

A2, 2 Computing Procedure
A2.2-1 Introduction

Despite various computing procedures which have
been referred to in many recent engine research publications
(67, 87, 104), it still remains relatively difficult to.
conduct readily a heat release analysis of a duzl-fuel
engine from cylindér pressure developmert.records, due
mainly to lack of information on the thermodynamic and
combustion behaviour of the mixtures of two vastly
different fuels which render the analysis complexXe. This
is why, perhaps, there is a dearth of computing procedures
in the literature for dual—fuei engines.

With the above context in mind, the present

section is set out to provide details of the generalised
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compﬁtér programme developed in Fortran IV and is workable
fortdual—fuels diesel and gas engine operatlion and also in
the event of the absence of gpark timings in the latter
motored autoignition is implied. The programme computes
the rates of heat release on the basis of known pressure-
time records. It incorporates iterative smoothing of
experimental data scatter and it accounts for dissccilation,
variability of thermodynamic and transport properties of
the system, while a subroutine executes the computation of
rates of heat transfef on the basis of either Eichelberg's
or Annand's formulations (5).

Theibenefit of heat release analysis, in addition
to being indicative of the characteristic combustion
processes, is that 1t offers the research engineers and ;
designers an effective guide towards thermal and mechanical
loading of the engine assembly. The latter aim can be
achieved by the help of rational prediction of the cylinder
pressure development with the knowledge of heat release
pattefn. A computing procedure for the prediction of
pressure development from a statement of the heat release
pattern is also described. Results then follow to
illustrate the computations of rates of heat release, rates
of heat transfer and the prediction of pressure-time
development for dual-fuel, diesel and gas engine

" operations (46).

A2.2-2 The Calculation of Effective Rates of Heat Release,

Heat Transfer and Pressure-time Development Records

Due to the complex and relatively unknown nature
of the combustion processes in reciprocating engines, the
problem of'determining the gross heat release 1s normally
idealised to the extent that the cylinder charge is
assumed to be homogeneous. Moreover, the energy as a
result of combustion is assumed for simplicity to be
released throughout the entire charge at all stages of the
working cycle. The application of the first law of
thermodynamics to the cylinder charge over an infinite-

simally small increment of time will lead to the following



working equation, as shown in Appendix IV:

. 1 —_ av ar- dn
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where (&) is the net heat release rate, (P) cylinder
pressure, (V) cylinder volume, (8) crank angle, (t) time
and (Y) is the ratio of specific heats of the charge.

An account for any heat loss or gain to the
system per unit area c<can be made with reference to a
generalised correlation for the heat transfer proposed by
Annand (5), following a survey of heat transfer literature,
of the type:
%)

K b 4
" _ —— " -.-.r — 1
4 =a F (Re) & (T fw) + (T zw

HT

where (Q/j;) is the rate of heat transfer per unit area,
(a), (b) and (c) are constants, (Re) Reynolds number, (T)
absolute charge temperature, (TW) is the corresponding
temperature of the wall, (K) thermal conductivity and (D)
is the engine bore. It is up to the investigator to
decide from a knowledge of the relative importance of the
radiative to convective heat transfer components and that
of the design of his engine, reasonable values for these
constants.

Another widely used correlation for the
estimation of heat transfer is that due to Eichelberg (19)
which is the following:

5

a
5

QﬁT = 8.06 x 107~ (V (PT)

1/3
p) (T—Tw)

where(Vp)is mean piston speed in ft/s and P) is the
pressure in atmospheres. This empirically based form-
ulation has been édopted by many workers despite its
shortcomings mainly because of its simple form.

When an account for heat transfer is made, the
gross heat release rate may be determined from a knowledge

of p, V, 353 %%-and %% together with an assumed knowledge
of the corresponding variation of the effective thermo-
dynamic and transport properties of the charge.

With this in mind the following simplifying

assumptions were incorporated in the computer programme:



(1) Purely for the evaluation of the thermodyn:

properties of the system, coubusticn is azsumad
to take place simultenecusly after a significant precsure
rise from the normal conpression curve. Moans are
provided to refine these calculations, 1f
assumption that the extent of conversion of reactants to
products at any Instant is directly proportional to the
energy released by combustion thus far,

(ii) . The reaction is homogeneous with no effective
temperature, concentration or pressure gradients within

the charge.

(1i1) The effects of leakage and residuals, unless

otherwise stated are negligible.

(iv) The charge benaves as an ideal gas.
(v) The rate of heat transfer when accounted for can
follow either Eichelberg's or Annand's formulaticns. The

working surface temperatures remain unaltered throughout

the cycle.

Similar procedures can be followed for the
synthesis of pressure-time diagrams based on heat release
equation when a knowledge of the pattern of heat relecase
and initilal conditions are known.

It is to be expected of course thét the relative
success of these assumptiéns will depend on the combustion
system being considered and the ultimate use of the data

gathered.

A2,2-3 The Computer Proaramme

The main programnme which is written in Fortran IV
was used to work with an IBM 7094 conputer. Initially,
the programme was developed for the determination of heat
release rates for a dual-fuel engine operating on methane
or propane, It was modified later and used extensively as
a generalised programme to handle diesel and gas engine
operations equally well,

Fig. A2.71 shows a schematic layout of the

programming procedure for the evaluation of rate of heat
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such as cylinder charge ltemperature, rate cof pressure rise
and cumulative heat release. The listing of this pro-
gramme appears verbatimly in Appendix VI
To facllitate effective control the inpul data
are divided into two parts. The first part dezls with
mainly those data which remain unaltered for a given
engine configuraticn such as engine bore, stroke, the
nurber of steps to be considered, functions for evaluating
the thermodynamic properties of the charge constituents
etc. While the‘second group deals mainly with variable
parameters such as fuel and alr consumption, injection
timing, start of ignition and details of pressure develop-
ment with crank angle.
i The programme is controllaed sequentially in such
a way that its execution is carried cut in accordance with
the input informaticn available. In the absence of diesel
fuel flow rate, for example, control is carried over to
gas operation and the Compbsition of the charge is then
assumed to remain constant until ignition takes place.
Similarly, the control is switched cver to diesel
operation when the gaseous fuel is found absent, otherwise
dual-fuel operation is normally assumed. »
A sub--routine is provided for the .smoothing of
cylinder pressure inpub data. This smoothing of data
was found to be necessary in view of the errors involved
in the processing of pressure-time records and the
sensitivity of the heat release rate to any pressure
variations. The theory of smoothing data scatter, on
the principle of least square fit, is given in Appendix VII.
The mean cylinder charge temperature is calculated
on-the basis of the smoothed pressure values and cylinder
volume as supplied by the respective sub-routines and
employing the ideal gas relationship. When combustion is
taking place, the cylinder charge is assumed initially,
for a small increment of crank angle rotation, to be the
product of complete combustion. This assumption is then
modified iteratively to account for dissociation and

variable specific heats employing special sub-routines.
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procedure, although perhaps lengthy, Is desirable in
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e
applications where heat is released gradually cver a wide
range of crank angle rotation such as in spark ignition
engines, In diesel engine applications, however, the
assumption of a step change from reactants to products
appears to be normally of sufficient accuracy.

The net heat release over the small increment of
crank angle AS is calculated using the heat release

equation and thermodynamic properties defined as poly-

nomials in temperature based on data reported in the J.A.N.ALF

Tables (31). The associated heat transfer is then
calculated by a sub-routine based on Annand's formulation.
Facilities are provided for the computation of the trans-
port properties of the cylinder charge for any temperature
together with the computation of the heat transfer
coefficient if need be, on the basis of Eichelberg's form-
ulation.” The extent of heat transfer is then calculated
taking into consideration the working temperature of the
cylinder liner and head and that of the piston together
with their respective areas.

' The gross heat release is then found by the
summation of the net heat release rate and that of heat
loss. Cumulative heat release up to that point is then
calculated by numerical integration employing Simpson's
Rule (see Appendix VIII).

A progressive iterative execution of the above
calculations over consecutive small increments of crank
angle rotation is then carried out for the range specified

at the outset of the programme.
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the gross heat relcace pattern moey be

theorctical or ewperimental evaluation of the cystem. The
pressure-time developmentc record will then be ragulred
1

probably as a part of a complete synthecsis of an engine
cycle incorporating the processes of induction and exhaust.

For this sort of application essentislly a reversed

)

— .

procedure to that indicated for the main programne, 1s
followed and is shown schematically in Flg. A2.2. It in-
corporatcs lterative procedures for the calculation of the
pressure for each increment over the time interval

considered.

Preosentation of Results

(W8

A2,

The results of heat release analyses are
presented in three parts; the first part deals with a
detailed examination of combustion porcesses in dual-fuel
engines, the second demonstrates the generality of the
computer programme by presenting the heat release diagrams
of diesel, gas and motored autoilgniting engine cycles,
while the third brings together, for the sake of comparison,
heat release records of various other important configur-

ations of reciprocating engines reported in the literature.

A2,.3-1 Rate of Heat Release Records of a Dual-fuel Engine

A large number of pressure-time records were
obtained over a wide range of operating conditions of the
dual-~fuel engine. These records were then processed and
analysed using computing methods as outlined in the
preceding section. Fig. A2.,3 1s a typical example of the
diagrams constructed directly from the computer results.
The parameters considered are cylinder gas pressure, rate
of pressure rise, the gross rate of heat release and heat
transfer, cumulative heat release and cylinder gas temper-
ature. Their values were calculated with reference to

each degree of crank rotation over a normal range of 150°

.
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A2.4 to A2.7 of superinponad rate of
heat relocase four ra

fuelling and wrations

intake under constant pilot injecticn timings

spead. The concentrztiocn of primery fue

range from the case when sufficient power was produced
just to overcome the frictional losses to that when knock
was detécted, IFig. ~A2.8 presents the cumulative haat
release of the rates shown in IMlg., A2.4. Flgs. A2.9 to
A2.11 show the effect of varying pilect fuel on cylinder
pressure, rate of heat release and cumulative heat celease,

respectively, with a constant methane concentraticn.
Similarly, another set with a different constant methane
concentration 1is covered in Pigs. A2.12 to A2.714 which

resent cvlinder gas nrassure yressure rates and rate of
2 L 3

heat release superimpcsed. Shown in Fig. A2.15 1s a
typical record of violent knocking combustion. It may be

noted that the pressure oscilllations have been smoothed
out during the data processing and iterative smocothing.

» The effect of carbon dioxide addition to methane
in intake is depicted by Figs. A2,16 and 22.17. A wide

range of CO, was added from pure methane operation under

2
knocking to that of almost 50% methane used .when further

addition was responsible for sporadic combustion rendering

the results irreproducible. Pig. A2.25 presents the
effect of C02 addition on engine pérformance. Fig. A2.18

illustrates the pressure prediction with the known rates
of heat release as described in the computing procedure

shown in Fig. A2.2.

A2.3-2 Typical Heat Release Records of Diesel, Gas and

Motored—-Engine Cperation

Figs. A2.19 to A2.21 explain the main features of
combustion heat release in dilesel, gas and motored auto-
ignition cycles respectively. It is illustrated that the
present computer programme, because of its generalised
nature, can effectively be emploved for heat release

analyses of other modes of piston engine operation.
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In order to bring
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it g endoavouraer

dual-fuel engines into real
to gather some morc conflguratlons of engine operalion in
addition to what haz been computed by the present computer

programnz.s - Figs. A2.22 to A2.24 secve this purposa,

Whereas FPig. A2.22 is a tvyy

ignition of diesel fuel under 'M' sysicm, the spark-
ignition of stratified gasclene combustion is presented by
Fig. £2.23. Pige A2.24 explains the essential

ne, It is

P)

of sgpark- JQlJthﬂ of carburetted gasolear

out that the heat release records presented in

to A2.24 belong to comparable conditions, as far as
possible, te that of the dual-fuel combusticn processes
presently examined. The relevant references for these

figures are affixed to the respective diagrams,







































































































































































































































from Pig. (A2.170) thal, cxcont foo w ob
rate, the cowmuiztive host roloase docs not dilf -
cantly with the Incroose In pllcet, suggsohing
1s no glgnificant gain in thermal e{iiclency. This iz why
most dual-fucl ins otffcr oo sconomic edge in
thelnr operation with neominal pillot guantities in comparison

with dics=al cngs
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The analys rceleases rates with carpon
diox clde addition indicated thal, althouch the initlal rates

Hh

of burniﬂg remainzd supstantially the same, the peaks o
the hest-release rates of both stages and the cumulative
heat relezsse were reduced. The flamz secms to be re-
stricted to pass through the cherge rendering an increased
amount of fuel to escape without being fully consumed.
This eniails loss of useful outpul as indicated by Filg.
(A2.25).

The knocking intensity was found to reduce with
the increased addition of carbon dioxide. I'or the case

presented in Fig.s (A2.16 and A2.17) knock was found to
persist until a concentration of 25% carbon dioxide was
reached in the fuel, Under these conditions, the two
phases of combustion merged toger, thus exhibiting a more
progressive burning and producing a heat release rate
variation with time in a way not unlike that of spark-
ignition engines. .
Fig. (A2.18) illustrates the reversed technique
of predicting the cylinder pressure development from a
<nown heat release pattern following the computing pro-
cedure as described in Fig. (A2.2). It demonstrates the
utility of the heat release analysis for predictions of the
engine performance at the design stage. Detailed dis-
cussions are to follow in Part C of the thesis where the
understanding of the combustion processes generated with
the present exercise will be synthesised to develop a
model with due reference to its limitations. '
' Figs. (A2.19 - A2.24) serve to compare rates of
heat release under various modes of operation. It is
apparent that dual-fuel engine combustion lies in between

diesel and gas enginess, both of which undergo characteristic
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conbustion

:Cond stage

mixed goseous fuel present in
is further evidenced frow the heat release dizgram of a
spark-ignition gasz engine az shown by Fig. (22,207,

wherelin the combustion processes can be seen o undargo

{

completicn in a single stage following ignition and are
short-lived, lasting about 207 of crank rotaticn as
against 70° and 5@0 in the case of diesel and dual-fuel
combusltion, respectively. Figs., (h2.22 and A2,23)

present heat release records of compression ignition of
‘diesel oil and spark-ignition of gasoline under the 'M'
system. It is interesting to note that the stratification
of charge, wnether in compression ignition or spark
igniticn, renders the combustion processes controllable by
prolonging the duration of significant combustion heat
release period. Table (A4.1) presents a comparative
study of rates of heat release under various confilgurations
of reciprocating engine combustion. Three parameters
have been selected for comparison, namely: a distinct
nunber of stages of heat release, time in terms of crank
angle required to reach the peak from point of ignition,
and the duration for which the significant combustion heat
is released. The relative differences are cbvious in

the table.

It has been demonstrated that the approach of
heat release analysis, when adopted with the aid of high-
speed computer technigues, can offer a useful means for
the interpretation of the overall nature of some of the
Compléx combustion phenomena in dual-fuel engines. The
evidence sb obtained i1s in general agreement with and
supplements the relatively limited experimental evidence
available as to the nature of the combustion processes in
these devices (43, 74).



ich tends to be much slower, is
dependent mainly on the concenuration and guall

gaseous fuel acmnloved.

mixture operstion indicalte, in conformity wi
perimental evidonce, that comparziively inelfl
combustion under such conditicrs is due mainly to the
inability of the
the heat releacse
pilots has been

Undar

bustlion merge togs

- —

her and produce excessive rates of heat

release which persist over a much longer period than that
under knock-fres oparation. This is indirectly indicative
ition nature of knock and the simultaneous

1.1

t
bufning of the pilot together with a substantial fraction
of the gaseous charge.

The presence of carbon dioxide in methane as a
contaminant, although favourable for knock-free operation,
brings about a loss in efficiency by reducing heat-release
rates.

A comparison between the rates of heat release
of varilous modes of operation is revealing and supplements
the understanding of the combustion processes in dual-fuel

engines.
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G. A. KARIM, Ph.D.,, D.I.C., C.Eng., M.LMech.E.,* and M. O. KHAN, M.Sc.(Eng.), D.I.C., G..Mech.E,,

A.M.Inst.F.}

The determination of
gross chemical kinetic
data for the combustion
of common fuels using
a motored-piston
engine

The authors describe a method of obtaining gross kinetic data of
the combustion of common fuels on the basis of combustion heat
release pattern derived from a knowledge of initial conditions of
the reacting charge and its pressure and density-time variations in
a motored auto-igniting engine. The procedure adopted is largely
dependent on the accurate provision of these input data and on
the detailed knowledge of the thermodynamic and transport
properties of the working system. The computer programme
developed for the purpose incorporated iterative smoothing of
experimental data scatter and accounted for dissociation, varia-
bility of thermodynamic and transport properties of the working
system. and for heat loss to the surrounding walls. The apparatus
and the experimental, analytical, and computational techniques
developed, are described. An illustration is then presented for the
kinetic data of the combustion of propane in air.

1. Nomenclature

c, Specific heat of charge at constant pressure
E Activation energy of a chemical reaction
Hr Heat of combustion of fuel at temperature T
i Oxygen to fuel stoichiometric mass ratio
J Mechanical equivalent of heat
K Reaction rate constant
m Mass of the charge
m; Relative mass of the charge
m;"”  Fuel conversion rate per unit time and volume of
the mixture
D Cylinder charge pressure
q Rate of net heat release per unit time
Onr’” Rate of heat transfer per unit area and time
R Universal gas constant
Re Reynolds Number
vV Cylinder volume
P Charge density R
¥ Specific heats ratio (%)
kA
6 = Crank rotation
Subscripts
b Burnt fraction
f Fuel
0 Initial conditions at the beginning of compression
ox Oxygen

2. Introduction

In most practical combustion systems it is seldom that
only physical processes exercise overall control and hence
any attempt to present the combustion processes entirely
on thermodynamic bases has only limited application.
Therefore, in order to provide a rational basis for the
prediction of the gross behaviour of a combustion system,
kinetic data are needed. Only in a few instances of
practical engineering importance does the reaction pro-
cess proceed in a single step from fuel and oxidant to
combustion products. The conversion of reactants into
the products proceeds usually through a number of
intermediate steps. Our present knowledge of chemical
kinetics does not permit us to present a reliable detailed
kinetic scheme for the reaction of common fuels and a
resort to overall-chemical kinetics is inevitable at this
stage, excepting a few cases such as hydrogen—oxygen
mixtures. The overall reaction rate may be represented

*Formerly Department of Mechanical Engineering, Imperial
College; now Department of Mechanical Engineering, The Univer-
sity of Calgary, Calgary, Alberta, Canada.

tDepartment of Mechanical Engineering, Imperial College of
Science and Technology, London.
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adequately for some of the common hydro-carbons by
the following form of single step reaction:

1" = K(my) (m)? pl@+® e~E/RT (1)

This simplified rate (n1,/"’) implies that it is a function of
the concentrations of fuel (m;) and oxygen (m,) and an
exponential relationship with respect to temperature (1)
which is commonly known as being of the Arrhenius
form. The extent of agreement of actual experimental
results with this assumption will be expected to apply
only over a limited range of operating conditions. The
success of overall mechanisms suggests that it is a reaction
step that controls the overall conversion rate and at the
same time bears some quantitative relationship to the
major constituents. Such a controlling step does vary
from one fuel to another and depends on the temperature
and concentration ranges.

Most of the established methods for deriving kinetic
data experimentally, such as optical studies of flames,
shock-tubes, steady-flow reactors, and well-stirred reac-
tors deal with the combustion processes in situations far
removed from that prevailing in actual devices, such as
the internal-combustion engine. Moreover, the available
overall kinetic data in the literature exhibit considerable
quantitative variation thus rendering their application
full of uncertainty. The present paper describes the use of
a motored engine for the determination of relatively
reliable kinetic data as a function of temperature for a
range of fuel-air mixtures involving common fuels. The
apparatus used and the experimental and analytical
techniques developed are relatively simple, but require
the use of fast computers.

3. ‘Apparatus

A C.F.R. variable-compression ratio engine was modified
so that gaseous fuels could be introduced and metered
accurately using chocked-nozzle meters. The air flow was
measured using a viscous-flow meter. Fig. 1 shows a
schematic diagram of the layout of the apparatus
employed.

The engine was motored at a constant speed of
900 r.p.m. and the jacket water temperature was main-
tained at 100°C. The mixture strength was controlled
mainly by varying the fuel supply while the mixture
temperature was adjusted, so that auto-ignition can take
place at/or around the point of maximum piston travel
without the provision of a deliberate source of ignition.

The accurate measurements of pressure development
inside the cylinder during the compression, combustion
and expansion stages is essential for a reliable analysis
and a piezo-electric pressure transducer was used for this
purpose. It was flush-mounted into the combustion cham-
ber and a silicon asbestos disc was used as a shield for
the elimination of inaccuracies caused by the sensitivity
of the diaphragm to hot combustion products. The
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transducer used was specially compensated for transverse
vibrations. This proved to be of particular value when
dealing with auto-ignition and the consequent structural
vibrations which otherwise impose inaccuracies on the
transducer. The linearity of the transducer was found to
be exceptionally good over a wide range after both static
and dynamic calibrations in situ. Extreme care was
exercised by reading the magnified pressure records by
a specially made digitalizer.

4. The calculation of effective rates of
combustion heat release from pressure-time
development records

It is possible, from the observation of the pressure-time
development of reacting homogeneous charge in a
cylinder controlled by a moving piston, for the overall
effective reaction rate of the system to be calculated.!
Normally, the charge density-time variation is controlled
by the engine assembly. The problem of determining the
gross heat release was idealized to the extent that the
cylinder charge was assumed to be homogeneous. More-
over, the energy as a result of combustion was assumed
to be released throughout the entire charge at all stages
of the working cycle. The application of the first law
of thermodynamics to the cylinder charge over an
infinitesimally small increment of time, as shown in
Appendix 1, led to the following working equation:
wP dv vV  dpP @)
Jy—1dd  J¥ —1)db
where ¢ is the net heat release rate, P cylinder pressure,
V cylinder volume, & crank angle, ¢ time and 7 is the
ratio of specific heats of the charge at time 7.

An account for any heat loss or gain to the system per
unit area could be made with reference to a generalized
correlation for heat transfer proposed by Annand,?
following a survey of heat transfer literature, of the type:

Onr” = a X (Rep (T'— Tw) + o(T' — Rwt)  3)

q'._..

where a, b and ¢ are constants, Re Reynolds number,

FIG. 1 Schematic layout of the apparatus employed.

1. Thermometer or thermocouple 7. Air tank

2. Pressure gauge 8. Manometer

3. Metering valves 9. Carburettor

4. Regulator valves 10. Choked nozzle meter
5. Heaters 11. Pressure transducer
6. Gas cylinders

T absolute charge temperature, T, is the corresponding
temperature of the wall, k thermal conductivity and D is
the engine bore. It is normally up to the user to decide,
from a knowledge of the relative importance of the
radiative to convective heat transfer components and of
the design of his engine, the appropriate values for these
constants.

Another widely used correlation for the estimation of
heat transfer is that due to Eichelberg,? which is the
following:

Our'” =806 X 105 (V,} (PTH (T — T)  (4)

where V/,, is mean piston speed in ft/s and P is the pressure
in atmospheres. This empirically-based formulation was
adopted by many workers despite its short comings
mainly because of its simple form.

When an account for heat transfer is made, the gross-
heat release rate may be determined from a.knowledge

of 6, V, g—; together with an assumed knowledge of the
corresponding variation of the effective thermodynamic
and transport properties of the charge.

With this in‘mind the following simplifying assump-
tions were incorporated in the computer programme
developed for the solution of the problem:

(i) Purely for the evaluation of the thermodynamic
properties of the system, the assumption was made that
the extent of conversion of reactants to products at any
instant was directly proportional to the energy released
by combustion thus far. : ]

(ii) The reaction was homogeneous with no effective
temperature or pressure gradients within the charge.

(iii) The effects of leakage and residuals, unless other-
wise stated, were negligible.

(iv) The charge behaves as an ideal gas.

(v) The rate of heat transfer when accounted for,
followed either Eichelberg’s or Annand’s formulations.
The working surface temperatures were known and
remained unaltered throughout the cycle.

(vi) The reactants and products were assumed to be in
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an equilibrium state corresponding to the instantaneous
temperature and pressure of the system.

(vii) The presence of residuals were accounted for, if
found necessary.

A computer programme embodying ten subroutines
was developed in Fortran IV for an IBM 7094 Com-
puter,! to carry out the necessary calculations. A sub-
routine was provided for the smoothing of experimental
cylinder pressure input data. Then smoothing of data was
found to be necessary in view of the errors involved in
the processing of pressure-time records and the sensitivity
of the calculated heat release rate to any variations in the
pressure values. ,

The mean cylinder charge temperature was calculated
on the basis of the smoothed pressure values and cylinder
volume employing the ideal gas relationship. When
combustion was taking place, the cylinder charge was
assumed initially for a small increment of crank angle
rotation, to be the products of complete combustion.
This assumption is then modified iteratively to account

for dissociation and variable specific heats? employing.

special subroutines. The extent of consideration of
dissociation could be varied depending on the accuracy
required and the temperature of the charge. Dissociation
could be ignored, for example, when the molar fraction

of the dissociated species fell well below a certain-

specified percentage of their respective parent products.
This procedure could be improved upon, if need be, by
the facility of repeating the calculations on the assump-
tion of finite rate of conversion of the reactants to pro-
ducts in a manner depending on the reaction rate. This
later procedure may be a little lengthy but was desirable
in applications where heat was released gradually over
a wide range of crank rotation, such as with slow reacting
mixtures.

The net heat release over the small increment of crank
angle 40, was calculated using equation (1) and thermo-
dynamic properties defined as polynominals in tempera-
ture based on data reported in the JANAF tables.® The
associated heat transfer was then calculated by a sub-
routine based on Annand’s formulation of equation (3).

Facilities were provided for the computation of the
transport properties of the cylinder charge for any tem-
perature together with the computation of heat transfer
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coefficient, if need be, on the basis of Eichelberg’s
formulation of equation (4). The extent of heat transfer
was then calculated taking into consideration the working
temperature of the cylinder head and liner and that of
the piston together with their respective areas.

The gross heat release was then found by the summa-
tion of the net heat release rate and that of heat loss.
The cumulative heat release was computed by progressive
numerical integration employing Simpson’s rule.

An iterative execution of the above calculations over
consecutive small increments of crank angle rotation was
then carried out. Fig. 2 shows a typical variation of the
rate of heat release due to auto-ignition reactions and the
calculated mean charge temperature derived on the basis
of the observed pressure-time variation.

5. The derivation of overall combustion
kinetics from the effective rates of combustion
heat release '

In view of the absence of any deliberate source of ignition
and the operation with turbulent homogeneous mixtures
it can be justifiably assumed that throughout the pre-
ignition and post-ignition processes there are no tem-
perature and pressure gradients within the charge. On
this basis the gross reaction rate (n,'"") over any small
increment of time 4A¢ can be derived from the gross
volumetric heat release values ¢’’’ according to the
following relationship:

e 117 Aq”,

iy = G )

where Hp is the heating values of the fuel at conditions
corresponding to that at the temperature under con-
sideration.

On this basis the instantaneous relative concentration
of the fuel and oxidant will then be given by the following
respective relationships:
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where my., and m,,,, are the initial mass concentrations
of fuel and oxygen respectively.

Evidently the known instantaneous reaction rate
values, concentration of fuel and oxygen, density and
temperature could enable one, in theory, to find the
statistical derivation of the best values of X, a, b and E,
of equation (1), which satisfy the set of experimental data
observed. This procedure, however, can be simplified by
determining the K and E values for the reaction with
assumed reaction order. Fig. 3 shows a typical set of
derived data based on the heat release data of Fig. 2.

6. Some experimental results and discussion

When selecting experimental records for analysis only the
records of cycles where combustion was achieved on or
around the T.D.C. position were selected. Thus marginal
auto-igniting cycles, which were irregular and sporadic,
were eliminated. This approach resulted in reproducible
experimental records. Normally the range of compression
ratios employed was limited by the increased effect of
residuals at low compression ratios. The extent of heating
of the intake charge was such that regular auto-ignition
was obtained.

The results from a series of tests involving propane-air
mixtures over a range of mixture strength, initial tem-
perature and compression ratio were analysed on the
above basis. Purely for the purpose of the demonstration
of the utility of this approach and for simplicity, a second
order reaction was assumed, i.e. ¢ = b = 1 in equation
(1). Fig. 4 presents a superimposed record of the data
derived from a range of auto-igniting cycles of propane-
air mixtures. It can be seen that the experimental points
obtained, despite the wide variation of initial conditions
employed, do lie in a well-defined narrow band. More-
over, there seem to be two distinct temperature zones,
namely, below and above 1 000°K. Such a tendency is
fairly well known for many common fuels.t The two
activation energy values derived from the slopes of the
two parts of the curve are 8-0 K-cal/mole for the higher
temperature range and 60-0 K-cal/mole for the lower
temperature range. The latter value compares favourably
with 64 K-cal/mole carefully derived by Miller® for pro-
pane. It is interesting to note that fitting a single straight
line through experimental points can yield values for £
ranging from 8 to 60 K-cal/mole, depending on the
number of experimental points and the temperature range
selected. This may partly explain the wide variation of
activation energy values, E, reported in the literature for
propane.

The values as derived from Fig. 4 are relatively
insensitive to errors in the measurement of the initial
dynamic pressure at the beginning of compression or to
the neglect of the variation of thermodynamic properties
with temperature. Moreover, it has also been observed
that a slight variation in the indices (@) or (b) of equa-
tion (1) does not alter the general tendency of the slope
as shown in Fig. 4. Thus the procedure described can
provide reasonably accurate values for the gross kinetic
data of common fuels over a range of temperature and
pressure similar to that in practical combustion systems.
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Appendix 1. Derivation of rate of heat release
equation

As the gaseous fuel is introduced with air in the motored
engine the charge can be assumed to be homogeneous
and with the combustion energy released throughout the
charge. The application of the first law of thermo-
dynamics to the system comprising the charge over a
small increment of time At corresponding to a crank
angle change 46:

4 (energy released) + 4 (heat transfer in)
= 4 (heat transfer out) 4+ 4 (work out)

+ 4 (internal energy of the system) (7

If (4) is the net rate of heat release due to combustion
then equation (1) becomes:

G4t = (energy released) + (heat in — heat out) 8)

If the cylinder charge is assumed to be an ideal gas
and the energy of the system is in the form of internal
energy, then:

th:PATV+mC‘,,AT )

In the limit equation (9) becomes:
= (2 Y ) o
1 (J(;‘/—l)dﬁ iG=na)az = 9

(Paper received 19th June, 1968.)
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EXAMINATION OF EFFECTIVE RATES OF COMBUSTION
HEAT RELEASE IN A DUAL-FUEL ENGINE

By G. A. Karim*t and M. O. Khan*

The combustion processes in a dual-fuel engine are examined through the computation
and analysis of effective rates of heat release, Methane was adopted as the primary fuel
-and the cffect of deliberately introducing carbon dioxide along with the mcthane was also
examined to simulate operation on methane sources containing carbon dioxide as a major
contaminant. An examination of the various heat release records suggests that dual-fuel
combustion gencrally appears to undergo two distinct phases, The first phase is associated
mainly with the consumption of the pilot and some associated gaseous fucl, while the
second phase is dependent on the concentrations and the quality of the gascous fuel
employed. Under light audible knock, the first phase gets prolonged and persists over a
much longer period than under knock-free combustion. The rates of burning are excessively
high and project well over the second phase. This is indirectly indicative of the auto-ignition
nature of knock and the simultaneous rapid burning of the pilot toggther with a very
substannal fraction of the gaseous charge,
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INTRODUCTION

ANY EMPHASIS on the efficient utilization of gaseous fuels,
whether from natural or industrial sources for power .

production in relatively small units, will focus attention
on the dual-fuel engine and the limitations imposed by
the associated combustion phenomena. These problems
are mainly due to the poor utilization of the gaseous fuel
at light load together with that of the loss of combustion
control, commonly termed as the onset of knock which
imposes a ceiling to the useful output of these engines.
Under dual-fuel operation the primary fuel is normally
gaseous at atmospheric temperatures and pressures, and
in four-stroke engines is usually inducted with the engine
air charge. During the compression stroke at some point
near to top-dead-centre position, a small charge of liquid
fuel is injected through the conventional diesel fuel
system to act as a source of ignition for the main charge.
Power output is controlled by changing the amount of
the primary gaseous fuel added to the air, whilst the
quantity of the pilot charge per injection is usually fixed
for a given engine regardless of the engine output and
normally contributes to less than 10 per cent of the total

heat release at full load. Engines of this type are usually.

The MS. of this paper was first received ar the Diciftution on 28th
February 1967 and in its revised form, as aco ..} by the Council
for publication, on 6th June 1967. 33
* Mechanical Engineering Department, Imperial College of Science
and Technology, London.

T Associate Member of the Institution,

JOURNAL MECHANICAL ENGINEERING SCIENCE

capable of operating in this manner or purely on the diesel
principle. Such a system is assuming a particular signi-
ficance with the increased exploitation of natural gas
reserves in various parts of the globe and the prospects of
increased availability of natural gas from sources located

“in and around the North Sea.

Although the nature of the limitations in such devices
at light load associated with the use of lean gaseous fuel
mixtures, and that of knock in the richer ones, has been the

- subject of several investigations, it is fair to say that the

exact nature of the combustion processes in such a rela-

- tively complex system is far from being completely

understood. With this in mind a continuing extensive
study spanning a few years at Imperial College has been
carried out. The present paper bricfly summarizes the
work undertaken as a part of this programme to examine
the combustion processes in a dual-fuel engine through
the computation and analysis of effective rates of heat
release. This analysis infers that a gross characterization
of the combustion process can be made by a consxdcrathn
of the rate of energy release which manifests itself as-a
pressure change, with the assumption that such energy is
released throughout the charge. This technique is relar
tively well known and has been successfully adopted in
the study of combustion processes in diesel engings.
Original studies by Austen and Lyn (1) and later by Gee
and Karim (2)- have demonstrated that heat-release
analysis is one of the most effective means of i mterpretmg

I References are given in Appendzx 2. \
Vol 10 No 1 1968
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indircctly the combustion processes in compression-
ignition engines. No cfforts, however, secm to have been
directed in the past towards employing such an analysis
to the more complex combustion processes of the dual-fuel
type.
The present work was undertaken making use of the
technique of heat-release analysis to establish better
understanding and solutions to the problems related to
dual-fuel combustion. Methane was adopted as the pri-
mary fuel in view of its extensive abundance in natural
gas resources, its comparatively high caloric value on mass
basis, among other common fuels, and the large informa-
tion available about its combustion characteristics in
general and in dual-fuel engines in particular. The effect
of deliberately introducing carbon dioxide along ‘with
methane was also examined to simulate operation on
methane sources containing carbon dioxide as a major
contaminant, as commonly is the case with sludge gas.
The rational computations of rates of heat release entail
the evaluation of the thermodynamic properties of the
reactants and their products with proper assessment of the
effects of dissociation, the instantaneous pressure and
volume of the cylinder and their variations with respect
to time. Such elaborate calculations could effectively be
undertaken only with the help of a high-speed digital
computer, For this investigation a thh—speed IBM 7090
digital computer was used.

Notation

C,,C, Mean specific heats at constant pressure and
volume correspondingly of the charge under
conditions relating to T.

‘Mechanical equivalent of heat.

Mass of the charge.

Cylinder pressure.

The net rate of heat release due to combustion
per unit time.

Charge mean absol’ute temperature.

Time.

Cylinder volume.

C./C..

Crank angle, degrees.

cn\'-e“yﬂ. m.'ﬁ»sg‘

APPARATUS

The engine used was a single-cylinder direct-injection
type of 4}-in bore and 6-in stroke. The engine was
coupled to an electric dynamometer which permitted the
engine to be motored to asscss mechanical losses. A special
fuel pump was firted for this investigation capable of
mctcrmg accurately very small quantities of pilot fuel and
of varying the point of injection whenever required.

The air drawn in by the engine was metered by a vis-
cous-flow air meter, while the gascous fuels were metered
by choked nozzles, and were added to the inlet air at the
throat of a mixing venturi located upstream of the inlet
valve. The high-pressure gas supply, after passing through
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a pressure regulator, was led to the engine through a
system of control valves and expanded through the choked
nozzles for flow rate measurement. Two metering circuits
were provided. One of these was used for the measurement
of carbon-dioxide flow rate.

Engine cylinder pressurc development was indicated by
a piezoelectric transducer, while the movement of the
injector needle was established by a photoelectric trans-
ducer. Signals at known crank -angle intervals were"
generated by an electromagnetic transducer close to the
engine flywheel. These signals were displayed on a Tek-
tronix oscilloscope and particular attention was paid to
the reduction of sources of error in the measurement of
pressure, Moreover, in order to find out a mean cycle for
analysis, five separate records were obtained at random.
Such records indicated very little combustion irregularity.
Knocking was reckoned by virtue of its audibility in the
form of engine roughness, which was also manifested by
the presence of high-frequency oscillations on the pressure
traces as indicated by Karim and co-workers (3).

" CALCULATION OF THE EFFECTIVE RATES
OF HEAT RELEASE FROM PRESSURE-TIME
DEVELOPMENT RECORDS
Due to the complex and relatively unknown nature of the
combustion processes in a dual-fuel engine, the problem
of determining the gross heat-release rate was idealized to
the extent that the cylinder charge was assumed to be.
homogeneous. Moreover, the energy was assumed to be
released as a result of combustion throughout the entirc
charge at all stages of the working cycle. The application
of the first law of thermodynamics to the cylinder charge
over an infinitesimally small increment of time will lead,

as shown in Appendix 1, to the following equation:
. {7 PdV VvV 1dP)dd
g {7—1 Ja =17 dB} ar

where ¢ is the net heat-release rate.

Should an account for any heat loss or gain to the system
be made then the gross heat-release rate may be deter-
mined from a knowledge of P, V, dV/df, dP/d0, and
df/dr together with an appropriatc knowledge as to the
corresponding variation of the effective thermodynamic
properties of the charge. With this in mind the following
simplifying assumptions were incorporated in the com-
puter program used for this investigation:  °

(1) Purely for evaluation of the thesmodynamic
properties of the system, combustion was assumed to
take place simultaneously after a significant pressurc
rise from the normal compression curve.

(2) The reaction was homogeneous with no cffective
temperature, concentration or pressurc gradients
within the charge.

(3) The effects of leakage and residual gascs were
neglected.

(4) Thecharge behaves as an ideal gas throughout the
process.
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- EXAMINATION OF EFFECTIVE RATES OF COMBUSTION HEAT RELEASE IN A DUAL-FUEL ENGINE

Start I
Read input

Crank angle and corresponding
cylinder gas pressure

Air, CHg,COz, pitot fuel flow rates
injection timings

fgnition timings

Induction pressure -

Engine bore, stroke, connecting rod
to crank throw ratio

Speed and coolant temperature

¥
[Smooth pressure scatter iteratively ]
¥
[Exccutz the following for &=1,150 J
[Compute d¥/dO by engine geometry ]

i 2
[If injection starts |—Yes
Np

Pilot fuel=0 |
[Account for pilotl rate J‘—————J
¥

Compute molar concentration of reactants |

—No—{If ignition starts ]

Yés
[Compute molar concentralion of products ]
X
‘\—Evaluate cylinder gas lemperature -
['7
[f ignltion starts J—No
Y‘é's
Hcrot:—rLComputt dissoclated components of products Fmm e e == )
Y 1
No-If CO & Hy are less than *OS mole per cent of CO AHa0 respectively| 1
. Yes ' ' :
Y
[Compute specific heat of products M e s 4
: ¥
———————JEvaluate specific heat ratio of products ]
. T

[Evaluate specific heat of reaclants pa—

[Evaluate speclfic heat ratic of reactants]

¥ .

b »IDitferentiate p—@ variation for dp/dé ]
Y

[Evaluate rate of heat release , 1

[Evaluate rale of heat transfer |

|Evaluate effective rate of heatl releasc 1

[Compute cumulative heat release by numerical integration]
¥ o -

Write output

Crank angle, pressure,
temperature, rates of

heot release and heat
transfer, specific heats of
reactants and products and
cumulative heatl relecase

3

Fig. 1. Schematic procedure adopted in the digital calculation of a dual-fuel engine cycle
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(5) The rate of héat transfer, when accounted for,
follows the Eichelberg formula (5), and that the cylinder
wall temperature remained constant throughout the
working cycle.

Fig. 1 shows schematically the procedure adopted in the
digital calculation of a dual-fuel engine cycle which is also
workable for a diesel cycle. In fact the computer pro-
gram developed treats the diesel cycle as a ‘special case of
the dual-fuel operation. The calculations are based on the

observed pressure-development history during a working

cycle. The analysis of pressure variation with respect to
each degree of crank rotation was carried out after pro-
" jecting the 35 mm camera records on a calibrated screen.

These values were then smoothed out after subscquent

replotting to reduce the extent of any imminent scatter,
The data thus obtained were then smoothed further by
computer methods incorporating the principle of fourth
differences. This procedure was resorted to to ensure
satisfactory smoothing because of the extreme sensitivity
of heat-release values to any pressure variations par-
ticularly with small heat-release values, Morcover,
extreme care was taken to ensure maximum accuracy of

pressure measurements by a suitable choice of transducer -

and electronic equipment.

The thermodynamic properties requlred for the cal-
" culations such as C, and K, were computed on the basis
of their temperature dcpendencc and in accordance with
JANAF thermo-chemical data (4):

EXPERIMENTAL RESULTS

A very large number of pressure-time development
records were obtained over a wide range of operating
conditions of the dual-fuel engine. These records were
then processed and analysed using computer methods in
the manner outlined earlier. Fig. 2 is a typical example of
the diagrams constructed directly from computer results.
These were the cylinder pressure, the rate of pressure
rise, the rate of heat release, cumulative heat release and
cylinder gas temperature. These values were calculated
with reference to each degree of crank rotation, over a
normal range of 150° of crank rotation and the charge
drawn in per cycle. Figs 3 and 4 show a cross-section of

superimposed rate of heat-release diagrams obtained with -

two ranges of pilot fuel for different concentrations of the
primary fuel methane in the intake mixture under constant
pilot injection timing and engine speed. The concentra-
tions of the primary gas covered the wide range from the
case when just sufficient power is produced to overcome
the motoring losses to that when knock was detected.”
Fig. 5 presents the cumulative heat release of the rates
shown in Fig. 3, while Figs 6 and 7 present the heat-
release rate development records for a given feed concentra-
tion of methane when employing a range of pilot fuelling
rates. Figs 8 and 9 depict the effects of carbon dioxide
addition to the methane covering a wide range of carbon

dioxide addition from pure methane operation under

JOURNAL MECHANICAL ENGINEERING SCIENCE

knocking conditions to that of almost 50 per cent of the
methane used and where it can be readily seen that under
knocking conditions the presence of carbon .dioxide
smooths operation appreciably. '

The introduction of carbon dioxide in the intake charge
under normal operating conditions generally protracted
the delay period and reduced the overall rate of burning
and power output. For the same mixture strength it
usually produced exhaust gas temperatures higher than
that obtained with no such addition denoting much slower
combustion. The presence of carbon dioxide with fuel
will normally affect the final products of combustion
mainly through the water-gas shift reaction.

DISCUSSION

The small negative heat release that can be observed on all
the records prior to ignition can be the direct consequence

of the inadequacy of the Eichelberg formulation (5) to
account fully for the heat losses during the last stages of

compression. We found, however, that other heat loss
formulation such as that of Annand (5) produced only a
slight improvement to an extent that it was considercd
unnecessary to depart from the simple Eichelberg formu-
lation in the present analysis. Moreover, the relative
contribution to the apparent heat release of the processes
of pilot fuel evaporation and the pre-ignition processes
cannot be adequately established. Such uncertainties are
to be expected in an overall analysis of this nature (1).
In contrast to ‘pure’ diesel combustion, the pilot when

_injected in a dual-fuel engine normally undergoes more

delayed ignition. This is believed to be mainly due to the

~ influence of the gaseous fuel present in the charge (3). A

protracted delay should enable the pilot injection to be

‘completed with substantial evaporation and mixing of the

pilot vapour with'the gaseous fuel charge, before ignition
begins. Once ignition commences some of the gaseous fucl
present in the vicinity of the multiple ignition sources will
inevitably be involved. It will make a substantial contribu-
tion to the initial part of the heat release if the charge is

_ rich enough to be beyond the effective lower flammability

limit of the mixture.

An examination of the various heat release records, of
which Figs 2-6 represent a typical cross-section, suggests
that dual-fuel combustion generally appears fo undergo
two distinct phases. The first phase is associated mainly
with the consumption of the pilot and some associated
gaseous fuel, while the second phase is almost entircly
dependent on the concentration and the quality of the
gaseous fuel employed.

It can be seen, for example, from Fig. 3 that for a given
pilot fuelling rate, the initial rate of heat releas¢ remains
almost the same as the gaseous fuel concentration is
increased. This similarity of the initial rates of heat releasce’
tends to keep close together the cumulative heat-rclease

-diagrams around the t.d.c. point and marked changes

become apparent only over the later part of the cycle, As
the main fuelling rate was increased further, thereoccurred
f
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a proportionate increase in the heat release during the
first phase indicating that a larger proportion of the charge
was involved. When the pilot fuel is increased, however,
for a constant addition of gaseous fuel, the initial rates of
heat release show a marked difference accordingly. It is
interesting to note that under relatively lean mixtures the
heat release during the first phase corresponds approxi-
mately to the heat value of the pilot fuel itself, confirming
that the first phase is associated primarily with pilot
combustion. It can also be seen from Fig., 5 that, even
under rather lean mixture conditions, the first phase
shows the tendency to project over the second as the pilot
is increased. When the premixed gaseous fuel mixture is
rich enough, the increased pilot fuelling rate will incorpor-
ate in the combustion a substantial amount of the gaseous
charge which would eventually give rise to a considerable
increase in the rate of heat release and may lead to knock.

The ignition characteristics of the pilot fuel are pro-
nouncedly affected by the gascous charge under small pilot
fuclling rates. This is clear in Fig. 4, where a reduction of
the gascous fuel in the charge shows substantial delay in
the initial release of heat. The ignition delay was observed
to diminish slightly with richer gaseous fuel concentrations
suggesting that the gaseous fuel takes an active part in the
pre-ignition reactions of the pilot itself.

Under the conditions of light audible knock, the initial
rates of combustion remain the same except that the first
stage of combustion becomes prolonged and persists over
-a much longer period than the knock-free combustion.
The rates of burning are excessively high and project
weil over.the second phase. This is indirectly indicative

of the autoignition nature of knock (3) and thesimultaneous -

rapid burning of the pilot together with a very substantial
fraction of the gaseous charge.
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The second phase of dual-fuel combustion with normal
knock-free operation is indicative of a much slower burn~
ing. Under lean mixture strengths and with a relatively
small pilot it separates out from the first phase indicating
unfavourable conditions for the rapid consumption of the
gaseous fuel which contributes only marginally to the
heat released. A substantial percentage of the fuel as shown
in Fig. 10 will appear in the exhaust having undergone no
change.(6).

The analyses of heat release rates with carbon dioxide
addition indicated that although the initial rates of burning
remained substantially the same, the peaks of the heat
release rates of both the stages and the total heat released
were reduced. The flame was thus restricted to pass
through the charge rendering an increased amount of the
fuel to escape without being fully consumed.

The knocking intensity was found to be reduced with
the increased addition of carbon dioxide. For the case
presented in Fig. 8, knock was found to persist until a
concentration of about 25 per cent carbon dioxide was
reached in the fuel. Under these conditions the two phases
of combustion merged together thus exhibiting a more
progressive burning and producing a heat release rate
variation with time in a way not unlike that of the familiar
spark-ignition engine.

It has been demonstrated that the approacli of heat
release analysis, when adopted with the aid of high-speed
computer techniques, can offer a useful means for the
interpretation of the overall nature of some of the complex
combustion phenomena in dual-fuel engines. The evidence
obtained is in general agreement with and supplements
the relatively limited experimental evidence avaijable as
to the nature of the combustion processes in these

devices (3) (7).
Vol 10 No 1 1968
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CONCLUSIONS

An examination of various heat rclease records suggests
that the dual-fuel combustion generally appears to undergo
two distinct phases. The first phase is associated mainly
with the consumption of the pilot liquid fuel together
with a part of the gaseous fuel, depending on the concen-
tration of the latter in the main charge. The second phase,
which tends to be much slower, is dependent mainly on
the concentrations and quality of the gascous fuel em-
ployed. The heat release analyses of lean mixture opera-
tion indicate in conformity with other experimental
evidence that the comparatively inefficient combustion
under such conditions is due mainly to the inability of the
gascous charge to supplement effectively the heat release of
the first phase. The use of larger pilots or higher initial
temperatures can reduce this tendency.

Under light audible knock the two phases of combustion
merge together and produce excessive rates of heat release
which persist over a much longer period than that under
knock-free operation. This is indirectly indicative of the
auto-ignition nature of knock and the simultaneous burn-

ing of the pilot together with a substantial fraction of

the gaseous charge.
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APPENDIX 1

DERIVATION OF RATE OF HEAT~RELEASE EQUATION

Considering the cylinder charge to be homogeneous and with the
combustion energy released throughout the entire charge, the
applxcatxon of the first law of thermodynamxcs to-the system com-
prising the charge over a small increment of time 4t, correspondmg
to a crank angle charge 49:
d(energy released) +-4(heat transfer in)
= A(heat transfer out) 4-d(work out)
+-4(internal energy of the system) (1)
If (q) is the net rate of heat release due to combustion, then
equation (1) becomes:
¢ 4t = d[(energy released) 4-(heat in)—(heat out)] (2)
If the cylmder charge is assumed to be an ideal gas and the energy
of the system is in the form of internal energy, then

N

AI=M+ CdT . v v . (B
Equation (3) may be written as
, . JPAV+V 4P
g 4t = ——————-——J(__l) eoe e (B
In the lxm:t equation (4) becomes:
{ $P dV vV dP}
Jz=1)de T JG—1)de

The computer program

A generalized program equally workable for diesel or dual-fuel
operation was devised, for IBM 7090 in Fortran IV, which
required the following information as input:
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(1) Engine dimensions such as bore, stroke, and connecting rod
to crank throw ratio.

(2) Temperature and pressure of the cylinder contents at the
start of compression.

(3) The manually smoothed values of cylinder gas pressures
and the corresponding crank rotation in degrees.

(4) ‘The flow rates of air, gascous fuel, pilot fuel, and CO,
introduced per stroke.

(5) The cylinder walls’ temperature.

(6) The pilor fuel injection timings and the starting point of
combustion. The rate of injection of pilot fucl into the cylinder
was distributed equally per degree of crank rotation over the period

_of injection, and the thermodynamic propertics were modified

accordingly. The pilot fuel was assumed to be adequately repre-
sented by cetane.

The computer was required to exccute the following steps:

(1) Iterative smoothing of the pressure-time development input
data on the principle of fourth differences.

(2) Cylinder volume and its rate of change with respect to crank
angle as dictated by the geometric configuration of the engine.

(3) Differentiation of pressure-crank angle input data for the
rate of pressure change.

(4) Evaluation of cylinder gas temperature employing ideal gas
relationship.

(5) Estimation of mean thermodynamic properties of cylmdcr
contents on the basis of their temperature dependence, in con-
formity with JANAF thermo-chemical data (4).

(6) Accounting for dissociated componcents and iterative mpdi-
fication of their parent species thercafter in accordance with a
digital procedure established by Edson ¢t al. (8).

(7) Application of first law of thermodynamics as per this scction
of this Appendix and evaluation of effective rates of heat release.

(8) Calculation of rates of heat transfer in accordance with
Eichelberg’s formula or other correlations (5).

(9) Calcularion of gross rates of heat releasc after accountmg for
heat transfer.

(10) Summation of rates of heat release to evaluate cumutative
heat release. -

All the above steps, shown schematically in Fig. 1, were executed
by the computer within 0-2 min for a con}plete cycle.

 APPENDIX 2

REFERENCES

(x) AUSTEN, A. E W. and LynN, W. T. ‘Relation between fuel
injection and heat release ina dxrect-m)ectlon engine and
the nature of combustion processes’, Proc. Auta. Div.
Instn mech. Engrs 196061 (No. 1), 47.

(2) Geg,D.E.and KARIM, G.A. ‘Heat release in a compression-
ignition engine’, Engineer, Lond. 1966 (September).

(3) Karim, G. A., KraT, 8. R. and Moorg, N. P. W. ‘Knock in
dual-fuel engines’, Proc. Instn mech. Engrs 1966—67 181
(Pt 1, No. 20), 453.

(4) “JANAF thermo-chemical data tables’, U.S. Department of
Commerce, Washington, D.C., 1964.

(5) ANNAND, W. J. ‘Heat transfer in thc cylinders of reciprocat-
ing internal cumbustion engines’, Proc. Instn mech. Engrs
1963 177 (No. 36), 973, .

(6) Azzouz, D. “Some studies of combustion processes in dual-
fuel engines’, M.Sc. thesis, London University, 1965.

(7) MoORE, N. P. W. and MrTclELL, R. W. S, ‘Combustion in
dual-fuel engines’, Proc. Joint Conf. Combustion 1955, 300
(Instn Mech. Engrs, London, and Am. Soc. Mech.
Engrs, New York).

(8) EpsoN, M. H. “The influence of compressnon ratio and dis-
sociation on ideal Otto cycle engine thermal efficiency’,
Progress in Technology 1964 7 (Soc. Automot. Engrs).

Vol 10 No 1 1968



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262
	Page 263
	Page 264
	Page 265
	Page 266
	Page 267
	Page 268
	Page 269
	Page 270
	Page 271
	Page 272
	Page 273
	Page 274
	Page 275
	Page 276
	Page 277
	Page 278
	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286
	Page 287
	Page 288
	Page 289
	Page 290
	Page 291
	Page 292
	Page 293
	Page 294
	Page 295
	Page 296
	Page 297
	Page 298
	Page 299
	Page 300
	Page 301
	Page 302
	Page 303
	Page 304
	Page 305

