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ABSTRACT

This thesis considers the effect of compression ratio on the
performance of a direct injection diesel engine.

One aspect of engine performance is considered in great detail,
namely the combustion performance at increased clearance volume. This
aspect was of particular interest because variable compression ratio
{(VCR) systems normally operate by varying the clearance volume.

The investigation relied upon results obtained both from
experimental and computer simulating models. The experimental tests were
carried out using a single-cylinder direct—injection diesel engine,
under simulated turbocharged conditions at a reduced compression ratio.
A number of one~dimensional computer models were developed; these
simulate the induction and compression strokes, and the fuel spray
trajectories in the presence of air swirl.

The major objectives of the investigation were: to assess the
benefits of VCR in terms of improvements in output power and fuel
economy; to assess the effects on combustion of increased clearance
volume, and investigate methods for ameliorating resulting problems;
develop computational models which could aid wunderstanding of the
combustion process under varying clearance volume conditions.

It was concluded that at the reduced compression ratio of 12.9:1
(compared to the standard value of 17.4:1 for the naturally-aspirated
engine), brake mean effective pressure (BMEP) could be increased by more
than 50%, and the brake specific fuel consumption (BSFC) could be
reduced by more than 20%. These improvements were achieved without the
maximum cylinder pressure or engine temperatures exceeding the highest
values for the standard engine. Combustion performance deteriorated
markedly, but certain modifications to the injection system proved
successful in ameliorating the problems. These included: increase in the
number of injector nozzle holes from 3 to 4, increase in injection rate
by about 28%, advancing injection timing by about 6°CA. In addition,
operation with weaker air fuel ratio, in the range of 30 to 40:1 reduced
smoke emissions and improved BSFC.

Use of intercooling under VCR conditions provided only modest gains
in performance.

The NOx emission was found to be insensitive to engine operating
conditions (fixed compression ratio of 12.9:1), as long as the peak
cylinder pressure was maintained constant.

Engine test results were used in order to assess the accuracy of
four published correlations for predicting ignition delay. The best
prediction of ignition delay with these correlations deviated by up to
$0% from the measured values,

The computer simulation models provided useful insights into the
fuel distribution within the engine cylinder. It also became possible to
quantify the interaction between the swirling air and the fuel sprays,
using two parameters: the crosswind and impingement velocities of the
fuel spray when it impinges on the piston-bowl walls. Tentative
trends were identified which showed that high crosswind velocity
coincided with lower smoke emissions and lower BSFC.
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Chapter 1:
Introduction



1.1 = BACKGROUND

This thesis deals‘with the effects on engine performance of varying
the clearance distance between the piston crown and cylinder head when
the piston is at top dead centre (TDC).

Varyiné the clearance distance and, consequently, the clearance
volume has historicaily been the most commohly adopted metbod of véryingv
engine compression ratio. 1In the past, engine tests in both the ﬁK and
the US (Mansfield etbal, 1965; Grundy et al, 1951), have.shown that the
major benefit of variable compression ratio (VCR) in diesel engihes is a
high brake mean effective pressure (BMEP), without excessive cylinder-
gas pressure or deterioration in cold starting and idling performance
(Kamo, 1978).

The specific power output from diesel engines has been gradually
increased over the last 30 years (Ladommatos‘and Stone, 1988). This has
been achieved mainly through a gradual increase in BMEP (see Fig 1.1).
In some applications, ' such as road trucks and rail locomotives, higher
BMEP 1is needed in order to satisfy increasing perr demands without
excessive increase in size and weight of the engine. Currently, many
diesel engines operate at BMEP levels of around 15 bar, whilst several
experimental engineé have run at levels of 30 and even 40 bar.

The gradual increase in BMEP has been obtained by increasing the
air mass trapped in the cylinder, chiefly by turbocharging. However, the
disadvantage of higher trapped mass is increasing peak ‘qylinder
pressure, Fig 1.2. Strengtheniﬁg the éombustion chamber to contain the
higher peak pressure is not an easy solution; it adds to the weight,
bulk and the cost of the engine. The problem of greater bulk is at odds

with the need for extra cooling in order to cope with the increased



thermal loading. The alternative to containing the higher peak cylinder
pressure is to lower the compression ratio, or to retard the injection
timing.

Undesirable side effects of retarding the injection timing, by more
thanr about 5° crank angle (CA) are: a lower thermal efficiency, an
increase in smoke and hydrocarbon emissiops (Heywood, 1988), although a
benefit is that NO_ emissions tend to decline. Alternatively, adopting a
lower fixed compression rétio would also have several disadvantages.
These include lower thermal efficiency, increased unaided cold starting
difficulties, and detonation at light load conditions (Osborne, 1985).

The preferred solution would be a low compression ratio at medium
and high loads, and a high compression ratio for starting and low load
conditions. This would necessitate a system capable of varying the
compression ratio during engine operation.

Expected engine operation with VCR is summarised in Fig 1.3. The
rise in peak firing pressure (accompanying increasing BMEP) is halted by
progressively lowering the compression ratio using a suitable system.
The reverse process takes place when load is removed; the compression
ratio is progressively returned to its highest value for good light load
performance and better fuel economy. During starting, the VCR mechanism
chosen should adopt the highest compression ratio available.

Numerous mechanisms for varyipg the compression ratio whilst the
engine is running have been conceived over the years. The great majority
of these rely on altering the clearance volume at TDC.

Fig 1.4 shows a number of VCR systems, In the first system, the
movement of the contra-piston varies the clearance volume. In a series

of tests by Volkswagen of West Germany this movement was controlled by



an electric servomotor (Walzer et al, 1986). The second system is
utilised in the Co-operative Fuel Research engine which is used for
Cetane-rating tests on diesel fuels, The contra-piston in this engine is
controlled by a handwheel (ASTM, 1963). The third system allows two
sizes of clearance volume to be selected. 1In diesel engines, only the
main chamber would be used during starting; after this has been achieved
the passage between the main and auxiliary chambers would be opened
(Barber, 1957). In the fourth system, upward or downward displacement of
the pivot varies the position of the piston at TDC and the clearance
volume (US patent 4538557, 1985). 1In the fifth system, rotation of the
eccentric pivots increases the separation of the pistons and the
clearance volume at TDC (Mech. Eng. publications, 1984). In the sixth
system, displacement of the main pivot varies the piston position at TDC
(US patent 4112826, 1978). The mechanical output is in the form of an
oscillatory motion, alfhough a similar system (US patent 4270495, 1981),
is arranged so as to deliver rotational output. The seventh system uses
a rotational sleeve which varies the piston stroke and, therefore, the
clearance volume. The sleeve can be rotated relative to the crankpin by
means of the sleeve gears, and this allows continuous variation of the
combustion chamber volume during the engine cycle (Rychter and
Teodorczyk, 1985). The eighth system, which has been produced
commercially in small numbers, relies on a two-part piston. Variation of
the clearance volume is achieved by movement of the outer shell relative
to the inner shell. This movement is controlled by a system of hydraulic
valves which control a flow of oil from the engine lubrication system
through the piston (Ladommatos et al, 1989, Wirbeleit et al, 1990). The

last system shown in Fig 1.4 also relies on a two part piston. This



system would be controlled pneumatically using the gas in the engine
crank case. The flow of gas would be controlled by a number of passages
within the piston which also facilitate 1lubrication of the moving
surfaces (Eureka magazine, 1989).

The wvariation in the clearance volume associated with the systems
shown in Fig 1.4 affects the combustion process in diesel engines, but
the effect is greater in the case of DI diesel engines. 1In this type of
engine, good mixing of the fuel and air trapped in the cylinder is
essential for efficient combustion. This is particularly important in
the case of high speed direct injection (HSDI) diesel engines with bowl-
in-piston combustion chambers. In this type of engine, the combustion
process relies greatly upon air squish and swirl motion which can be
severely reduced when clearance volume is increased.

Published information on the effect of varying the clearance volume
in diesel engines is very limited. Wallace and Lux (1963) tested a VCR
piston system (item 8 in Fig 1.4) in a single cylinder DI engine at 1600
and 2800 rev/min. The piston had a semi-quiescent toroidal combustion
chamber. They found that poor combustion could be partially relieved by
modifications to the injection system, combustion system geometry, and
swirl induced by the inlet port. Osborne (1985) reported results of
tests at engine speeds up to 1500 rev/min on a single-cylinder version
of the Paxman Valenta DI engine (Osborne and Bhinder, 1982). A semi-
quiescent. toroidal combustion chamber was used, and the compression
ratio was varied between 13:1 and 8:1 by increasing the clearance
volume. Osborne’s results did not show serious problems witﬁ combustion
expect when increasing load from near-idling conditions. Grundy et al

(1976) reported results of tests at speeds up to 1600 rev/min in a



single-cylinder DI engine with a semi-quiescent combustion chamber. In
some tests the clearance volume was reduced so that the compression
ratio was increased from 15:1 to 17:1. They found that modifications to
the piston crown and injector nozzle geometry were necessary in order to
avoid fuel impingement and high smoke emission at the higher compression
ratio.

In recent years, increasing pressure for greater fuel economy,
greater engine compactness, and lower weight, have led to intensive
development of HSDI —diesel engines with bowl-in-piston combustion
chambers. Two examples'of these engines are the Ford 2.5 HSDI and the
Perkins Prima engine. Both are capable of speeds in excess of 4000
rev/min (previously the domain of the indirect injection (IDI) type of
diesel engine) and have shown specific fuel consumption improvements of
10 to 15% over 1IDI engines of the same power output. To date no
information has been published in the open literature on the performance
of HSDI diesel engines using a VCR system of the type that varies the

clearance volume.



1.2 ~ OBJECTIVES OF THE STUDY

The general aim of the work presented here was to study the effect
of increase in clearance volume on the performance of an HSDI engine
with a bowl-in-piston combustion chamber.

The specific objectives of the work presented in this thesis were:

i - To assess the benefits of VCR in terms of increased BMEP and
improved fuel economy.

ii - To identify and quantify the effects on the combustion
performance of increased clearance volume,

iii - To investigate methods for ameliorating the problems with
combustion.

iv = To develop computer simulation models of the air flow structure
at low compression ratio. These could be used in order to
optimise the combustion process when VCR systems of the
variable-clearance-volume type are applied to HSDI engines.

1.3 = OUTLINE OF THE THESIS

Chapter 2 presents a literature survey on combustion in DI diesel
engines, with particular reference to the effect of air motion within
the cylinder during compression and combustion. Published information on
the effect of increased clearance volume on air motion and combustion is
included in this chapter.

Chapter 3 describes the experimental facility set up for this
study. It includes the results of commissioning and baseline tests.

Results from engine tests at a low compression ratio are presented
and described in Chapter 4. This Chapter also includes an assessment of
a number of published semi-empirical correlations for predicting
ignition delay. |

In Chapter 5, computer models are developed which predict the air



squish and swirl during compression in the engine used for the
experimental work. These models are then used in order to interpret the
results from the experimental work.

Chapter 6 brings together the conclusions that emerged from the
work presented in this thesis, and includes recommendations for future

work.



Chapter 2:
Literature Survey



2.1 - FUNDAMENTALS OF INTERNAL COMBUSTION ENGINES

One way of classifying internal combustion engines is according to
the method used to ignite the air fuel mixture: spark ignition (SI) and
compression ignition (CI).

The cylinders of conventional SI engines are supplied with premixed
air and fuel. The mixture is prepared in the manifold, priorvto being
drawn into the cylinders, during the induction process. The mixture is
prepared either by means of a carburettor or a fuel injection system.
The mixture strength (air fuel ratio) is around stoichiometric. Most of
the fuel is in the vapour state, and well mixed with air, by the time
the spark is initiated. The mixture is ignited at a desired crank angle
by a high energy spark. The power output of the engine is controlled by
varying the amount of mixture supplied to the engine using a strangler
(throttle).

In ‘a CI engine, however, only air is drawn into the cylinders
during the induction process. Towards the end of the compression stroke
liquid fuel is injected into the trapped, compressed, hot air. Unlike SI
engines, a heterogeneous mixture is formed within the combustion
chamber, with a wide range of air fuel ratios. During compression, the
pressure and temperature of the trapped air rises above the level
required for spontaneous ignition of the diesel fuel. Thus, part of the
air fuel mixture ignites (after a short delay period) in one or more
locations within the combustion chamber. These ignition points are
normally located where the mixture has attained, approximately,
stoichiometric proportions. 1In CI engines, unlike SI engines, the
location and, (to a some extent) the timing of ignition are not

controllable.



In SI eﬁgines, thé combustion proceeds by the propagation of a
flame front initiated by the high energy spark. In a CI engine, however,
combustion proceeds at a rate which is principally dependent on the
fuel evaporation fate, its mixing with the surroundiné air, and the rate
of combustion of the premixed fuel and air after ignition. Once tﬁe
combustion process is under way, the evaporation and mixing of the fuel
is accelerated by the increasing temperature of the cylinder contents.
In a iarge proportion of aiesel engines, agitatidn of the air within the
cylinder, in addition to the molecular diffusion, accelerates fuel air
mixing. This higher air fuel mixing rate is achieved, because, mass of
the various species in the cylinder is transferréd towards (and away)
from the burning regions by convection.

An approximately fixed amount of air is suppiied to >CI engines
under all running conditions. The power output. éf ﬁhe engine is
controlled by varying the amount of fuel injected per cycle; that is, by

varying the overall air fuel ratio,

2.1.1 - Diesel engine types

Diesel engines can be divided into two basic types according to
their combustion chamber design:
1 - Direct injection (DI) engines.
2 - Indirect injection (IDI) engines.
DI engines have a single, open combustion chamber, into which fuel
is injected directly, Fig 2.1(a). The combustion chamber in IDI engines

is divided into two parts, the prechamber (which is located within the

cylinder head) and the main chamber. Fuel 1is injected into the



prechamber which is connected to the main chamber via a throat,
Fig 2.1(b). There are several variations for each type of combustion
chamber.

Quiescent chambers (characterised by a shallow bowl in the crown of
the piston) are traditionally used with large-bore low-speed DI engines.
The mixing of the air and fuel is mainly promoted by a large number of
.high velocity, finely atomised fuel jets. Due to the lower engine speed,
and more time available for combustion, additional agitation of the air
is not required. A large number of sprays is necessary,  in order to
distribute the fuel evenly within the compressed air. The high velocity
of the fuel jets also helpévfuel penetration to the outer edges of these
large-diameter combustion chambers.

In high~speed direct-injection (HSDI) diesel engines (operating at
up to 4500 rev/min) high fuel air mixing rates are required. This is
achieved by air swirl and turbulence. In these engines swirl is imparted
during induction,’ usually by the inlet port (section 2.3.1). During
compression, the displacement of the air into the bowl reduces the
radius of gyration (and moment of inertia) of the trapped air, causing
the swirl rate to increase (Fig 2.la).

In IDI engines, during the compression stroke, air is forced at
high speed through a small throat into the prechamber. This generates
very high levels of air swirl and turbulence in the prechamber. This
allows the engine to run at high speeds (up to 5000 revs/min). Fuel is
injected into the prechamber, often through a single-hole nozzle. The
fuel spray is usually coarser, and has a lower velocity than in DI
engines. Despite the lower spray quality, good fﬁel air mixing 1is

obtained, as a result of the higher swirl and turbulence in the

10



prechamber, The pressure rise, in the prechamber due to combustion,
forces the burning mixture back into the main chamber, where the air in
the main chamber completes the combustion. IDI engines have high heat
loss rates to the prechamber walls and throat, arising from hiéh flow
velocity and turbulence., They also have additional pumping losses due to
the transfer of air and burning gases between the prechamber and main
chamber. These features partly account for the thermal efficiency of IDI
engines being 5 to 15 percent lower than that of DI engines.

This thesis is concerned with combustion in a DI diesel engine,
having a bowl-in-piston combustion chamber; For this reason, all
subsequent sections in this chapter will deal only with the DI type of

diesel engine.
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2,2 - THE COMBUSTION PROCESS IN DI DIESEL ENGINES

In diesel engines, the mixture of vaporised liquid fuel and air
must be within flammable limits, and must be raised to a sufficiently
high temperature and pressure for autoignition to occur. For diesel
fuel, the overall air fuel ratios that can support combustion are
between 14.5:1 and over 100:1.

The combustion process can be divided into three distinct phases,

Fig 2.2:

i - Ignition delay period
ii - Premixed combustion period
iii - Diffusion burning period

Ignition delay

The delay period is defined as the time between the start of
injection and: either, first appearance of visible flame, or the start
of pressure rise due to heat release. Before a significant proportion of
the chemical energy of the fuel can be released through burning, certain
physical and chemical processes take place during the delay period. The
phyéical processes are: break up of the fuel jet into fine droplets
(atomisation), evaporétion of the fuel droplets, and mixing of the fuel
vapour with the surrounding air. The chemical processes involve cracking
of large fuel (hydrocarbon) molecules into smaller ones, and oxidation
of the fuel vapour,

The delay period is dependent on the pressure and temperature of
the air, also on the physical and chemical properties of the fuel.
Constant-volume bomb tests by Taylor (1968), Spadoccini (1982), and

Igura et al (1975), have shown that delay periods (measured in ms)
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shorten as the pressure or temperature of the air increase, Fig 2.3.
However, Fig 2.3 shows that a given percentage change in pressure has a
smaller effect on the delay period than a corresponding change in the
thermodynamic air temperature.

The delay period could also be influenced by the'impingement of the
fuel jets on the combustion chamber surfaces, for example, the sides of

the piston bowl.

Premixed combustion

The delay period 1is followed by rapid premixed .combustion. A
certain émount of fuel and air, that has been premixed to within the
flamability limits, ignites. The amount of premixed mixture burning is
closely associated with the length of the delay period. If the ignition

delay period 1is long, a greater amount of fuel will be prepared for
ignition. The subsequent rate of combustion would, therefore, be
greater, causing a more rapid pressure rise, and higher maximum cylinder
pressure. The level of combustion noise emitted would also.be greater,
due to this high initial rate of pressure rise. This 1is noticeable
shortly after a diesel engine is started from cold, when ignition delay

is usually longer.

Diffusion burning

The third phase of combustion (diffusion burning period) follows
the premixed combustion phase, and lasts until combustion is complete.
During this phase, the rate of combustion is mainly governed by the
droplet evaporation rate; and by the rate at which fuel vapour and

oxygen molecules can diffuse towards the burning zone that surrounds
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each fuel droplet., This is affected by the distribution of the fuel
within the combustion chamber, and by the degree of air agitation during

combustion.

Injection timing

The fuel injection timing controls the crank angle at which
combustion starts. Varying the injection timing, affects the delay
period. Changes in the delay occur because the compressed air
temperature and pressure within the cylinder are different for different
injection timings. As mentioned above, the delay period shortens with
increasing air temperature and pressure.

If injection starts early (well before TDC), the ignition delay
period will be longer. This will result in high rates of pressure rise
and high cylinder pressures. If injection starts late (close to TDC),
burning will continue well into the expansion, resulting in hot exhaust
gases, worse fuel economy and higher emissions. Therefore an optimum
injection timing can be found in between these two extremes.

Fig 2.4 shows the effect of injection timing on DI diesel engine
performance and emissions. An optimum injection timing exists for
minimum BSFC and maximum BMEP. The optimum timing for the lowest smoke
level 1is somewhat advanced of that for optimum BSFC,

Injection timing has a strong effect on NO_ emission. Retarding the
timing can result in a substantial reduction in NOx, with only a
moderate BSFC penalty.

The engine designer’s goal is to achieve the best BSFC possible
with emission levels low enough to meet the constraints imposed by the

emissions legislation. This involves tradeoffs between BSFC and exhaust
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emissions, Fig 2.5 shows tradeoffs between the two principal emissions,

smoke and NOx.
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2.3 — BULK FLOW WITHIN THE CYLINDER

A principal requirement in DI diesel engines is rapid air fuel
mixing during combustion, Tﬁe mixing rate is dependent on several engine
parameters. ﬁainly, it depends on the characteristics of the fuel
injection system and on the air motion during injection and combustion.
This section deals with the air motion. The effects of the injection
system are dealt with in Chapter 5.

The air motion has the following principal features:

i - Swirl
ii ~ Squish
iii - Turbulence

Whilst swirl and squish involve bulk motion of the air, turbulence
includes a wide range of smaller-scale motions, that occur within the
bulk of the air. Turbulence is generated during both the induction and
compression processes., During compreséion, the level and scales of

turbulence are influenced by the levels of swirl and squish.

2.3.1 - Swirl

Swirl 4is the organised bulk rotation of the air within the
cylinder, around the cylinder axis. Normally, the swirling moﬁion of the
air is generated during the induction stroke, and is enhanced during
compression.

There are several ways of generating swirl during induction. One
way, 1s to direct the incoming air tangentially to the cylinder axis,
near the cylinder wall. This causes the incoming air stream to be
deflected by the walls into a swirling motion, around the cylinder axis.

Figs 2.6a and 2.6b show two typical directed port designs which achieve
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this effect. 'In this approach, the flow rate around the flow annulus of
the inlet valve, is highly non-uniform. This results in poor utilisation
of the available valve annulus area, which wusually reduces the
volumetric efficiency of the engine. In another approach, the inlet port
passage ‘is arranged into the form of a helical ramp which forces the
flow to rotate about the inlet valve axis prior to entry into the
cylinder, Fig 2.6c and 2.6d. Helical ports usually present a smaller
flow restriction, and thus have a greater flow discharge coefficient
(Cd) than directed ports.

The above two approaches are commonly ’used in commercially
available diesel engines. Another approach, which has been used mainly
in lean-burn gasoline engines, involves masking part of the valve outlet
as shown in Fig 2.7a. Yet another approach, having a similar effect as
valve masking, involves the use of a shroud attached to the inlet valve
as shown in Fig 2.7b. The shrouded valve has been used in experimental
engines; it allows control of the amount of swirl, through the rotation
of the valve. Some means of locking the valve at the desired rotational
position is necessary. Both the masked-valve and the shrouded-valve
present obstruction to the flow, and can reduce the volumetric
efficiency of the engine.

Experimental investigation of swirl in an operating engine presents
considerable practical difficulties. For this reason, steady-flow rigs
are often used (section 3.3, Fig 3.16) in order to investigate the swirl
induced by the inlet ports. Air is blown at a steady rate into the
cylinder barrel, via the inlet port and valve assembly. The air flows
out of the bottom of the cylinder barrel without any restrictions (the

piston 1is absent). The air flow rate, the valve opening, and the
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geometry of the port and valve assembly can be altered independently in
order to study their effect on the air swirl within the cylinder. 1In
conjunction with swirl studies, steady flow rigs are also used for the
study of the flow restriction offered by the port and valve geometry, as
this affects the volumetric efficiency of the engine. Various devices
can be placed within the cylinder barrel for the measurement of the
swirl rate, the air velocity distribution, and air turbulence levels,
Two commonly used devices for measuring the level of swirl are the
paddle wheel and the torque meter; these are shown in Fig 2.8. The
paddle wheel has the disadvantage of underestimating the rotational
speed of the air in the cylinder. This is mainly due to bearing frictidn
causing slip between the paddle and the air flow. In order to estimate
the swirl rotational speed from the torque meter, it is easiest to treat
the swirling flow as a forced vortex (i.e. assume solid body rotation);
this point is discussed in a latter part of this section.

Monaghan and Pettifer (1981) used both the paddle wheel and the
torque meter. They compared the induction swirl, produced by both
directed and helical inlet ports. Fig 2.9 shows their results. It can be
seen that both instruments have showp that helical ports generate more
swirl (for a given valve opening and pressure drop across the valve). It
can also be seen that the swirl measured by the torque meter is between
25 to 50 percent greater than that measured by the paddle wheel. A
measure of the swirl generated during induction is given by the swirl
coefficient (Cs). C. essentially compares the flow angular momentum with
its axial momentum. This is defined in a number of different ways by

various investigators. One commonly used definition, Heywood (1988), is:
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mV, B Vo :
where ﬁ_ is the air mass floﬁ rate, is‘the angular velocity of the -
‘swirling air assuming solid body rotatioh (forced vortex), B 1is the
éylinder bore, and V° is the calcﬁlated flow velpcity through the valve
ﬁhat’uwoﬁld resulg with a mass fléw_rate m if the flow through the vaive
‘was frictionless. v, is given by:

For incompressible flow

12 '

v, = |2Fo=Pc) cee 2.2
Po
. For.compressible flow
' 2

2P ' xtn] s 2.3
Vo=t1—2 | 1=(P./P,) ¥ i

*T [ @=Dp e |

where .fz and P, are the‘manifold‘and.cylinder pressures respectively,
 00'15 the’air density at inlet manifold cénditions and Y is the ratio
of the specific = heats of air. The angular velocity  ( W ) can be
eséimated by either using a torque meter or a paddle wheel. In the case
of the torque meter, (assuming a forced vortex) if T is the restraining

torque on the flow straightener,

T=L"'_B§i£°_ - e 2.4
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hence : 0w = 8T eeee 2.5

m B2

In the case of the paddle wheel the estimated angular velocity is
less than that estimated using the torque meter. This is because the
paddle lags the flow, mainly due to slip arising from bearing friction.

Swirl coefficients (C.) for three types of ports are shown in Fig
2.10, at different valve openings, Monagﬁan and Pettifer (1983). As the
valve opens beyond 30% of maximum 1ift, the flow restriction offered by
the valve diminishes, and the shape‘of the port begins to have a greater
influence., At medium valve openings, the helical ports impart greater
swirl than directed ports. At full opening, the swirl imparted by all
port designs is of similar magnitude.

Steady-state flow rigs are useful in the sense that they allow
various inlet ports, and other swirl generating devices, to be compared.
The data obtained from these tests can also be used to predict the
moment of momentum of the air at end of induction, 1i.e. at inlet valve
closure (IVC), Fitzgeorge and Allison (1963), Dent and Derham (1974).
The value of the moment of momentum at IVC could be used to predict the
swirl during the compression stroke.

Monaghan (1981) used a Laser Doppler Velocimeter (LDV) to measure
air velocities within the cylinder of a motored engine with a shallow-
ramp helical port. Fig 2.11 shows the tangential air velocity at 1IVC;
this 1is shown at various radii and different depths below the cylinder
flame face. It is apparent that away from the cylinder head, the flow

pattern resembles solid-body rotation (with velocity increasing in
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direct proportion to the radius, i.e. in forced-vortex fashion). But
close to the cylinder head, the velocity pattern is markedly different,
and resembles more closely that of a free rather than forced vortex.
Further results, obtainéd at a higher engine speed, Fig 2.12,  show a
drastic change in the flow pattern away from forced and towards free
vortex flow patterxn.

The results of several investigators show that with bowl—in-piston
chambers, the swirl speed within the bowl inéreases when the piston
approaches TDC. This occurs due to the fact that as air is forced from
the squish area into éhe bowl, the radius of gyrétion (and moment of
inertia) of the air is reduced. Thus, for given moment of momentum, the
air rotational speed increases, as the overall moment of inertia
reduces. There are many different shapes of bowl-ih—piston combustion
chambers. In general, they can be divided into cylindrical, toroidal,
and re-entrant bowls, Fig 2.13. The bowl-to-cylinder diameter ratio is
an importaht parameter controlling the rate and extent to which the
moment of inertia of the swirling air is reduced during compression = (at
a given engine speed). The smaller the value of this ratio, the greater
the increase in swirl during compression.

As explained before, with bowl-in-piston combustion chambers the
swirl is modified during compression. This phenomenon was investigated
by Fansler (1985) using LDV and a motored engine. The engine had a bowl-
in-piston combustion chamber, centred around the cylinder axiS, and a
directed port. Fig 2.14 shows the flow pattern‘within the piston bowl
during compression. This figure shows an increase in tangential velocity
(or swirl), as the piston approached TDC. This is true for a number of

locations below the head surface. Also, it shows that the air motion
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within the .cylinder continued to resemble solid-body iotatibn,
throughout the compression stroke. The effect of squish (see next
section) was first apparent at around 306 °ca (60 °CA BTDC), where the
tangential component of the air velocity at the rim of the bowl was
affected - by the air rushing into the bowl, as a result of squish. The
deformation of the swirl profile became more pronounced in the last 10-
30°CA BTDC. Note that at lower locations in the bowl (half-way down the
bowl depth), the flow pattern remained near solid body rotation. At
upper locations in the bowl (near the rim) the swirl profile was
distorted by the effect of squish. Note, also, that the centre of
rotation did not coincide with the cylinder (and bowl) axis, and changed
location during compression. Other investigators have also observed a
similar movement of the centre of rotation.

Tindal (1982) found that in addition to the rotation about the
cylinder axis, there was circulation in vertical planes; the air moves
upwards near the wall and downwards along the axis of the cylinder.

The effect of the bowl shape on air motion (especially bpwl entry
diameter) was investigated by Williams and Tindal (1980), for re-entrant
and toroidal bowls. The re-entrant bowl had a rim diameter one-half that
of the toroidal chamber. At TDC, they found that just below the rim of
the bowl, the air angular velocity was almost twice as high for the ré-
entrant chamber; however, the tangential velocity at the rim was about
the same value. | |

An important feature of the combustion chamber is the clearance
distance at TDC between the piston crown and the cylinder head. With a
smaller clearance distance, a greater proportion of the air mass trapped

in the «cylinder will be forced into the bowl, and greater swirl and
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squish velocities will resuit. No experimental results could be found in
the literature which show the effect of clearance distance on swirl.
vHowever, this feature 1is of great interest to tﬁe investigation
presented in this thesis. With variable compression ratio systems that
vary the clearance volume, there will be a great effect on the swirl and
squish levels, towards the end of the compression stroke,

Iijima and Bracco (1987) investigated the influence of bowl offset
on air motion in a motored DI diesel engine, wunder a variety of
operating conditions, wusing an LDV syStem.vThey used different pistons,
all having the same overall diameter and bowl geometry. The bowl axis
was progressively offset from the piston centre line, by up to 7.7
percent of the piston diameter. They found that the angular momentum of
the trapped air at TDC was decreased by a maximum of 5.4 percent. The
turbulence intensity remained almost unchanged by the degree of offset.

These results agree with those of Mckinley and Primus (1988), who
used the KIVA fluid dynamic computer program, developed at the Los
Alamos Laboratory in the US for study of flow in IC engines. Mckinley
and Primus progressively offset the bowl axis by»up to 9.6 percent of
the piston diameter. They found that the angular momentum decreased by a
maximum of 8 percent, whilst the turbulence intensity increased by a
maximum of 10 percent, as a result of the bowl offset. Different swirl
rates at IVC were used, between 2.6 and 4.27.

Mckinley and‘ Primus - also estimated that the decay in the 1IVC
angular momentum during the compression strdke was less than 15 percent,

and largely not affected by the bowl cffset.
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2.3.2 - Squish

Squish 1is defined as the radially-inward air motion that occurs
towards the end of the compreséion stroke, when the piston crown
approaches the cylinder head. Fig 2.15 shows how the air is displaced
from the bump clearance region into the bowl, causing high squish
velocities. Squish velocities are dependent on the fraction of the

piston plah area not occupied by the bowl (shaded area on Fig 2.15).

However, the ratio of the bowl diameter to the cylinder bore (D/B) is
commonly referred to as the parameter controlling the squish velocity.
A theoretical squish velocity can be calculated by applying the

conservation of mass to the instantaneous air displaéement into the

combustion bowl (bowl-in-piston chamber), Dent and Derham (1974):

cees 2.7

Vs =r[(B/2r)2—1] Vv ds
1 2s Ac s+v | dr

where r is the radius at which the squish velocity is required, § is the

distance between the piston crown and the cylinder head, A, is the cross

ds

sectional area of the cylinder, v 1is the combustion volume and .
at

is the piston speed.
The above equation does not take into account the reduction in
squish velocity due to fluid friction , gas inertia, 1leakage past the

piston rings, and heat transfer to the combustion chamber surfaces. Gas
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inertia and fluid friction effects have 5een shown to be smali, Heywood
(1988). The effects of gas leakage past the piston rings and of heat
transfer are more significant. Fig 2.16 (Shimamoto and Akiyama 1970)
shows the decrease in squish velocity due to leakage and heat transfer
for two bowl-diameter-to-bore ratios (D/B). The decrease in squish
velocity is also shown to depend on a dimensionless leakage number

defined as:

. where A, is the effective leakage area, T,,. is the temperature of the
cylinder gases at inlet valve closure, N is the engine speed and V is
the displaced cylinder volume.

The effect of clearance height and compression ratio are discussed

in section 2.5.

2.3.3 = Turbulence

The interaction of ﬁhe swirl and squish is responsible for the
generation of turbulence during fuel injection and combustion,
Turbulence is also generated by the high velocity fuel. jets, which
entrain the surrounding air. Some of the 1larger-scale turbulence,
geneiated during induction, may also survive viscous dissipation during
the compression process. The generation of turbulence, and the effect of
combustion chamber geometry on the tﬁrbulence, are dealt with in this

section.

Turbulence intensity is a measure of the magnitude of the

instantaneous velocity fluctuations in a turbulent flow. It is defined,
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by Bird et al (1960):

[(u__—'-)_z]“2 o cees 2.9

~
Il
S

where u is the instantaneous flow velocity, u the mean flow velocity

(time averaged), #' is the instantaneous velocity °~ fluctuations

(deviations of instantaneous velocity from the mean velocity) and[(u')Z]“2
is the root-mean-square (time averageds of the velocity fluctuations,
When the fluctuations are not of the same value in all directions (i.e.
ﬁon isotropic turbulence) a more general definition of turbulence

fluctuations for three dimensional flow is as follows:

2 2 2 12
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Brandle et al (1979), found that the turbulence intensity near the
top of an off-centre toroidal combustion bowl, was much higher than that
with a flat piston. However, at lower sections of the combustion bowl,
the intensity level was similar to that obtained with a flat piston.
Brandle et al concluded that the squish motion had little effect upon
the flow in the lower parts of the combustion bowl.

Fansler (1985) studied the distribution of turbulence within the

bowl of a motored DI engine using an LDV system. - He cpncluded that the
bowl diameter to bore ratio, and by implication the level of squish,
affects this distribution. Fig 2.17a and 2.17b shows that the RMS
fluctuation (defined above) near the rim of the bowl were dominated by

squish when the piston approached TDC.

26



Fansler ' also showed that as the piston approached TDC,  the RMS
fluctuations were greatest near the cylinder head face; and it decreased
as the measuring 1location was moved down the bowl, away from the
cylinder head face, Fig 2.17c. This agrees with Brandle’s observations,
.and confirms the effect of squish on turbulence generation in the upper

strata of the bowl.

21



2.4 - EFFECT OF SWIRL, SQUISH, AND TURBULENCE ON AIR FUEL MIXING

This section deals with the effect of swirl, squish, and turbulence
on the mixing process between the air and fuelv duriﬁg injection
and combustion.

The air fuel mixing process is affected by several factors: the
temperature and pressure of the air within the cylinder, the nature and
level  of the air motion, the fuel propeities, and the fuel spray
characteristics. In high speed DI Diesel engines, the motion of the air
‘and its temperature and pressure, change as the piston approaches TDC.
Thus, the timing of the fuel injection relative to the piston position
is also an important parameter affecting air fuel mixing.

Shiozaki et al (1980) cairied out tests on a DI Diesel engine 1in
which three different inlet manifolds were‘fitted in turn. The aim of
their tests was to investigate the effect on combustion of different
levels of swirl and turbulence. Shiozaki et al state, that these
manifold geometries provided different swirl 1levels and turbulence

intensities during injection and combustion, as follows:

MANIFOLD A B Cc
SWIRL RATIO 2.6 2.1 2.3
TURBULENCE LOW HIGH MEDIUM

Shiozaki et al took both direct and Schlieren photographs of the
cylinder contents. Fig. 2.18 shows the rate at which the area occupied
by, (a) the spray (mixing area) and, (b) the flame, spread during
combustion, in engine A and B. It can be seen from this figure, that
manifold B promotes more rapid spread of the séray and flame. Thié rapid
mixing and burning with manifold B was attributed bvahiozaki et al to

higher turbulence intensity. They also found, that the ignition delay
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period was generally shorter with manifold B, at both speeds of 1000 and
2400 rev/min. By comparing the engine performance with manifolds B and
C, Shiozaki et al. reached the same conclusion: that the inferior
performance with manifold C was due to 1lower turbulence intensity,
despite its higher swirl ratio.

Kamiﬁoto et al (1980) used a two zone combustion model for the
calculation of the equivalence ratio in the flame region, and for the
calculation of the rate of heat release due to fuel burning. The model
relied. on measured values of cylinder preésure (?). The pressure was
measured from tests, during which the inlet manifold and piston-bowl
geometry were altered systematically, in order to produce changes in
swifl and squish during combustion. Some of their test data are

summarized in Table 2.1,

Table 2.1 - Experimental Conditions, Exhaust Emissions and
BMEP, Kamimoto et al (1980).

PISTON SWIRL SMOKE NOx bmep
BOWL RATIO (Bosch) {(ppm) (MPa)
SHALLOW 0 4.5 390 0.344
SHALLOW 2 2.9 530 0.394
SHALLOW 4 4.4 540 0.336
DEEP 0 2.6 490 0.404
DEEP B 4 1.5 840 0.407

Generally, Kamimoto et al found that combination of a deep bowl
with high swirl, produced high mixing and burning rates. These resulted

in a higher bmep and a lower smoke emission, but the NOx emission was
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‘highest. Conversely, a combination of shallow bowl and no swirl,
produced the lowest burning rate and NOx emission, but the lowest BMEP
and highest smoke,

Pischinger and Cartellieri (1972), obtained similar results: higher
NOx and lower smoke emissions, when they reduced the bbwl—té—cylinder
diameter ratio from 0.62 to 0.51; |

Bréndle et al (1979), state that higher smoke concentrations could
be expected in the centre of the bowl, where poor mixing occurs due to
low air activity. They found correlations between the level of smoke ana
the level of air activity aﬁ.the centre of the bowl, see Fig 2.19. It
can be seen that smoke reduces as the air activity (described by
turbulence velocity) is increased.

Dent (1980) analysed further the results presented by Braﬁdle et al

and came to the same conclusions. Dent argued, that at low air activity
levels, the rate at which soot particles'are oxidised during the: final

stages of combustion is reduced.
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2.5 - EFFECT OF CLEARANCE HEIGHT ON SWIRL AND SQUISH

The compression ratio with many VCR systems, is varied by altering
the clearance distance between the piston crown and the cylinder head at
TDC. As explained elsewhere, this vériation in clearance volume would
reduce the levels of squish and swirl during combustion. Fig 2.20 shows
the variation of squish velocity  with wvarying clearance distance,
measured by Shimamoto and Akiyama (1970). It can be seen that the squish
velocity fell with increasing clearance, at a constant engine " speed.
This reduction in the squish velocity is due to reduced rate of change
of cylinder volume as the piston approaches TDC.

The clearance height also affects the swirl in the piston bowl, as
the piston approaches TDC. With a smaller clearance height, a greater
proportion of the air mass trapped in the cylinder will be forced into
the bowl, and a greater swirl velocity will result. No experimental
results could be found in the literature which show the effect of
clearance height on swirl. However, this feature is of great interest to
the project presented in this thesis.

There are a number of ways of overcoming the probleﬁ of reduced
mixing rate, arising from the reduction in the swirl and squish. One is
to modify the injection system so as to match the lower air activity.
This 1s dealt with in more detail in the next sectioﬁ. A complementary
method is to operate with weaker air fuel mixtures, and restore the
consequent reduction in power by superéharging or turbocharging the
engine to higher boost pressures. There is an additional benefit from
the latter method; the higher air flow velocity through the inlet
system during induction, also raises the swirl at the end of the

induction process, Dent and Derham (1974). However, ' since squish is
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dependent on the rate of change of volume as the piston approaches TDC
(regardless of gas density), turbocharging may not have much effect on
the squish velocity. This is dealt with, in more detail, in Chapter 5.
Finally, higher air vflow momentum thiough the inlet manifold,
associated with turbocharging, increases the . turbulence levels
generated  during induction. However, the turbulence generated during

induction is largely dissipated during the compression process.
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2.6 - MATCHING OF INJECTION SYSTEM WITH IN-CYLINDER AIR ACTIVITY

Engine performance is not only dependent on the air activity within
the cylinder, but also on the fuel injection system characteristics.
This was demonstrated convincinglj by Monaghan and Pettifer (1981).
These authors compared three different inlet port designs; after
optimisation of the injector nozzle and an increase in injecﬁion rate,
all the ports provided similar values of smoke emissions and ISFC, at
high engine speeds, and at all injection timings. They reported that, at
very high injection rates, most of the mixing energy is derived from
the fuel jets, and that the detailed air motion becomes less

significant.

2.6.1 - Fuel spray structure and its effect on combustion

In a Diesel engine, fuel is introduced into the combustion chamber
through one, or more, small orifices at high velocity. The high velocity
of the fuel jet is created by a large pressure difference across the
nozzle orifice. The geometry of nozzle orifices can vary, depending on
the needs of the combustion chamber design.

Fig 2,21 illustrates the structure of a typical DI Diesel spray,
The fuel emerges from the orifice with a velocity of over 100m/s; the
fuel jet then spreads into a cone, and continues spreading as injection
proceeds. The outer regions of the spray cone break-up, close to the
nozzle exit, into fine droplets. The core of the spray also
disintegrates into droplets after a finite length, called the break up
length, Fig 2.21. The droplets evaporate into the surrounding, high

temperature, air,
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Spray cone angle and spray penetration

Youl et al (1985), and Varde et al (1984), used rigs to investigate
the fuel spray cone angle, and spray penetration, for a number of
injectors. Both groups injected diesel fuel sprays into high pressure
nitrogen, and used high-speed photography for their investigations.
Their results show similar trends. It was found that the spray tip
penetration reduced, and the cone angle increased, with increasing gas
pressure (at a constant temperature). Youl et al ascribed these trends
to the increase in gas density with increasing pressure. Varde et al
reached the same conclusion, and correlated the spray:cone angle (0

degrees) with the gas-to-fuel density ratio, as follows:

0.33 |
0o |Po | ‘ cee. 2.1
Pr

Khan (1969) reported that as the nozzle hole length was reduced (for a
given nozzle hole diameter), the spray cone angle increased. An
increased spray cone angle tends to improve fuel distribution, but is
normally accompanied by reduced spray tip penetration. Khan observed
that at retarded injection timings, an increaée in smoke level resulted
with greater cone angles.

Investigations into the effect of gas temperature on the spray cone
angle, led Youl et al (1985) to conclude that the cone angle reduces
conside;ably with increasing gas temperature. They proposed that at
elevated temperatures, rapid evaporation of smaller droplets at the

spray periphery could reduce the observed cone angle.
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Droplet size distribution

Varde et al (1984) obtained droplet photographs from which a
Sauter mean diameter (SMD) and an average fuel droplet diameter were

calculated :

: PW[)3
SMD=———z i 2.12

ZN"Diz ‘ “ae o

where J; is the number of droplets with a diameter pD;,. SMD, for a given
nozzle hole geometry, was shown to decrease rapidly with increasing
injection pressure, Fig 2.22, up to 100 MPa. Above this pressure SMD was
reduced at a slower rate. Varde et al, using a number of nozzle
geometries obtained similar trends.

Khan (1969) reported a sharp rise in droplet SMD as the nozzle holé
diameter was increased from 0.28 to 0;33mm. The effect was a rise in the
smoke concentration when the two nozzles were installed, in turn, in an
engine. The possible reasons for this rise were said to be a  reduction
in the rate of the diffusion burning process, due to fewer = larger
droplets for a given amount of fuel. This reduced the evaporation and
the combustion rates of the fuel trapped in the cylinder.

Osborne (1985), as well as Taylor and Wilsham (1969), also have
shown = that a better fuel atomisation is achieved with small nozzle
holes; 1f the nozzle holes are excessively small, necessiating a high

injection rate, undesirable secondary injections could result.

2.6.2 Optimisation of a fuel injection system

The basic requirements of an injection system are: fuel droplet
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distribution to all parts of the combustion volume, atomisation of fuel

into fine droplets, and correct interaction éf the fuel jet and air so

as to achieve rapid air fuel mixing and complete burning of the fuel. In
practice, fuel  injection system designers have at their disposal the

following system parameters with which they can meet these reqﬁirements,

Moris and Dent (1976), Kamimoto et al (1950), Varde et al (1984),

Timoney (1985), Mehta and Gupta (1985), Kuo et al (1983):

- injection‘pressure.

- number of nozzle holes,

nozzle hole size and shape.

- injector opening pressure.
- injection timing.

oRpOoOUw
i

Timoney attempted to rationalise the injection system optimisation
process; and place it on more analytical foundations. He singled out a
parameter, which he found to be of primary importance in injection
system optimisation. This is the tangential veloéity of the air,
relative to the tangential velocity of the fuel spray tip, at the
instant of fuel spray impingement with the combustion bowl sides.
Timoney calls this parameter the crosswind velocity, v, The definition
of this parameter is illustrated in Fig 2.23. Detailed analysis of his
results are included in Chapter 5.

Tirﬁoney's results showed that for a given injection system, there
was an optimum air swirl value which maximised v see Fig 2.24.
Timoney has demonstrated a good correlation between the maximum Vo and
both smoke and ISFC, see Figs 2.25 and 2.26. Other researchers, for
example Aoyagli et al (1980), have also shown that an optimum swirl
value exists in a DI Diesel engine at a given running condition, but did

not analyse their results in terms of Vi,
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Timoney ‘also investigated the effect of impingement velocity on
smoke and ISFC (impingement velocity is defined in Fig 2.23). His
results showed>that a correlation exists between impingement velocity,
and both smoke and ISFC; the higher the impingement velocity, the lower
the smoke and ISFC. The impingement velocity was increased, either by
reducing the bowl diamgter, or by increasing the fuel flow réte. A
relevant question is whether spray impingement on the bowl sides occurs.
Taylor and Wilsham (1969) reported that in the majority of medium-speed
Diesel engines, spray impingement occurs; It could be concluded that,
for low smoke and ISFC, both the crosswind velocity at impingemept and
the fuel spray impingement velocity, should be maximised. This could be
done. by appropriate adjustments to the swirl, combustion chamber

geometry, and fuel injection system parameters.
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2.7 — EXHAUST POLLUTANT EMISSIONS

The principal pollutants from a diesel engine are: soot (or smoke),
which arises from unburned carbon in the fuel; unburned fuel (denoted by
HC for hydrocarbons), and oxides of nitrogen, NO and No2 (collectively
denoted by NOx - NO is by far the major component). CO is not a problem
in diesel engines, as it is present in much smaller quantities than in
gasoline engines. This is due to the weak overall air/fuel ratios used
in diesel engines.

The amount of NO_ and HC depends on engine design and on operating
conditions. NO_ levels are of the order of 500 to 1000 ppm (parts NOx
per million parts of exhaust gas, by volumei or 20 g/kg of fuel
consumption. HC levels are of the order of 600 ppm C1 or 5 g/kg of fuel.

HC comprises a number of different hydrocarbons, some of which are
responsible for the characteristic odour of diesel exhaust emissions.
Smoke arises from small carbon particles bound together by higher
molecular weight HC (about 0.1 fm) which remain unburned. Up to 0.5% of
the fuel may be emitted as smoke at full load. Some HC is absorbed by
the smoke particles, and emitted in the exhaust smoke.

NO_ formation requires high temperature, so it is formed mostly in
the regions where the air/fuel ratio is close to stoichiometric. The
rate of NO_ formation is highest during the period of 5 to 15 degrees
crank angle after TDC. During this period, the gas temperature in the
cylinder is at its highest levels, promoting formation of NO. The NO
reactions are said to be frozen shortly after 20xCA after TDC, when the
fofmation of NO and simultaneous dissociation into N, and 0, stops. This
is illustrated in Fig 2.27, Kamimoto et al (1980)

Greeves et al (1977), reported that some HC is formed in the outer
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fringes of the fuel spray, and near the walls of the combustion chamber.
At the outer spray fringes, the mixture becomes overdiluted, and fails
to ignite; 1long ignition delays allow longer periods for the outer
fringes of the spray to become overdiluted. Greeves et al have
demonstrated this for a DI engine operating at 1800 revs/min, see Fig
2.28. In addition, fuei remaining in the holes of the injector nozzle,
after injection is completed, vaporises late in the combustidn process
and fails to ignite. The effect of greater sac and hole volume in
increasing Hc emission has been clearly demonstrated experimentally by
Greeves.

Near the chamber walls the fuel air mixture can be quenched, due to
heat 1loss to the walls, As a result this mixtures can fail to burn.
Experiments have been conducted, Heywood (1988), during which the
ignition delay was kept constant and the coolant was maintained first
warm and then hot. With the hot coolant, HC emissions were up to 30 per
cent lower. This suggested that, due to heat loss, the mixture near the
walls was quenched and failed to burn.

Soot (or smoke) forms in the fuel-rich core of the fuel spray,
where the fuel vapour is heated by mixing with hot burned gases. The
fuel cracks (decomposes) into its carbon, hydrogen and unsaturated
hydrocarbons including polycyclic hydrocarbons. The soot burns in the
flame region with a characteristic luminous yellow flame. Most soot
comes from unburned fuel carbon; a small amount comes from the
lubricating oil.

Measurements of the distribution of particulates within the
combﬁstion chamber have been made in an operating DI diesel engine by

Royagl et al (1980). The highest concentration was found to be around
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the core of the fuel spray, where the mixture was too rich. Soon after
combustion started, the core of the fuel spray showed very high soot
concentrations; these decreased rapidly once injection ended, when
mixing‘ of the spray core with the surrounding air took place. Over 90%
of this soot eventually burned prior to the exhaust valve opening, Fig

2.27.
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2.8 - CONCLUSIONS

For diesel engines to be able to operate at high engine speeds, the
rate of air fuel mixing during combustion must be high. In DI engines,
swirl and squish could be employed in order to generate turbulence and
accelerate combustion.

In DI engines, swirl and squish can be generated by suitable design
of inlet port and using bowl—in—piston combustion chambers. The
variation in swirl and squish, which are inevitable with certain VCR
systems, will have a substantial effect on the combustion process.

Injection timing is an important parameter affecting engine output,
economy, and exhaust emissions. The change in combustion rate expected
with some VCR systems may require optimisation of injection timing with
varying compression ratio, during engine operation.

Experimental results by several investigators have shown that a
forced vortex (solid body rotation) flow pattern exists in the cylinder
at the end of induction (IVC). However, this is not the case close to
the cylinder head face, as a result of fluid friction. With bowl=-in-
piston combustion chambers, the expected increase in swirl as the piston
approaches TDC has been confirmed experimentally by several
investigators. With bowl-in-piston combustion chambers, the flow
structure within the bowl varies substantially with location, at a given
crank angle during compression. with VCR systems which wvary the
clearance volume, the positién of the spray in the piston bowl will vary
with changing compression ratio. At a given crank angle, the interaction
of the air and fuel spray will, therefore, change with compression ratio
due to, both: change in spray position relative to the bowl, and changes

in swirl and squish levels.
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Experimental tests, and computational fluid dynamic models have
shown that bowl offset from the piston axis up to 10% of the piston
diameter, decreases the angular momentum of the air at TDC by less than
10%. The effect on turbulence intensity is an increase of similar
magnitude. This conclusion is of practical value for modelling'of in-
cylinder air flows. One such model is presented later in Chapter 5; in
common with other authors, the model is applied to a piston bowl whose
axis is concentric with the piston axis.

With bowl-in-piston combustion chambers, the turbulence intensity
near the bowl rim is much greater than at the bottom of the bowl. Squish
appears to have 1little effect upon the turbulence intensity at the
bottom of the bowl, The injection of the fuel should, therefore, be
directed towards the upper part of the piston bowl. There 1is 1little
doubt, that the reduction in squish that occurs with VCR systems at low
compression ratios, will reduce the turbulence intensity near the bowl
rim, where the fuel is injected. The level of turbulence has been shown
to correlate well with smoke emission, over a wide range of engine
operating conditions.

Experimental evidence in the literature demonstrated that with high
injection rates the detailed air motion becomes less significant, (much
of the air fuel mixing energy is derived from the fuel jets). This is
relevant to VCR operation with high BMEP, where, the amount of fuel
injected per cycle is higher than normal. The injection rate must be
higher, if late burning, higher smoke levels, and lower fuel economy are
to be avoided.

One important way in which air fuel mixing could be improved at

lower swirl and squish levels is through changes in the fuel spray
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characteristics. For example, a finer spray would be obtained by the use
of higher injection pressure, although pressures above 100 MPa would
provide 1little further reduction in average droplet diameter. A larger
number of smaller nozzle holes could result in smaller droplets and also
improve fuel distribution.

There is some evidence in the literature that smoke and ISFC, in DI
engines with bowl-in-piston combustion chambers, correlate well with
crosswind velocity. This 1s the relative velocity between: the
tangential component of the spray tip velocity, and the swirling air
tangential velocity, at the instant of spray impingement with the bowl

sides.

43



Chapter 3:
Experimental System
and Commissioning Tests



3.1 - DESCRIPTION OF THE EXPERIMENTAL SYSTEM

In order to carry out the experimental work described in this
thesis, an engine test facility was installed and commissioned. This
involved the installation of a single cylinder diesel engine, including
fuel, air. and electrical supplies, and the brovision of an
instrumentation system,

The test facility allowed engine operation under naturally

aspirated, and simulated turbocharged conditions.

3.1.1 - Outline

Fig 3.1 shows the arrangement of the test facility which is based
on a 0.5 1litre single cylinder, high speed direct injection (HSDI)
diesel engine manufactured by the Lister company. The engine
specification is given in Table 3.1.

A DC motor / generator was connected to the engine via a toothéd
belt and was used for starting and loading the engine. Fuel flow to the
engine could be controlled through the engine fuel-pump rack. The air
supply to the engine could be heated using an electric heater, and it
could also be pressurized using the laboratory compressed air supply
system. Exhaust back pressure could be controlled using a gate valve
installed in the exhaust system. .

The compression ratio could be altered by raising or lowering the
engine cylinder head using shims of different thicknesses in the form of
rings.

Speed, torque, fuel consumption, exhaust emissions, gas inlet and

outlet conditions and temperatures at several locations around the

engine were measured. In addition, injector needle lift, fuel line
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Table 3.1 -~ Standard Engine Specification

e 0 00

ROTATION ..ccvceonenen

COOLING

GOVERNING ......00enwe
COMPRESSION RATIO ....

STROKE .....

SWEPT VOLUME .........
FUEL PUMP ......... ...

FUEL INJECTOR

INJECTION TIMING .....

COMBUSTION CHAMBER ...

MAXIMUM SPEED ........
MAXIMUM CONTINUOUS
POWER OUTPUT .........

TORQUE ...evnnnen

MINIMUM BRAKE SPECIFIC
FUEL CONSUMPTION .....
LUBRICATING OIL

CONSUMPTION ......0...

INLET PORT SHAPE

"between 1100 and 3000 rev/min

Lister 1L1V1,
cylinder, air
diesel engine.

vertical, single
injection,

Four stroke,
cooled, direct

Anti-clockwise looking at lewheel.

Air circulated around dylinder head and
barrel by flywheel mounted fan,

Variable speed governor, any desired speed
can be set.
Governor maintains speed within +30 rev/min

17.41

'85.73 mm

82.25 mm
0.4748 litre

Bryce jerk pump with 7.5mm dia. plunger.

Bryce high spring injector with three
0.25 mm diameter hole nozzle. Opens at 180
bar.

Static - 26° CA BTDC.

Bowl—-in-piston, re-entrant, straight bowl
sides. Piston crown to cylinder surface
clearance (bumping clearance) 0.61 mm.

3000 rev/min.

6.7 kW at 3000 rev/min.

23 Nm, approximately. Constant over 1700~

3000 rev/min.

0.282 kg/kWh approx. at 3000 rev/min.

Less than 0.7 % of full load fuel

consumption.

Helical
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Orifice plate.
- Surge tank.

— Air heater.

- Lister engine.
- Silencers.

- Back-prassure valve.
- Dynamometer.

Photographs of the engine test facility.
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pressure, cylinder gas pressure and crank angle were monitored. A 12-
bit, four-channel digital storage oscilloscope with 16-kbyte of on-board
memory (manufactured by Nicolet) was used for the capture and analysis
of cyclic data., This system is capable of capturing data at very high
sampling raﬁes (2 MHz). It is also capable of storing and recalling

captured data using floppy discs for analysis and future use.

3.1.2 - Control of engine operation

The engine operation could be controlled by varying the following

parameters:
- ENGINE AIR INLET PRESSURE 1 to 3 bar abs.
- ENGINE AIR INLET TEMPERATURE up to 120°C

- EXHAUST BACK PRESSURE

- ENGINE SPEED 1100 to 3000 rev/min

~ ENGINE LOAD up to 23 Nm

- AIR TO FUEL RATIO down to 20:1 at all running
conditions

= STATIC INJECTION TIMING 50°CA BTDC to TDC

Details of how these parameters were controlled are given below.

Engine air inlet pressure

When simulating turbocharged conditiods, the engine air inlet
pressure was controlled by a two stage pressure regulator valve
installed in the pressurised air supply line to the engine (see Fig
3.1). During engine tests, this system maintained a constant air supply

pressure to the engine. Between the regulator valve and the engine there
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was an air reservoir (surge tank) with a capacity of about 100 times the
engine displacement volume; this provided a considerable degree of
damping of the air flow pulsations created by the intermittent operation

of the engine inlet valve.

Engine air inlet temperature

When simulating turbocharged conditions, the air supplied to the
engine could be heated by a 2 kW electric heater installed about one
metre upstream of the inlet manifold (see Fig 3.1). The temperature
was controlled by an electronic feedback controller. This varied the
electrical power supplied to the heater so that the temperature of the

intake air was kept constant at the desired value.

Exhaust manifold pressure

When simulating turbocharged conditions, the pressure in the
exhaust manifold was varied by means of a gate valve installed in the
exhaust pipework (see Fig. 3.1). This simulated the pressure drop

across the turbine of a turbocharger.

Engine speed

For small changes in the engine 1load, the engine speed was
maintained nearly constant at the selected value by a mechanical
centrifugal governor, The.details of the governor are shown in Fig 3.2a.
The original linkage between the governor and the fuel pump rack was
extended, Fig 3.2.b, so as to allow an increase in fuel flow over the
maximum flow rate that was possible with the standard naturally-

aspirated engine. The extra fuelling was needed when turbocharging was
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being simulated.

An electronic overspeed controller was installed in the fuel sﬁpply
line to the engine; this could cut-off the fuel supply (using a solenoid
valve) when the speed exceeded ; selected safe limit (see Fig. 3.1).
This solenoid valve could also be operated remotely, which provided an

emergency fuel cut-off system.

Engine ioad

The engine load was controlled by altering the resistance offered
to the engine via the DC motor/generator; this was done by varying the

generator field current.

Alr fuel ratio

The air fuel ratio was set to a desired value by varying the fuel
flow and/or the air flow to the engine. The fuel flow rate was varied
using the fuel pump rack. The air flow rate, however, - could only be
controlled independently when simulating turbocharging using the
pressure regulator valve, see Fig 3.1. The effect of varying the fuel
flow or the air flow rate to the engine was a change in engine speed and
load which had to be compensated for by varying the load to the engine

as described above.

Static injection timing

The fuel injection starts when the fuel line pressure reaches a
preset value early in the stroke of the pump plunger (in the case of an
in-line cam-driven fuel pump). Since in this case the camshaft was

driven directly f£from the crankshaft via gears, the static 4injection
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timing was varied by lowering or raising the fuel pump (using special

shims) . Thus varying the pump rotation prior to start of injection.

3.1.3 -~ Measured parameters and instrumentation system

The following parameters could be measured:
- Engine air inlet pressure

- Exhaust back pressure

- Air flow rate

— Fuel flow rate

- Engine speed

- Engine load

- Alr temperature upstream of the orifice plate
- Ambient temperature &

- Air inlet temperature

- Exhaust temperature

~ Cylinder head temperature "Exhaust side"

- Cylinder head temperature "Inlet side"

- Cylinder‘barrel temperature “Exhaust side"
- Cylinder barrel temperature "Inlet side"

- Cylinder‘barrel temperature "Between valves"
- Cooling air ih

- Cooling air out

- Sump 01l temperature

- Cylinder gas pressure

- Injector fuel line pressure

- Injector needle lift

- Crank angle
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- Volumetric percentage of NO_ in the exhaust gas
- Smoke concentration

Details of how these parameters are measured are given below:

Air inlet and exhaust back pressures

The air inlet pressure to the engine was measured at two locations:
1) upstream of the orifice plate and 2) at the surge tank. Both
pressures were measured using U-tube mercury manometers. As a
convention, the pressure within the surge tank was taken as the air
inlet pressure to the engine. The pressure measured upstream of the
orifice plate was used in order to estimate the air mass flow rate
supplied to the engine.

The exhaust gas pressure was measured using a U-tube manometer
installed Jjust before the gate valve (used as a restrictor for
turbocharging simulation, see Fig. 3.1). Between this measuring point
and the exhaust manifold there were two silencers 6f combined capacity
of about 20 times the engine displacement; these damped the pressure
pulsations in the exhaust system at this measuring point. The smallest
graduation on all the U-tube mercury manometers were i mnm.

Alr flow rate

The air flow rate supplied to the engine was measured using a
21.6mm (0.85 in) orifice plate constructed and installed upstream of the
surge tank, according to British Standard BS1042. The parameters needed
for the estimation of air flow rate were:

a) Orifice plate upstream pressure, measured by a U-tube mercury
manometer.

b) Pressure difference across the orifice plate, measured in

millimeters of water by an inclined, U-tube, paraffin filled
manometer.
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c) Orifice upstream air temperature, measured using a thermocouple.
d) Relative humidity of the air flowing through the orifice,
measured using a sling hygrometer, When simulating
turbocharging, air was blown on the hygrometer, from a tapping
on the air supply line to the engine.
The design of the orifice plate is detailed in section A.1 of Appendix
A. The orifice plate measurements were compared under steady  flow
conditions with the measurements of air flow rate using a positive
displacement volumetric meter manufactured by Romet. Agreement in mass
flow rate was within 3% for the range of 0 - 15 g/s. Details of this
comparison are given in sectién A.l ovappendix A. When the engine was
operating the orifice plate could not be relied upon to give the correct
value of air flow rate due to the air pulsations present at the plane of
the orifice plate. The pulsations were considerably reduced by the
presence of the surge tank, but still present. These pulsations were
observed using a Lucas Dawe LAM1000 corona-discharge, instantaneous.ai?
mass flow ﬁeter. The orifice plate was calibrated for pulsating
conditions, at different engine speeds, using the Lucas Dawe LAM1000
flow meter., Further details and the calibration curve can be found in
section A.1 of Appendix A.
A 1listing of the program "MASSFLOW" (used for estimating the air

mass flow rate supplied to the engine) written, according to BS1042, for

a BBC microcomputer is also included in section A.1 of appendix A,

Fuel flow rate

The fuel flow was measured by an electronic system which timed the
period required for the engine to consume 24.07 cm’ of fuel. This was

then converted to mass flow rate using the density of diesel fuel at the
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measured fuel temperature, according to the following expression:

pf=844(1-0818x10" T) 30

where Py is the density of the fuel in kg/m® at temperature T °C. Eq 3.1
was also incorporated in the program "MASSFLOW" in order to calculate
the fuel flow rate and overall air fuel ratio. The fuel flow measuring

system was calibrated prior to the start ¢of the engine test program.

Engine speed

The engine speed was measured eléctronically using a digital
frequency counter with a gate time of 10 séconds. Impulses were received
by the counter once per revolution from an electromagnetic proximity
detector installed on the engine. The resolution of the measurement was:
+1 revolution, or #0.6 % at 1000 rev/min; and 1 revolution, or #0.2 %

at 3000 rev/min.

Engine torque

The torque developed by the engine was measured by means of a
swinging-beam and spring-balance system attached to the casing of the
d&namometer. The smallest graduation on the spring balance was 1.0 1lb
(4.448 N) allowing a resolution of the measured torque of 0.7457 Nm or

about 5.9 % at engine mid-load conditions.

Temperatures

Thermocouples were used at various positions around the engine. All

53



the ;hermocohples were connected to an amplifier via a twenty-one way
selector switch.‘ The readings were displayed in degree Celsius. The
error of this system was measured using, first, melting ice and then
steam. The system had an offset of +1°C at 100 and at 0°C. This
corresponds to an error of 0.5% at 200°C and 2% at 50°C. Fig 3.3 shows
in more detail the locations of these thermocouples which were installed

around the combustion chamber.

Cylinder gas pressure

The cylinder gas pressure was measured using an AVL water—cooléd
piezoelectric pressure transducer (type 8QPS500C) and a Kistler model 566
(S/N747) charge amp;ifier. The pressure transducer was connected to the
charge amplifier using a teflon-coated low-capacitance (60pf/m) coaxial
cable. The output from the pressure transducer was temperature
compensated. The measuring range of the pressure transducer was 0-150
bar (dynamic pressure) with a gas temperature range of up to 2500°C when
the transducer was water-cooled (water cooling was used during the tests
described here). The pressure transducer was installed onto the engine,
so that the sensing face of the transducer was almost flush with the
inner surface of the cylinder head. This was necessary in order to avoid
high frequency pressure pulsations being picked up by the transducer. If
a cavity existed between the transducer sensing surface and the main
combustion chamber épace, high frequency acoustic waves could have been
generated in the cavity and superimposed on the main chamber pressure
signal. |

The transducer, together with the amplifier, were calibrated under

steady state conditions wusing a dead-weight tester and a digital
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voltmeter. All the connecting plugs and sockets were regularly cleaned
with Freon-113 to ensure that there was no leakage of charge due to
dampness or dirt. The calibration curve is shown in section A.2 of

appendix A.

Fuel line pressure

The fuel pressure in the high-pressure supply pipe between the fuel
pump and the injector was measured using an 800 bar Honeywell strain-
gauge pressure transducer. The transducer was connected to a Lucas-Dawe
bridge amplifier. The pressure transducer forms the fourth leg of a 2 kN
resistance bridge; the fuel line pressure changes the resistance of the
2 kN strain gauge in the pressure transducer. The result is that an out
of-balance voltage is generated across the bridge which is amplified by
the Lucas-Dawe bridge amplifier. The calibration factor, according to

the manufacturer, was given as 52770.4 Pa / bridge amplifier gain.

Injector needle lift

The injector needle lift was detected using a variable inductance
system connected to an FM oscillator/demodulator (type P4550/236)
manufactured by Cussons Ltd. The engine injector was modified to allow a
small coll to be installed inside the injector housing. The coil bobbin
was turned from Nylon. The coil had 150 turns of 32 swg enamelled copper
wire with a resistance of 9 and inductance of 200 mH, The injector
needle was extended using a 1.5 mm brass rod which travelled half way up
the bobbin. The details of the installation of the coil are shown in
Fig 3.4. As can be seen from the figure, the available space for the

installation of the coil was very restricted.
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Crank angle

The crank angle was measured by a variable reluctance
electromagnetic pick-up which 1s activated by the teeth of the starter
gear ring on the engine flywheel. The pick-up consisted of a coil
having a magnetic core. The passage of the flywheel starter ring induced
a voltage through the coil which was shaped by a Schmidt trigger‘(housed
within the sensor) into a TTL-compatible pulse, corresponding to the
passage of the teeth. There were 108 teeth on the flywheel starter ring,
so a pulse was generated every 3.33 °CA. The gap between the two teeth
closest to TDC was filled to produce an extra pulse which marked the
TDC position. Crank angle was recorded and displayed on the digital
storage oscilloscope simultaneously with other signals such as cylinder

pressure and injector needle lift.

Exhaust gas analysis

The exhaust gas was analysed using a chemiluminesence Nox analyser
manufactured by Thermoelectron Corporation. The exhaust gas was first
passed through two ordinary engine o0il filters’in series. The filters
were used to remove excess particulates which would have otherwise
damaged the analyser. Before entering the analyser the gas was cooled by
a refrigeration system down to 2°C, in order to remove water vapour from
the sample gas. The analyser was switched on and allowed to Qarm up for
at least 30 minutes, and was calibrated using a standard 240 ppm
Nitrogen Oxide (NO) gas in Nitrogen before any readings were taken.

The principle of operation of the Nox analyser is as follows. A
small sample from the exhaust, containing NO, is d#awn into the

instrument. This reacts with Ozone (generated within the instrument) in
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a darkened chamber. The reaction generates visible light whose power is
related to the NO concentration in the darkened chamber. The 1light
emitted is monitored by a photodetector, whose output is processed by
the signal conditioning and display electronic circuits, so that the NO
content is displayed in parts per million by an analogue meter. |

Ozone 1is generated by passage of oxygen or zero-grade air through a
tube in which a continuous spark is maintained by a high voltage
electrical system. The small quantity of NO2 present in the exhaust
gases can also be measured. This is done by passing the sample gas
through an oven, at 650 °C, which dissociates NO, into NO and 0,. An
internal system of fine orifices maintains the flow rate of the sample
into the darkened chamber constant so that only the NOx concentration is
measured. The smallest division on the analogue display meter was 2.5 %
of the full scale value (i.e. 5 ppm in the range of 0-250 ppm Nox, 25
ppm in the range of 0-1000 ppm NO _, and S0 ppm in the range of 0-2500

ppm NO ).

Exhaust smoke

Exhaust smoke was measured using a standard TI Dieseltune 114 smoke
density tester. Smoke particulate samples were taken from the exhaust
pipe (after the silencers and the gate valve) using the suction pump and
standard filter papers. This position was chosen to allow good mixing of
the exhaust stream and damping of pressure pulsations. Some loss of
particles in the pipe work and silencers (before the sampling location)
inevitably took place. The standard Bosch evaiuation meter was then
used to read out the Bosch values of the smoke particulate deposits on

the filter paper. In principal, the evaluation meter measures the amount
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of 1light reflected by the smoke deposited on the filter paper on an
arbitrary scaie of 0-10, Five, on this scale, corresponds to the amount
of light reflected by a clean filter paper which has 50% of its surface
area covered with a black, non reflective coating. The evaluation meter
was calibrated, before a reading was taken, uéing the standard
calibration paper, and according to the manufacturer’s instructions. The
smallest division on the analogue display of the evaluation meter was
2% of the full scale value (i.e. 0.2 Bosch unit), or 4 % of mid-range

reading of 5 Bosch units.,

3.1.4 - Cyclic data acquisition system

The data acquisition system was based around a Nicolet digital
oscilloscope, capable of very fast data capture. Storage of data on
floppy discs and limited data processing was also possible. Captured
data could also be plotted using a digital plotter. The system consisted

of the following items:

(1) Nicolet 4094 digital oscilloscope

(ii) - Nicolet XF-44/2 dual disc recorder
(iii) - HP 7470A digital plotter
(iv) - IBM keyboard

The oscilloscope was used to capture signals of:

Cylinder gas pressure
= Crank angle

-~ Injector needle lift
Fuel line pressure

OO

The oscilloscope had four channels and a total of 16 kbyte (16 bit per

byte) RAM which could be allocated as follows: 16k as a whole to one
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channel, 2 x 8k to two channels, and 4 x 4k to four channels. Each pair.
of two channels could sample simultaneously évery 0.5 microsecond (at 2
million samples per second) using a 12 bit analogue to digital
converter. The captured signals from all four channels could be
displayed on a 5" high definition screen, and expanded both
horizontally and vertically by up to 265 times. The co-ordinates of each
individual sample could be found using vertical and horizontal cursors; .
these co—ordinates‘were displayed digitally at the bottom of the screen
as voltage and time respectively. A variety of mathematical routines are
available as software on floppy discs. The data processing routines used
during this project were: differentiation, and calculation of signal
minimum and maximum values between selected cursor positions.

The captured signals could be stored on 5.25" double-sided, double-
densitybfloppy discs. The stored data could be recalled for display and
manipulation using the system software. There were options for output to
digital and analogue plotters. A digital plotter was used for this

project.
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3.2 - BASELINE TESTS

3.2.1 - pPurpose of baseline tests

The aims of the baseliﬁe tests were as folléws: (a) to check
correct' operation of the experimental syétem and provide experience in
using the system; (b) to provide the operating limits of the engine in
terms of maximum cylinder gas pressure and maximum metal temperatures
around the combustion chamber; and (c) to provide information on the
standard engine performance (BMEP, BSFC, exhaust emissions and
combustién performance) for comparison with results from low compression
ratio tests.

The specific obﬁective of the baseline tests was to establish ﬁhe
values of various engine performance parameters, and in particular:

~ The highest cylinder gas peak pressure occurring over the entire
speed and load operating range,

- Temperatures at certain cylinder-head and liner 1locations. 1In
particular, the highest metal temperature adjacent to the exhaust
valve seat.

- Brake specific fuel consumption.

- Volumetric efficiency.

- Various combustion performance parameters such as ignition
delay, rate of pressure rise, injection timing, and exhaust
emissions.

- Temperatures at 13 locations, including intake air, exhaust gas,
lubricating oil, and several‘ cylinder head and liner‘metal

temperatures.
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3.2.2 - Experimental procedure for baseline tests

The baseline tests compfised a series of experiments at constant
speed and varying brake mean effective pressure covering the entire
speed and load ranges, from almost idling (1300 rev/min) to maximum
speed (3000 rev/min) and from almost no load (about 0.7 bar BMEP) to
full load (about 6.0 bar BMEP).

In order to reduce experimental errors, several readings were taken
for most parameters measured, at each.speed and load condition. These

parameters, together with the number of readings taken are shown bellow:

Maximum cylinder pressure .... 10 randomly selected cycles
Injection timing ........... .. 10 randomly selected cycles
Start of combustion ........ .. 10 randomly selected cycles
Rate of pressure rise ........ 10 randomly selected cycles
Smoke in Bosch units ......... minimum of 3 samples

Each time the engine speed or load was altered, the engine was
allowed to reach a stable condition for about 30 minutes, after which
no change in cylinder liner and head temperatures were detected.

Start of combustion was found by differentiating once the cylinder
pressure signal., The slope of the compression curve (dP/dt) normally
reduces prior to the point of start of combustion, see Fig 3.5. This is
normally followed by a change-over to a sharp rise in dP/dt as a result
of the rise in cylinder pressure, following the ignition of the premixed
fuel and air. The combustion was, therefore, taken to have started where
dp/dt reached a minimum for the first time, (see Fig 3.5). This figure

also shows the way in which the maximum rate of pressure rise was
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obtained from the dP/dt signal.
The start of injection was taken as the crank angle at which the

needle lift signal reached 5% of its maximum value (see Fig 3.5).

3.2.3 = Discussion of baseline test results

The baseline tests yielded the highest value.for the cylinder peak
pressure, together with the highest values of two critical metal
temperatures. These are shown in Table 3.2. These values were not
exceeded by more than a few percent during subsequent tests at the lower

compression ratio.

Table 3.2 = Highest cylinder gas pressure and metal temperatures
recorded during the baseline tests.

PARAMETERS MEASURED SPEED BMEP
VALUES (rev/min) (bar)

P / bar 80 1300 5.1

max

T, / °c 217 2500 4.7

T / °c 181 2500 4.7

'1‘1 = Cylinder-head metal temperature (adjacent to the exhaust
valve side)
'r2 = Cylinder-barrel metal temperature (between the valves)

The rest of this section presents and discusses, briefly, thé main
results from the baseline tests. For the sake of brevity, the results of
the baseline tests shown in this section (Figs 3.6 and 3.8) are at a
constant speed of 1300 rev/min and varying load. Corresponding results
at speeds of 1700; 2160, 2500 and 3000 rev/min show similar trends, and

are included in section A.3 of Appendix A,
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Temperatures around the engine

The variation of combustion chamber metal temperatures, and other
temperatures around the engine, at constant speed of 1300 rev/min and
varying load are shown in Fig 3.6.

As one would expect, all the temperatures increase with increasing
engine load. The highest metal temperature occurred at the exhaust valve
side of the cylinder head. This probably was due to this position being
furthest from the ‘inlet valve and not receiving as much benefit of
cooling from the fresh charge; also, the high flow rate ef the exhaust
gases increase the heat transfer rate to this.region.

The intake air temperature, measured upstream of the inlet valve,
rises by about 15-20 °C from no load to full load (at all speeds). This
indicates a considerable heat transfer from_the inlet manifold to the

intake air.

Volumetric efficiency

The variation of volumetric efficiency with speed and load is shown
on Fig 3.7. This was measured with the air supply pipe and surge tank
(see Fig 3.1) connected to the engine, but with no compressed air
supply:; instead ambient air was admitted into the pipework, 2 m upstream
of the orifice plate. The volumetric efficiency calculation was based on
the atmospheric conditions.

The reduction in volumetric efficiency with load, at constant
speed, is due to increase in heat transfer to the intake air from the
inlet manifold and combustion chamber ’walls. This raises the air
temperature, resulting in reduced air density and volumetric efficiency.

The tendency for the reduced volumetric efficiency with increasing
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engine speed, that can be seen in Fig 3.7, is due to higher intake air
temperature, and increased throttling losses as speed increases. The
rise in volumetric efficiency at 3000 rev/min, against the trend, might
have been due to air-inertia effects and wave action in the inlet
manifold, creating a higher inlet pressure at this speed.

When the air supply to the engine was pressurised (for
turbocharging simﬁlations at low compression ratio), the calculation of
the volumetric efficiency was based on the air pressure and temperature
just downstream of the air heater (see Fig 3.1). Results at 1low

compression ratio are shown in chapter 4.

Brake specific fuel and air consumption

Fig 3.8 shows the effect of engine load on brake specific fuel
consumption (BSFC) and brake specific air consumption (BSAC) at 1300
rev/min, BSFC decreased initially, with increasing 1load, since the
mechanical efficiency of the engine increased rapidly. However, at high
loads the mechanical efficiency increases at a slower rate whilst the
cycle tﬁermodynamic efficiency continues to decline; as a result, the
BSFC begins to‘rise at high loads.

The measured results for BSFC at around 80-90% of full load, is
about 0.304 kg/kWh at 1300 rev/min (and 0.330 kg/kWh at 3000 rev/min)

which is about 10 % higher than the manufacturer’s specified value,.

Smoke ) '
Smoke, measured in Bosch units, increased with increasing load at
constant speed, see Fig 3.8 (also smoke increased with increasing

speed) .
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Apart from the lower air fuel ratio (and reduced oxygen
availability at higher loads), smoke might also have risen because
dynamic injection timing tended to retard somewhat at highe; loads. The
combination of longer injection period and late timing at higher loads,

may have resulted in later fuel burning and high smoke emissions.

Dynamic injection timing

The static injection timing was set to the manufacturer’s
specification, 26 °CA BTDC. The dynamic injection timing was measured
using both the needle lift signal, NLS, and fuel line pressure signal,

FLP. These varied due to dynamic effects, as shown in Table 3.3.

TABLE 3.3 ~ Variations in dynamic injection timing with
load, measured from the needle 1lift signal
NLS, and the fuel line pressure signal FLP,

Speed Injection timing
rev/min °CA BTDC
NO LOAD FULL LOAD
NLS FLP NLS FLP

1300 18.6 27.6 14.8 27.2
1700 18.4 28.1 14.0 26.7
2160 i8.5 27.3 15.6 26.3
2500 17.6 -— 17.6 ————
3000 15.6 28.4 14.3 25.5

There was no mechanical system for the automatic variation of

injection timing according to load and speed. The variation shown in

65



Table 3.3, was a result of varying fuel leakages past the pump plunger
and injector needle, the coﬁpressibility of the fuel (and any dissolved
gases), and the elasticity of the injection system components. These
correspond to a crank angle of 8 to 12° at no load and full load

respectively.

Ignition delay

At constant engine speed the ignition delay decreased with
increasing 1load, see Figs 3.8 and 3.9. This was most likely due to
higher trapped air temperature at higher loads, as a result of higher
heat transfer rates from the inlet manifold, inlet valve, and cylinder
walls.

Ignition delay periods (measured in milliseconds) shortened with
increasing speed at a constant lcad, see Fig 3.9. Similarly, this was
likely to have been due to hotﬁer trapped air, and also due to greater

trapped air activity during combustion at higher speeds.

Peak cylinder pressure

At constant speed, the cylinder peak pressure, Pm“, increases with
increasing load, see Fig 3.8. This is thought to bé due to more fuel
being burned at higher 1loads, and slight advance of the start of
combustion, as well as increased rate of pressure rise at higher engine

loads. Also, P .y Was observed to be higher at lower engine speeds.
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3.3 - STEADY FLOW RIG

As a bart of the project described in this thesis, a computer model
was‘ developed which predicted, at different compression ratios, the
swirl and squish of the trapped air as the piston approached TDC. Part
of the input information required by the model was the swirl imparted to
the induced air at inlet valve closure (IVC). A steady flow rig was used
in order to obtain this swirl at IVC.

The steady flow rig consisted of the Lister cylinder head,
including the inlet manifold and valve assemblies. This was attached on
to an open ended barrel which had the same internal diameter as the
cylinder barrel of the Lister engine, and a length of approximately two
times the bore, see Fig 3.10. The inlet valve could be held open, at
different positions, wusing an adapted bolt. The valve opening was
measured using a dial gauge with a resolution of 0.025 mm (compared with
valve openings of 0 to 10 mm), Air, from the laboratdry compressed-air
supply, was supplied at a steady flow rate to the cylinder head.

An orifice plate installed in the air supply line (according to
BS1042) was used to measure the air flow rate. This was the same orifice
plate used to measure the air flow rate during the engine tests
described in this Chapter and in Chapter 4. The air mass flow rate was
controlled using a pressure regulator valve (see Fig 3.1) and a gate
valve (for finer adjustment).

The rig was instrumented to measure the pressure drop across the
inlet valve, using an inclined water manometer. The local air velocities
at different locations within the barrel were measured using a single
hot-wire anemometer. The anemometer could be traversed across anay

diameter on any horizontal plane within the vertical barrel, by means of
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an axial/cross slide, mounted on a rotary base. The anemometer was
calibrated in a wind tunnel so that the voltage output from the
anemometer was proportional to the air velocity. The measurements of the
local air velocities within the barrel, using the hot wire anemometer,
weré carried out by Bond (1988). |

The steady flow rig was used to determine the following parameters

at a number of mass flow rates and inlet valve lifts.

i - Inlet valve discharge coefficient.

ii - Adir swirl within the barrel; one bore diameter below
the cylinder head face.

iii - Local air velocity components, in the tangential and
and axial directions, at a number of radii.

iv - Air moment of momentum rate imparted by the inlet-
manifold-and-valve assembly.

Further details of the rig and the instrumentation can be found in

Bond (1988). The method of calculation of the above parameters 1is

described in Chapter 5.
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3.4 - INJECTOR NOZZLE TESTS

With VCR systems which vary the clearance volume, the position of
fuel-spray impingement on the piston crown would vary with varying
compression ratio. This is a particularly important aspect of VCR
operation with bowl-in-piston combustion chambers. With this type of
chamber, the spray should be directed towards the rim of the bowl; as
discussed in Chapter 2, this is a region where air activity is highest.
The fact that spfay impingement occurred in the case of the Lister
engine was confirmed from observations o¢of carbon deposits on the piston
crown, see Fig 3.11.

A simple experiment was conducted in order to find out the way in
which the position of the fuel spray impingement would change when the
compression ratiov of the Lister engine was lowered from the standard
17.4:1 to 12.9:1,

The injector was connected to a manually-operated Hartridge
injector~testing machine. Photographs of the fuel sprays were taken, and
an average value of the cone angle was found by measuring the angle from
the photographs. The average cone angle when injecting test liquid into
air at atmospheric conditions was found to be 16.5° for the standard-
engine three-hole nozzle; and 18.3° for a four-hole nozzle used in tests
described in Chapter 4. Also the position of the axis of each spray cone
(with respect to injgctor—body axls) was determined during these tests,

‘From this information the point of fuel spray impingement at 15° CA
BTDC was determined for the two nozzles at different compression ratios.

The tests on the Hartridge injector-tester were conducted at
atmospheric conditions. At the elevated air pressure and temperature,

the fuel spray cone angle would be different.
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Several ‘researchers have studied experimentally the effect of
pressure and temperature on fuel spray geometry (see seétion 2.6.1,
Chapter 2). There is general agreement that the relevant parameter is
the gas density into which the fuel is injected, (Youl et al, 1984,
varde et al, 1984, Reitz and Bracco, 1979). Typical results are those of
Varde et al, which shows that the cone angle increases rapidly as the
gas density is raised. The rate of increase ofvthe spray cone angle
reduces as the gas density reachesvvalues of 10 to 15 kg/ms. Varde et al
(1984) showed that the spray-cone anglevand the gas density could be
correlated well by the following relationship:

0.33
tanB; _ | P1 : cee. 3.2

tan6; P2

Thus, using Varde’s results, it was possible to correct the results
of the injector tests at atmospheric conditions. The air . density at
onset of combustion in the Lister engine was calculated from the
measured tfapped alr mass, and the volume of the cylinder above the
piston at onset of injection.

Fig 3.12 shows the plan view of the fuel spray centre-line for both
the three and the four-hole nozzles. Fig 3.13 shows the cross sections
of the piston crown and the position of the fuel sprays at two
compression ratios. The spray cone angle shown in Fig 3.13 is an average
value calculated at an air density of about 11.0 and 12.9 kg/m’ for the
naturally aspirated and turbocharged conditions respectively.

Looking at Figs 3.1é and 3.13, it can be concluded that the change
in the compression ratio from 17.4:1 to 12.9:1 is not likely to effect

fuel impingement significantly.
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Chapter 4
Experimental Results
at Low

Compression Ratio



4.1 - OUTLINE OF TESTS

Section 3.2, presented results from a series of baseline tests with
the engine in its standard form. Their aim was: (a) to check correct
operation of the experimental system and provide experience in its use,
(b) to establish the operation limits of the engine, in terms of maximum
cylinder gas pressure and maximum metal temperatures around the
combustion chamber, and (c) to provide information on the standard
engine performance (BSFC, exhaust emissions and combustion performance)’
for comparison with results from the low compression ratio tests.

The results presented in this chapter were obtained at a lower
compression ratio of 12.9:1 (compared with 17.4:1 for the engine in its
standard form). Note that this low compression ratio was assumed to be
the lower‘limit of the VCR system for the Lister engine. Therefore, the
broad aim of the tests at this low compression ratio were:

1 - To investigate the effect on engine performance (in particular

on combustion performance) of the increase in clearance volume.

2 - To investigate ways in which detrimental effects on engine

performance, specially exhaust emissions, could be ameliorated.

3 - To quantify the maximum benefits, in terms of increase in BMEP

and possible reduction in BSFC, that would arise from lowering
the compression ratio and increasing the boost pressure

expected with VCR system operation.

In order to simulate VCR operation, throughout the tests described
in this chapter, the peak cylinder pressure was maintained constant at
80 bar. This was the maximum value measured, over the entire standard

engine operating range, during the baseline tests (see section 3.2).
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Also, a number of critical metal temperatures around the combustion
chamﬁer were monitored (for example the metal temperature adjacent to
the exhaust valve) and were not allowed to rise significantly above the
maximum values recorded during the baseline tests.

Table 4.1 shows a test matrix, describing all the tests which are

discussed in this chapter.

TABLE 4.1 - Test matrix,

TEST ENGINE NOZZLE PLUNGER AIR FUEL STATIC INJ.

NUMBER SPEED HOLES DIAMETER RATIO TIMING

(rev/min) (mm) (°ca BTDC)
1 1300 3 7.5 25:1 20
2 1300 3 7.5 25:1 25
3 1300 3 7.5 25:1 30
4 1300 3 7.5 20:1 25
5 1300 3 7.5 30:1 25
6 1300 3 8.5 25:1 20
7 1300 3 8.5 25:1 25
8 1300 3 8.5 25:1 30
9 IC 1300 3 7.5 25:1 25
10 1300 4 7.5 35:1 30
11 1300 4 7.5 25:1 30
12 1700 3 8.5 25:1 20
13 1700 3 8.5 25:1 25
14 1700 3 8.5 25:1 30
15 1700 . 3 7.5 20:1 25
16 1700 3 7.5 30:1 25
17 IC 1700 3 7.5 25:1 25
18 1700 4 7.5 25:1 38
19 1700 4 7.5 25:1 30
20 1700 4 7.5 25:1 25
21 1700 4 7.5 30:1 30
22 1700 4 7.5 35:1 30
23 2100 4 7.5 30:1 30
24 2100 4 7.5 35:1 30
25 2100 4 7.5 40:1 30

IC - Simulated Intercooling

Plunger diameter - diameter of the fuel pump plunger
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For each test condition, the engine was controlled so as to achieve
a peak cylinder pressure of 80 bar at the desired air fuel ratio and
engine speed. This meant that the fuel and air flow rates to the engine
had to be adjusted so as to achileve this operating condition. As it can
be seen from Table 4.1, most of the tests were carried out at an air
fuel ratio of 25:1 in order to investigate the engine performance near
full-load conditions.

As it will be appreciated, each test proved to be time consuming;
in order to achieve a peak pressure of 80 bar, at a given air fuel ratio
and engine speed, four interacting operating variables had to be
adjusted (fuel flow rate, air inlet temperature, exhaust back pressure,
and the boost pressure). For example, if a slight adjustment to the air
fuel ratio was required, this necessitated adjustments to the boost
pressure and fuelling rate; this had knock-on effects on the air inlet
temperature, exhaust back pressure, engine speed, and peak cylinder
pressure. Since each of these variables had to be controlled
individually with no automatic feedback control system, on average it
took about two hours for each test condition to be investigated.

In order to simulate turbocharged operations, for each test, the
air supply to the engine was pressurised and he;ted (see section 3.1.2):
the pressure in the exhaust system was also adjusted using a gate valve
(see Fig 3.1). The appropriate level of inlet air temperature and
exhaust back pressure were calculated as follows: (a) air inlet
temperature, from the relation for isentropic change of state and the

isentropic efficiency of the compressor,
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—14m, cee. 421

where P; and T, are the atmospheric pressure and temperature, Ne is
the compressor isentropic efficiency (assumed 74 %), and P, is the
selected boost pressure; (b) the exhaust back-pressure, P3 was

calculated from the following expression:

ey
P3=P, {1- We eees 4.2

(ma+mg)cpgme T3

where W,=".l“ Cpa(T2-Tl) cees 4.3
Nm

and Cpq and Cpg are the specific heat capacities of air and the exhaust
gases respectively. Equation 4.3 expresses the work balance of the
compressor—turbine combination. ’ha and n'rf are the measured air and fuel

mass flow rates to the engine, and T3 is the measured exhaust
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temperature. N, 1s the mechanical efficiency of the turbocharger, and

N is the isentropic efficiency of the turbine (assumed as 96% and 76%
respectively). A microcomputer program was used to calculate the
appropriate values of air inlet temperature and exhaust back pressure
while the tests were underway.

For each test, the metal temperature near the exhaust valve was
monitored, so as to ensure that it did not significantly exceed the
maximum value obtained during the baseline tests.

The following sections discuss the outcome of the tests carried out

at the low compression ratio.
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4.2 - EFFECT OF INJECTION TIMING ON ENGINE PERFORMANCE

4.2.1 - Relation between ignition delay and maximum rate of

pressure rise

Fig 4.l1a shows the relation between the ignition delay and the rate
of pressure rise iﬁ the case of the three-hole nozzle and various engine
operating conditions. Fig 4.1b shows this relation in the case of the
four-hole nozzle.

Although the trend is more pronounced in the case of the three-hole
nozzle, both figures show that as the ignition delay increased, the rate
of pressure rise became greater, This is believed to be due to the
greater amount of prepared mixture that burned during the premixed

combustion phase.

4.2.2 - Effect of injection timing on ignition delay and maximum

rata of pressure rise

Fig 4.2 shows the effect of injection timing on the ignition deiay,
for a constant air fuel ratio of 25:1 and various engine operating
conditions. There is a clear trend of rising ignition delay as the
injection timing was advanced. This was , firstly, due to the fact that
as timing was advanced, injection took place into less compressed and
less turbulent air; secondly, as will be seen in a later section, the
inlet boost pressure (and air temperature) were observed to decrease as
timing was advanced.

One major effect of this increase in delay, when ¢timing was
advanced, was a rise in the maximum rate of pressure rise, as seen in

Fig 4.3.
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4,2.3 - Effect of injection timing on boost pressure

It has already been shown that advancing the injection timing
caused an increase in the maximum rate of pressure rise. The effect on
engine operation of this increase in rate of pressure rise, was to
increase the maximum cylinder pressure, g“;. However, owing to the
constant-g“x mode of operation adopted for the tests, this tendency for
the P to rise had to be counteracted with a reduction in boost
pressure (at constant air fuel ratio) and, therefore, a reduction in the
trapped amount of air fuel mixture, This is shown in Fig 4.4, where it
can be seen that the boost pressure decreased when the timing was

advanced (at constant air fuel ratio of 30:1 and constant g“x of 80

bar) .

4.2.4 - Effect of indjection timing on BMEP

Fig 4.5 shows that at a constant air fuel ratio of 25:1, the BMEP
decreasea as the injection timing was advanced. This decline could be
explained as follows:

(a) - As injection timing was advanced the boost pressure was lowered
(as explained in section 4.2.3) and, therefore, the air mass trapped
within the cylinder was reduced. To maintain a constant air fuel ratio
of 25:1, the fuel supplied to the engine had to be reduced which inturn
had a knock—-on effect on BMEP,

(b) = As injection timing was advanced, the maximum rate of pressure
rise increased'(as explained in section 4.2.2), therefore the level of
the cylinder gas pressure during compression increased. As a
consequence, the negative work done during the compression increased,

which resulted in a reduction in BMEP, The effect of maximum rate of
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pressure rise on BMEP is shown explicitly in Figs 4.6a and 4.6b.

4.2.5 — Effect of injection timing on BSFC

Fig 4.7 shows the effect of injection timing on BSFC at the air
fuel ratio of 25:1 and various engine operating conditions. There was a
téndency for BSFC to decrease as the timing was advanced. However,
further advancing of the injection timing increased the BSFC. It would
appear that the timing-for-minimum-BSFC was in the region of 21 to 25
%A BTDC. However, this range did not give the best BMEP or smoke
results. Obviously, the cholce of best injection timing will have to be
made by considering BSFC, BMEP and smoke emission together. In addition,
other parameters such as NOx and HC emissions would have to be taken
into account during a timing-optimisation exercise. The trade-offs

between BSFC, BMEP and smoke are considered in a later section.

4.2.6 — Effect of injection timing on smoke emission

As discussed in section 2.2, injection timing can have a
considerable effect on engine performance and smoke emission. Fig 4.8
shows that as the injection timing was advanced, the smoke level
declined. This decline was accompanied by a reduction in exhaust gas
temperature, indicating that combustion ended earlier with advanced
timings (see also Fig 4.9). Smoke or soot particles are formed and
subsequently burned throughout the combustion process. However, the
unsaturated hydrocarbons, including polycyclic hydrocarbon particles,
that are formed late in the combustion process fail to burn due to
unfavourable conditions towards the end of the combustion process (due

to low gas pressure and temperature)., These particles form the nuclel
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for the unburned carbon and smaller unsaturated hydrocarbons to coalesce
into larger soot particles. Thus, the lower smoke levels at advanced
timings could have been due to smaller amount of fuel being present late

into the expansion stroke.

4.2,7 - Tradeoffs between BMEP, BSFC, and smoke with varying

injection timing at constant air fuel ratio

Fig 4.10 shows the tradeoff between BSFC, BMEP and smoke, with
varying injection timing at constant air fuel ratio and simulated VCR
operating conditions. The figure shows that advancing injection timing
was effective in reducing smoke emissions, but at the expense of reduced
BMEP due to a reduction in the quantity of fuel injected (see section
4,2.4)., However, it is interesting to note that BSFC reduced with
reducing smoke (as the timing was advanced), despite a reduction in BMEP
and a consequent reduction in mechanical efficiency. This improvement in
BSFC, with advancing timing, was probably due to improvements in cycle

and combustion efficiencies.
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4.3 - EFFECT OF INJECTION RATE ON ENGINE PERFORMANCE

Two fuel pumps were used for these tests. The first had a 7.5 mm
diameter plunger fitted by the manufacturer as standard to the engine;
the second had an 8.5 mm plunger which gave a theoretical increase of

28.5% in the injection rate.

4.3.1 - Effect of injection rate on the fuel spray characteristics

For a giveh injection system (constant total nozzle hole flow
area), an increase in the injection rate would tend to increase the
pressure difference across the nozzle holes, and improve the fuel
atomisation and increase the spray penetration. A simple calculation,
using the orifice equation for incompressible flow with Cd=0.7, Suggests
that the pressure drop across the nozzle holes, 5P increased when the
7.5 mm plunger was replaced by the 8.5 mm one., The fuel volume flow rate
was estimated from measurements of the fuel volume injected per cycle,
and the unseated period of the injector needle. The results are

summarised in Table 4.2,

TABLE 4.2 - Estimated variation in pressure drop across the
injector nozzle with increasing plunger diameter.

Engine Speed Number of Nozzle hole Increase in 5?
rev/min nozzle holes diameter bar %
1300 3 0.25mm 33.3 48.1
1700 3 0.25mm 33.6 32.7
1700 4 0.28mm 21.9 22.2
2100 4 0.28mm -11.7 -11.5
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These increases 1in pressure drop across the nozzle holes were
expected to yileld improved atomisation, and to have increased spray
penetration.

4.3.2 - Effect of injection rate on ignition delay

Fig 4.11a shows that the higher injection rate increased the
ignition delay in the case of the three-hole injecgor; but decreased it
in the case of the four-hole injector. The following discussion could be
advanced in an attempt to explain these results. With the three hole
injector, the boost pressure and, as a result, the compressed alir

pressure during the delay period (measured from the pressure signal)

decreased by 12% at 1700 rev/min when the 7.5 mm pump was replaced by

the 8.5 mm pump (see Fig 4.11b and discussion on rate of pressure rise
in section 2.3.3). 1In addition, the air temperature during the delay
period was reduced by 26K (calculated from the test data using a
polytropic index of 1.3). Considering the four-hole nozzle now, the
effect of the 8.5 mm pump was the reverse, that is, a reduction in the
delay period. This was because both the compressed air pressure and
temperature increased when the 7.5 mm pump plunger was replaced with
the 8.5 mm one, Also the four-hole nozzle provided a better fuel
distribution around the combustion chamber. There is ample evidence in
the literature which shows that the delay period shortened when the
compressed air temperature and pressure increased, see for example Igura

et al (1975).

4.3.3 - Effect of injection rate on the maximum rate of pressure

rise, boost pressure, and BMEP

Fig 4.11c shows that when the standard 7.5 mm pump was replaced by
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the 8.5 mm pump, the maximum rate of pressure rise increased with the
three-hole nozzle, but decreased in the case of the four-hole nozzle.
.This could be explained by the changes in the ignition delay; as has
been shown previously in Figs 4.1la and 4.l1b, when the ‘ignition delay
increased the rate of pressure rise also increased.

In the case of the three hole nozzle, a consequence of the increase
in delay with the 8.5 mm pump is the drop in boost pressure that was
necessary in order to keep P constant at 80 bar (see Fig 4.11b). 1In
turn, the reduction in boost pressure and, therefore, trapped amount of
air fuel mixture (at constant air fuel ratio) caused the reduction in
BMEP seen in Fig 4.12a.

In contrast, with the four-hole nozzle, the 8.5 mm pump plunger
reduced the ignition delay and, as a consequence, the rate of pressure
rise decreased, allowing the boost and BMEP to rise above their values

with 7.5 mm plunger pump.

4,3.4 - Effect of injection rate on BSFC and smoke emission

When the 7.5 mm pump was replaced by the 8.5 mm pump, there was a
tendency for BSFC to worsen in the case of the three-hole nozzle, and to
improve in the case of the four-hole nozzle (see Fig 4.12b). Almost
certainly, the reason for the trends was the decline in BMEP in the case
of the three-hole nozzle, and the increase in BMEP in the case of the
four-hole nozzle. Thus, the changes in BSFC mainly reflected the changes
in the mechanical efficiency of the engine.

Fig 4.12c shows that with both the three and four hole nozzles, the
smoke emission was lower when the injection rate increased. One of the

reasoﬂs for this reduction in smoke emission was, probably, better fuel
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atomisation and greater fuel spray penetration with the 8.5 mm plunger.
Also in the case of the three-hole nozzle, where combustion was very
poor, the reduction in fuel injected with the 8.5 mm plunger pump, (due
to lower boost pressure and lower amount of trapped air fuel mixture,
see section 4.1.3) reduced the amount of fuel remaining unburned at the

end of combustion.

4.3.5 -~ Tradeoffs between BSFC, BMEP and smoke emissions with

higher injection rate

Fig 4.13 shows the tradeoffs between BSFC, BMEP, and smoke emission
when the injection rate was increased. Both with the three and the four-
hole nozzles the smoke decreased when the injection rate was raised.
However, with the three-hole nozzle this was at the expense of lower
BMEP and worse BSFC, whilst the reverse effect was obtained with the
four~hole nozzle, With the four-hole nozzle there was an overall
improvement in all three aspects, BSFé, BMEP and smoke emissions as the
injection rate was increased.

Possible wunderlying reasons for the different behaviour of the two

nozzles have been discussed above.
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4.4 — EFFECT OF AIR FUEL RATIO ON ENGINE PERFORMANCE

Soon after commencing the tests at the low compression ratio, it
became evident that air fuel ratios of around 25:1 (normally associated
with full load diesel engine operation) produced unacceptably high smoke
emissions due to poor fuel distribution and mixing. In order to reduce
smoke emissions, it was decided to carry out tests at weaker air fuel

ratios, in the range of 30:1 to 40:1.

4.4.1 - Effect of air fuel ratio on BMEP, BSFC and smoke

As one would expect, Fig 4.l14a shows that as the air fuel ratio was
increased, the bmep decreased. The reduction in bmep was due to the
reduced amount of injected fuel per cycle. Fig 4.14b shows that the bsfc
improved markedly, despite the fall in BMEP and, consequently, a
reduction in mechanical efficiency. This reduction in BSFC with weaker
mixtures is in agreement with diesel-cycle analysis, Heywood (1988). As
the mixture was weakened, there must also have been an improvement in
combustion efficiency. This belief is supported by the marked reduction
in smoke emission, as Fig 4.15a shows. Fig 4.15b shows that as the fuel
was reduced, in order to weaken the mixture, the boost pressure tended
to rise in order to maintain a constant Poax of 80 bar.

Fig 4.15a shows that with the four-hole nozzle and weak air fuel
ratio of about 40:1, acceptable smoke emission levels of around 3.6
Bosch units were obtained. With this weak air fuel ratio, the BMEP was
just over 8.0 bar, which was 40-50% higher than the full load BMEP of
the standard naturally aspirated engine (at 20:1 air fuel ratio and me
of 80 bar). Also, the BSFC at 45:1 was about 0.25 kg/kWh; this was about

20% 1lower than the value at full load with the standard naturally
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aspirated engine.

4.4.2 - Tradeoffs between BSFC, BMEP and smoke emissions with varying

air fuel ratio at constant dynamic injection timing

Fig 4.16 shows that the weakening of the mixture reduced the smoke
substantially and, also, had a significant effect on BSFC. The effect on
BMEP was relatively small. This suggests that improvements in cycle and
combustion efficiency arrested the decline in BMEP due to reduced fuel
injected per cycle, and reduced mechanical efficiency.

It is interesting to consider briefly a comparison between Fig 4.16
and Fig 4.10. Fig 4.10 shows the tradeoffs with varying injection
timing, whilst Fig 4.16 shows these tradeoffs with varying air fuel
ratio. In both cases, substantial improvements in BSFC and smoke were
obtained with advanced timing and weaker mixtures. But, as shown on Fig
4,10, advanced injection timing reduces BMEP because of the substantial
effect of the increased negative work (due to higher 1levels of gas
pressure during compression) and reduced positive work (as less fuel was

injected per stroke) on BMEP when timing was advanced.
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4.5 - ATTEMPTS TO ELIMINATE AFTER INJECTIONS

Due to substantially more fuel being required at the lower
compression ratio, the standard injection system with the three-hole
nozzle was operating beyond its design range. As a consequence, when the
air fuel ratio of 25:1 was approached, after—-injections Set in., Attempts
to eliminate these included:

i - Changing the 1length of the high pressure fuel line, first to
approximately 1.5, and then to 2.5 times the standard length.

ii - Increasing the opening pressure of the injector from the
standard value of 180 bar to 233 bar.

iii - Increasing the injector needle lift by 20 percent.
None of these measures by itself, or in combination, proved to be
entirely successful.
No after—~injections were observed at air fuel ratios weaker than
30:1. Also, no after-injections were observed with the four-hole nozzle

at any of the conditions tested.

4.6 - EFFECT OF INTERCOOLING ON ENGINE PERFORMANCE UNDER VCR

OPERATING CONDITIONS

A limited number of tests were carried out at the low compression
ratio, in order to simulate the effects of placing an air cooler between
the air compressor and the engine. The simulation was carried out by
lowering the temperature of the compressed air entering the engine. This
was achieved by reducing the heat dissipated by the electric inlet-air
heater. Results are shown in Fig 4.17. With intercooling, BMEP rose by a
modest amount (about 7 per cent) at both speeds, as a result of higher
trapped air density (5.2 per cent higher at 1300 rev/min and 6.2 per

cent at 1700 rev/min). However, the ignition delay lengthened at both
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speeds due to lower compression temperature. At 1300 rev/min there was a
4,5 per cent improvement in BSFC, whilst at 1700 rev/min there was a 3
per cent deterioration in BSFC. At both speeds smoke emission worsened
by almost one Bosch unit.

The overall conclusion appears to be that any benefits from
intercooling would be modest. There are two main reasons for this.
Firstly, due to poor air fuel mixing, the extra fuel quantity per cycle
that is made possible by the greater air density canhot be burned
efficiently. Secondly, intercooling tends to increase ignition delay and
rate of pressure rise, thus forcing a 1lower boost pressure under
constant P operation (this was illustrated in Fig 4.17). This, in
turn, tends to moderate the increase in density gained with intercooling

and lower air inlet temperature.

4.7 - METAL TEMPERATURE AROUND THE COMBUSTION CHAMBER

Fig 4.18 shows the temperatures, measured at various operating
conditions, at the low compression ratio. This was recorded by means of
a thermocouple in the cylinder head (location 2 and 5 in Fig 3.3) and in
the exhaust manifold.

As would be expected, all temperatures rose as the BMEP increased.
At the locations shown, the highest metal temperature at the low
compression ratio exceeded the maximum recorded with the standard engine
at full load, by about 30°C. However, at the low compression ratio, the
BMEP was much higher than the full load BMEP of the standard engine.

Intercooling was effective 1in reducing the metal and exhaust
temperatures to about the same levels as those for the standard engine,

despite the substantial increase in BMEP compared to the BMEP of the
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standard naturally aspirated engine at full load.
4.8 - NOISE

Russel and Haworth (1985) found that the level of the noise from DI
diesel engines was related to the maximum rate of pressure rise. An
examination of the results reported here for the lower compression
ratio, shows high rates of pressure rise (higher than those for the
standard engine at full load). This suggests that the engine may have
been morernoisy at the lower compression ratio, and this agrees with the
subjective impression of the author formed by listening to the engine
during the tests. 1In general, the higher maximum rates of pressure rise
recorded at the lower compression ratio, were associated with longer

ignition delay periods and more advanced timings.

4.9 - OXIDES OF NITROGEN

Using results obtained form several DI diesel engines Russel and
Haworth (1985) found a good correlation between the maximum cylinder gas
pressure and nitric oxide emissions. Such a correlation is not
unexpected, because the level of these emissions is sensitive to the
maximum cycle temperature, which generally rises as the peak cylinder
pressure rises.

NO measurements were made during the tests with the four-hole
nozzle; these are shown in Table 4.3. These results show that despite
wide changes in injection timing, inlet air temperature (with
intercooling), speed, and air fuel ratio, the Nox level sta}ed within
the range of 620 to 780 ppm. It appears that these results tend to
support Russel and Haworth’s conclusion that the main influence on -NO,_

emission was the peak cylinder pressure.

88



Table 4.3 - The effect on Nox emissions of changes in engine
operating conditions with the 8.5 mm pump plunger
at constant maximum cylinder gas pressure of 80 bar

Engine speed 1700 1700 1700 1700 2100 2100
(rev/min)
Air fuel ratio 35:1 40:1 40:1 40:1 40:1 40:1
Inj. timing 20.3 20.9 18.4 18.3 25.6 17.0
(°ca  BTDC)
Intercooling NO NO NO YES NO NO
NOx 710 630 605 640 720 760
(ppm)

Russel and Haworth’s results show a Nox level of about 750 ppm
corresponding to a maximum cylinder pressure of 80 bar; this NOx level

is similar to the levels found during the tests reported here,

4.10 -~ OPTIMISATION OF OTHER ENGINE PARAMETERS

The level of turbulence in the combustion chamber at the 1low
compression ratio 1s expected to be lower than that at the standard
engine. Although the level of air squish is expected to have decreased
considerably, the air swirl when the piston is approaching TDC is not
expected to have been reduced much, despite the increase in the bump
clearance. This argument i3 based on the expectation that the swirl
induced by the inlet port must have increased considerably due to
turbocharging (Dent and Derham, 1974). This will be discussed further in

Chapter 5.
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The valve overlap of the standard engine was not increased when the
engine was turbocharged at the lower compression ratio. A greater valve
overlap would be needed in order to keep the combustion-chamber metal
temperatures within designed limits at higher BMEP levels and higher
engine speeds than those achieved to date.

Both Charlton (1984) and Grundy et al (1974) found that when the
compression ratio is reduced and the boost pressure is 1increased, the
exhaust valve must open earlier for maximum thermal efficiency. Charlton
suggests that this is necessary in order to provide sufficient time for
the blow-down from the higher cylinder gas pressure. During the tests
reported here it was observed that the cylinder pressure at exhaust-
valve-opening (EVO) was considerably higher than for the standard engine
at full load. It is, therefore, possible that earlier EVO might improve

BSFC at the lower compression ratio.
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4.11 - ENGINE PERFORMANCE AT THE STANDARD COMPRESSION RATIO WITH

THE FOUR-HOLE NOZZLE AND THE HIGH INJECTION RATE PUMP

Section 4.3.1 has shown that, in comparison with the standard
engine, the peffdrmance at the 1low compression ratio could be
substantially better under VCR operation. This improved performance was
obtained with the four-hole nozzle, with the high injection rate pump
(8.5 mm plunger diameter), and with a rélatively weak air fuel ratio.

The question arises as to whether the engine will perform
satisfactorily at the standard compression ratio (without boost) with
the four hole nozzle and the high rate pump. This operating condition
will arise with VCR operation at mid-loads. Table 4.4 shows the engine
performance under this condition.

At all speeds, BMEP and BSFC with the four hole nozzle and an air
fuel ratio of 20:1, are very similar to the values for the three-hole
nozzle and the standard pump ( 7.5 mm plunger diameter). However the
exhaust emissions differed substantially; smoke levels increased with
the four-hole nozzle by 1.85, 1.65 and 0.85 Bosch units at 1300, 1700
and 2160 rev/min reépectively, and the NO_ concentrations decreased by
about 50-60 % at all speeds.

The smoke emissions with the four-hole nozzle could be improved by
operating with a weaker‘air fuel ratio of 25:1, The table shbws that in
comparison with the engine performance with the three-hole nozzle and
20:1 air fuel ratio, smoke emission is almost comparable; however, there
was a reduction of about 15% in BMEP at all speeds, although BSFC was

better than that of the standard engine at 20:1 air fuel ratio.
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Table 4.4 — Comparison of engine parameters at 17.4:1 compression
ratio with three and four-hole nozzles; the 7.5 mm pump
plunger was used with the three~hole nozzle, whilst
the 8.5 mm plunger was used with the four-hole nozzle.

ENGINE SPEED
rev/min 1300 1700 2160

NOZZLE HOLES 3 4 4 3 4 4 3 4 4

AIR FUEL RATIO 20:1 20:1 25:1 20:1 20:1 25:1 20:1 20:1 25:1
BMEP / bar 5.83 5.54 4,93 5.41 5.33 4.54 5.41 5.33 4.64
BSFC / kg/kwh 0.29 0,30 0.28 0.29 0.29 0.28 0.28 0.28 0.28
BSAC / kg/kWwh 7,15 7.50 8,57 7.06 7.23 8.63 6.78 6.96 8,32
SMOKE / Bosch 3.45 5.30 3.85 3.15 4.80 3.75 3.75 4.60 3.40
NO, / ppm 1440 690 620 1250 600 600 650 250 285

P oy / bar 71.0 66,9 62,8 68,3 64.7 63.2 65.2 62.5 62,2

ma

P POS/°CA ATDC 3.22 3.83 4.05 5.68 3.64 3.87 4.48 4.49 3.99

IT / °CA BIDC 17.1 12.9 15.0 16.6 16.9 16.7 16.1 16.1 15.8
1D / °caA 4.09 2.66 5.51 4.15 6.30 6.13 5.80 6.10 6.14
RPR / bar/°CA  3.40 5.06 5.63 3.60 5.33 6.06 3.91 3.83 4.29
VoL. EFF. / % 92.9 90.0 90.6 B84.6 85.3 82.6 79.8 80.0 85.2

soc / °ca BTDC 13.0 10.2 9.5 12.5 10.6 10.6 10.3 10.0 9.6

EX. TEMP / °C 476 460 392 496 496 417 552 575 476

™ / °C 216 213 177 221 213 190 228 239 196

P POS - Crank angle at which the cylinder pressure reached a maximum.

IT - Dynamic injection timing.

ID - Ignition delay.

RPR - Rate of pressure rise.

SOC - Start of combustion.

Tm - Cylinder head metal temperature adjacent to the exhaust valve
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The exhaust and critical metal temperatures were all below the
highest valueé recorded during the baseline tests for the standard
engine.

Considering the engine performance with the four-hole nozzle,
presented in Table 4.4, it would probably be possible to improve on it
by optimising the injection tim;ng and operating with a slight boost
pressure. This could lower the smoke emission and BSFC further, without

a significant penalty in the BMEP,
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4.12 - A CORRELATION FOR THE PREDICTION OF IGNITION DELAY

4.12.1 - Introduction

Ignition delay is a very important parameter affecting a number of
aspects ' of diesel engine performance. In the context of VCR operation
with constant P ., sections 4.1.2 and 4.1.3 have shown that the
ignition delay has an added importance; through rate of pressure rise,
it affects the inlet boost pressure and other aspects of the engine
performance.

It would be of considerable benefit toc be able to predict the
ignition delay at any engine operating condition. Over the years,
several semi-empirical correlations have been developed by a number of
investigators, which predict ignition delay. Four of these correlations
are assessed in this section; their predictions of ignition delay are
compared with the ignition delay measured on the standard Lister engine
(naturally aspirated with standard inlet manifold, no air supply pipe-
work connected, standard compression ratio, and standard injection

system) .

4.12.2 - Ignition Delay Correlations

Before a significant proportion of the chemical energy of the fuel
can be released through burning, certain physical and chemical processes
must take place during the ignition delay period. The length of this
delay period depends on the physical and chemical characteristics of the
fuel, and on the temperature and pressure of the compressed air in the
cylinder. Some fuels are more prone to autoignition than others, which

affects the length of the ignition delay period. Fuels with long single-
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bond molecular chains (e.g. paraffins), which can be broken up more
easily, have better autoignition quality (higher Cetane number) and
lower ignition delays. The converse is true for fuels made up of benzene
ring structures (e.g. aromatig¢s). )

The four correlations selected for evaluation are all based on the

Arrhenius Equation, Eq 4.4, and have been developed from tests on diesel

engines.

Tg=A P Xexp(E, /R, T) .. 4.4

where T;; 1is the predicted ignition delay (in milliseconds), E; is an
apparent activation energy for the fuel autoignition process, R, is the
universal gas constant, A and K are constants dependent on the fuel
(and, to some extent, the injection and air-flow characteristics); P and
T are the pressure and temperature of the compressed air,

Table 4.5 shows the values of these parameters appearing in
correlations b§ Watson (1979), Wolfer (Watson,1979), Zimmerman (Watson,
1979) and Sch@idt (Watson,1979).. A number of other correlations for
ignition delay have been published'which rely on tests with single
'diobleta, ~ or on tests with combustion bombs, (for example, see
Belardini,v1983); these are not considered here.

In order to use the ignition delay correlations the mean gas
préssufe‘during delay, P, is required, This mean pressure was taken as
the arithmetic average of the pressures at the start of injection and at
the start of combustion ( both these pressures were measured from the

recorded pressure signal).
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Table 4.5 - Values of constants for Arrhenius equation
determined by different investigators.

AUTHOR A k E /R
Watson 3.52 1.022 2100
Wolfer 0.429 1.19 4650
Zimmerman 0.392 1.05 4650
Schmidt 0.0646 1.08 6330

The four correlations also require the mean temperature of the gas,
T, during the ignition delay period. This temperature was calculated
from the mean pressure, P, using an estimated value of the polytropic
index of compression and the initial pressure and temperature at 1IVC,
The way in which the polytropic index was estimated is described below.

The heat transfer between the trapped air and the surrounding
combustion chamber surfaces during the compression process decides the
value of the polytropic index during the compression stroke (before the
start of combustion). After start of combustion, the «rise 4in the
cylinder pressure is primarily governed by the heat released from the
combustion of the fuel rather than the compression of the gases due to
piston movement.

values of the polytropic index were calculated for various engine
loads, at two constant speeds (1300 and 2000 rev/min). For this
caléulation, the cylinder gas pressure at IVC was needed. This was
assumed to be equal to the inlet manifold pressure. The factors
surrounding this assumption are as follows: close analysis of the

pressure signal showed that the cylinder pressure reaches a constant

96



value between about 10°CA BBDC and IVC (50°CA ABDC). The pressure during
this period can be assumed to be the closest it approaches manifold
pressure; here it was assumed that the cylinder pressure at IVC is equal

to the manifold pressure (i.e. atmospheric pressure).

The polytropic index, n, during the compression was calculated

using the polytropic relationship:

n

Pi_| V2 .e.. 4.5
Pa

Vi

L= In(P/Py)
In(V2/V1)

where P,; and ‘11 are the pressure and volume at the start of a crank
angle interval, and P, and V, are the corresponding values at the end of
the interval. The first crank angle interval considered started at IVC;
the size of the intervals was chosen to be between 2 and 30°%a,
depending on the rate at which the polytropic index changed with crank
angle. The pressure of the air in the cylinder was measured using the
cylinder pressure transducer; the trapped air volume at a given crank
angle was calculated from the engine geometry.

| Fig 4.19 shows the value of the polytropic index at different crank
angles, at two engine speeds, and various loads. The value of the index
varied with crank angle in a predictable way. The value during the
earlier part of the induction process, when heat was being transferred

to the trapped air from the cylinder walls, was greater than the
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adiabatic value for air of 1.4. The scatter in this part of the
induction period could be due to analogue to digital conversion
descritization and the effect of datum value error. During the middle of
the compression stroke, when the trapped air temperature rose to the
temperature of the surrounding surfaces, the calculated value of the
index was around 1.4, During the latter part of the compression process,
when the trapped air temperature rose substantially above the
surrounding metal temperature and heat was being transferred from the
air to the metal, the calculated value of the index fell.

The polyt;opic relationship was used in order to calculate the mean

temperature, T, during the delay period:

71==7hm P n ....v4.7

where n 1is an overall value relating to the process between 1IVC and
half-way through the delay period. This overall value was obtained for
each engine speed and load from Eq 4.6 with P1 and v1 at IVC and P2 and
v, at half-way through the delay period.

Two methods were used in order to evaluate the air temperature,
TWC; at IVC. The first method was to assume that Tivc is equal to‘the
air temperature measured with a thermocouple just upstream of the inlet
valve. The measured air temperature increased with increasing load at a
constant speed, (varying between 30 and 60°C). The calculated value of

the average compression temperature, T, during the ignition delay using

this method, showed an implausible trend of decreasing compression
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temperature with increasing engine load. This decreasing temperature
trend resulted in a prediction of increasing ignition delay with
increasing load; in fact, the measured delay decreased as the load
increased, as Fig 3.9 shows. Also, comparison of the predicted ignition
delay ©period from the four correlations using this compression
temperature, at best overestimated the measured value by more than 200%.

The second method of evaluating Tivc involved the use of the

equation of state for a perfect gas at IVC conditions:

Pive Vive =mive R Tive Tt

where m;,, was obtained from the measured air flow rate using a Dawe
corona-discharge air flow meter, Etminan (1990). It was assumed that the
mass of éhe residual gases was negligible.

Now the calculated compression temperature using these values of
'1‘ivc showed an increasing trend with increasing load at constant speed,
as would be expected. The relation between this compression temperature
and the measured ignition delay is shown in Fig 4.20 (note, however,
that these estimated compression temperatures are felt to be higher than
expected) .

These latter compression temperatures were used in the correlations
by Watson, Wolfer, Zimmerman and Schmidt, in order to predict the
ignition delay period at various engine operating conditions. These
predicted values are compared with the measured value, in Fig 4.21.

On the whole, the calculated ignition delays were lower than the

measured value. This was probably due to an overestimation of the
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compression temperature during the ignition delay (see above). However,
the correlations predicted the trend in ignition delay correctly; Fig
4.21 shows that the predicted ignition delay increases as the measured
delay increased.

The predicted results using Watson’s and Zimmerman’s correlations
were of a better match, at both speeds, than those predicted using
Wolfer’s and Schmidt’s correlations; predictions at 1300 rev/min being
closer to measured results than those predicted at 2000 rev/min.

In conclusion, it would appear that the correlations are capable of
predicting the correct tiends in ignition delay. The accuracy of the
prediction is, however, sensitive to the estimation of the mean air
temperature during the delay period. This compression temperature is
rather difficult to estimate accurately in practice. The variation 1in
calculated ignition delay can be attributed to a number of factors such
as, the method used to detect the start of combustion and therefore the
length of the ignition delay period, and the type of engine and

injection system used.
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4.13 - SUMMARY AND CONCLUSIONS

1 - A3 The ignition delay increases the maximum rate of pressure
rise also increases.

2 - One parameter with a significant effect on ignition delay is
the injection timing; as the timing is advanced, the ignition delay
increases. This 1s, firstly, due to the fact that as the timing is
advanced, injection takes place into a less compressed (i.e.- low
temperature and pressure) and less turbulent air; secondly, with
constant gmx operation, the inlet boost pressure (and therefore inlet
air temperature) decreases.

3 - At the 1low compression ratio of 12.9:1 (compared with the
standard compression ratio of 17.4:1) and simulated VCR conditions, the
marked decrease in swirl and squish worsened substantially the
combustion performance of the engine with the standard injection system,
Replacement of the three-hole nozzle with the four-hole nozzle, and
replacement of the standard pump with a higher injection rate pump (a
theoretical increase of 28.5% in injection rate) brought about
improvements in combustion performance. However it was still found
necessary to operate at weak air fuel ratios (in the region of 35 to
40:1) in order to obtain acceptable smoke emission levels.

4 - with simulated VCR conditions at the low compression ratio a
particularly good performance was obtained at 2160 rev/min., At this
speed, the operating conditions were as follows: high injection rate
~ pump, four-hole injector nozzle, and a weak air fuel ratio of 40:1. The
BMEP was almost 50% higher, and the BSFC was 20% lower, than values for
the full load standard naturally aspirated engine; the smoke emission

was at an acceptable level of 3.6 Bosch units (slightly above the level
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for the standard engine at full load, at this speed).

5 =~ The benefits from intercooling, when operating under VCR
conditions, are 1likely to be modest for the following two reasons:
firstly, due to poor air fuel mixing, the extra fuel quantity per cycle,
that is made possible by the greater air density, cannot be burned
efficiently; secondly, intercooling tends to increase ignition delay and
rate of pressure rise, thus forcing lower boost pressure under constant
2 operation. This, in turn, tends to moderate the increase in density
gained with intercooling from the lower air temperature.

6 ~ Some preliminary work was carried out with the aim of obtaining
a correlation which could be used to predict ignition delay. Such a
correlation would be useful in a cycle simulation computer program for
VCR engines. Out of four published correlations, investigated using test
results from the Lister engine, the ignition delay correlation, by
Watson (1979), and Zimmerman (Watson,1979), gave the best predictions of
ignition delay; even so, these deviated by up to 50% from the measured
values. The accuracy of tﬁe predictions of ignition delay was sensitive
to the estimation of the mean air temperature during the delay period.
This compression temperature is rather difficult to estimate accurately
from experimental measurements. Also the differences in the methods used
for detecting start of combustion, and therefore the ignition delay

period, could have an effect on the accuracy of the correlations,
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Chapter 5:

Computer Simulation
of In-Cylinder Air
Flow and Fuel

Spray Trajectories



5.1 -~ INTRODUCTORY OVERVIEW OF THE COMPUTER MODEL

The computer model can be divided into two major sections:
1 - Simulation of air motion within the engine
cylinder during induction and compression.
2 - Interaction of the fuel jets with the swirling
air during the injection process.

The first section of the model is based on work by Fitzgeorge and
Allison (1963): and by Dent and Derham (1974). The second section |is
based on a more recent concept of air and fuel mixing proposed by
Timoney (1985).

The air motion model first simulates the induction process; the aim
being to estimate the total moment of momentum of the trapped air at the
end of the induction period. The model then simulates the compression
process; it calculates the instantaneous air swirl and squish
velocities, The model assumes that during compression, the moment of
momentum - of the trapped air is conserved, save for the dissipation due
to friction at the combustion chamber surfaces which is taken into
account.

The interaction between the fuel jets and the swirling air is
evaluated by the fuel Jjet model, This model first estimates the
trajectory of the fuel jets. Then, the air velocity relative to the
tangential component of the fuel spray tip velocity is calculated at the
moment the spray tip impinges onto the walls of the piston bowl, Fig
2.23. This relative velocity in the tangential direction is known as the
crosswind velocity (V). Timoney (1985) has presented experimental
evidence showing that there is a correlation between vV, and engine

smoke and BSFC (see section 2.6.2).
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The structure of the rest of this chapter is as follows: section
5.2 describes the mathematical models. Section 5.3 describes the
computer simulati&n programs. The validation and demonstration of the
computer model is presented in secti;n 5.4 . Section 5.5 presents an
analysis of the interaction between the air and the fuel jets in the

Lister engine at a lower compression ratio than the standard value. The

chapter ends with conclusions in section 5.6 .

5.2 = MATHEMATICAL MODEL

In order to predict the swirl and squish velocities in the Lister
ehgine during the compression stroke, it was necessary first to estimate
the total moment of momentum of the mass trapped in the cylinder at the
end of induction. The way in which the moment of momentum was estimated
is described {n section 5.3.2; this required the knowledge of the
instantaneous ai; mass flow rate during induction, which is the subject

of the following section.

5.2,1 - Prediction of air mass flow rate through the inlet

valve during induction

The instantaneous air mass flow rate through the inlet valve was

estimated from the following simultaneous equations:

Mgy = EnVna';'EtVr eeee 5.1

oy = T ¥ e 8.2
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where suffix ’t’ and ‘tt’ represent the time t; and the time t + §t
after a small interval Ot. P is the air density within the cylinder
and VY is the cylinder volume. ﬁ%vis the average air mass flow rate
during interval 'ﬁt.

Eq 5.1 represents the flow through the valve caused by the motion
of the piston. Eq 5.2, however, 1is based oﬁ the compressible flow
equation through an orifice, Eq 5.2a, in this case the inlet valve. It
relates the mass flow rate of a compressible gas through an orifice with

a pressure difference across it.

172

_ 2p027 2 [eao)y
=CqAp | e | (P 1P, Y = (P 1P, ) Y
M=t S | BT, (v-1) (PelPo )T =(Pilbo) ... 5.2a

where suffix ‘o’ represents the conditions in the inlet manifold, V
represents the cylinder volume, and P and T stand for pressure and
temperature. Cyis the valve discharge coefficient, A, is the valve flow
area (see section B.l of appendix B), and R and Y are the specific gas
constant and ratio of the specific heats of air respectively.

The following were assumed:

1 - The manifold pressure (Po) remains constant for most of the
induction period, except for a short period before inlet valve
closure, 1IVC, when P is assumed to rise at a predetermined
rate due to the inertia of the moving air in the manifold (see

section B.2 of appendix B).

2 - Induction starts at TDC and the exhaust valve is by then
closed.

3 - At TDC (induction) the cylinder pressure is equal to the
manifold pressure.

4 - Throughout the induction process the temperature of the

cylinder contents 1s constant and equal to the manifold
temperature, To.
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Eqs 5.1 and 5.2 were solved at successive crank angle'steps, during
induction, in oxrder to obtain the average mass flow rate at each
interval between the successive crank angle steps. To start the
solut;on, the crank angle (and time) were incremented by a small step
beyond TDC. The solution to these equations was then obtained by
iteration until a sufficiently accurate estimate of mass flow rate was
obtained, after which the crank angle was incremented and the process
was repeated. The details of the computational scheme for the solution

of Eqs 5.1 and 5.2 are given in section B.3 of appendix B.

5.2.2 - Prediction of total angular momentum at IVC

The preceding section gave a description of the way in which the
average mass flow rate through the inlet valve was predicted at a given
crank angle interval. The corresponding average moment of momentum rate
is then estimated as follows:

The moment of momentum M of the mass admitted after the interval

t

Ot is given by: .

Bn
M= |2mp Io Ve ridr| ee. 5.3

where @ and V; are the angular and axial velocities of the air,
respectively, at radius r of the cylinder section, and B is the cylinder
bore. ' The derivation of this equation is given in section B.4 of
appendix B.

| In fact the computer model relies on experimental information for
the estimation of the moment of momentum rate, (M/ §t), at each crank

angle interval.
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Once the mass flow rate ﬁkv was predicted at a given crank angle
ihterval, this value together with the valve lift were u;ed in order to
obtain the toéresponding valhe of the.moment of momentum rate using
tabulated experimental data. These experimental values of moment of
momentum rate were obtained at each mass flow rate and valve lift using
the rig and methods described in section 3.3. Using this rig, at a given
steady mass flow rate and valve lift, the value of moment of momentum
rate (M / Ot) was calculated using Eq 5.3 above. This was repeated for
a wide range of mass flow rate and valve lift combinations. The average
moment of momentum estimated at each time interval was, therefore, the
product of the moment of momentum rate and the time interval {t.

At the end of the induction process, the values of the moment of
momentum at each crank angle increment were summed up (over the
induction period) in order to obtain the total moment of momentum at
IvC.

Since the inlet valve closes after BDC, 1in practice, under some
running conditions a negative mass flow rate (flow from the cylinder to
the inlet manifold) will arise, towards the end of the induction
process, This reduces the mass trapped and the moment of momentum at
IVC. The model includes a simple method of taking this into account. The
moment of momentum of the trapped air at IVC, M., was.assumed to be a
fraction of the gaximum moment of momentum M .., prior to the start of
the negative mass flow:

Mic = | 22 | Mmax cees 5.4
M max
where ”Tm;x is the maximum air mass trapped in the cylinder (just prior

to the air mass flow rate becoming negative), and m;, is the predicted
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trapped mass at inlet valve closure.

5.2.3 - Prediction of swirl during the compression stroke

4

The total moment of momentum and the mass trapped at the end of the
induction process (at IVC) were estimated as explained above. These
values have been used by the model in order to predict the variation in
“ swirl during the compression process. This prediction relies on the
principle of conservation of moment of momentum of the cylinder
contents. In‘gener£l, considering the rotation of the contents about the

cylinder axis,

sum of all the Rate of change of moment of
torque forces - momentum of the cylinder
acting on the fluid content at any instant
ZTi=-4-[lcoc] ees 5.5
dt '

where T; is any external torque force applied to the cylinder contents,
/I is the moment of inertia of the contents, and ®, is the angular
velocity of the cylinder contents during compression. As discussed in
section 2.3.1, it is assumed that'during compression, the cylinder

contents rotate about the cylinder axis as a solid body (forced vortex).

The moment of inertia of the rotating contents is given by:

4
2B 12) s 4 (p 2y
2 1:(8/222.9,,_1

L v

L B B 4 5.6

where § is the distance between the cylinder head and the piston crown

at a given crank angle, and D is the piston bowl diameter. This is made
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up of two components: the moment of inertia of the gas within the pisten
:boﬁl, plus the moment of inertia of the gas above the piston crown. The
details of this equation are giveﬁ in section B.5 of appendix B,
Friction between the fluid and cylinder walls, cylinder head, and
"piston crown, resist the rotation of the fluid. It was assumed that the
sﬁm of the frictional torques at these fluid/soliad interfaces was the
only external force. It was also assumed, that this external force was
acting to re&uce the rotation of the fluid by dissipating some of the
moment of momentum imparted during induction. This resisting torque was

calculated at each crank angle by:

T=tAr - ve.. 5.7

wheie f‘:is the shear forcevat the fluid solid interface, A is the area
of the intérface on which the sbear force is acting, and r is the radius
at which the shear force acts. The shear force T was estimated using
app#opriate values of skin friction coefficients for the piston crown,
cyiinder head, and cylinder wall areas. Estimates of the values of the
skin friction coefficienps were made from the Blasius’s equation (which
is a function of Reynolds number) for a turbulent boundary layer on a

flat plate. Rewriting Eq 5.7:

Total torque

4
resisting T=_4_ [1(0 ] = E‘”CZNB. s+ B | ....5.8
fluid rotation dt ¢ .16 T Fpe 16

where f. and f,. are the Skin friction coefficients of the cylinder
walls, and the cylinder head and piston crown respectively. The way in

which Eq 5.8 was arrived at, and the evaluation of the skin friction
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coefficieﬁts and fluid properties can all be found in section B.6 of
appendix B. Substituting for T from Eq 5.8 in to Eq 5.5 and using the
relations for the skin friction coefficients developed in appendix B,

section B.6,

Ly _, do, dl _ | -m p08 u02 p36 [ ] 18
Sl ol=1 =g+ F T3 0.067s +0.0055B | | @

s 5.9

where [ is the dynamic viscosity of air.

Eq 5.9 was sclved numerically in order to compute the value of the
swirl (angular velocity, . ) during the compression stroke as a function
of crank angle 0, or time t. For the numerical solution, Eq 5.9 1is

rewritten as:

I 3w + gy 81 =K )8

where K is the term in brackets on the right-hand side of Eq 5.9, and
W, 1s the average angular velocity of the air during a small time

interval @t. Hence rearranging this equation in terms of §aw, :

= K olf-w, 8 cve. 5.10

The details of the computational scheme for the solution of this
non-linear equation (Eq 5.10) for any interval between successive crank

angles are given in section B.7 appendix B.
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§.2.4 - Prediction of squish durinq‘the compression stroke

| During vthe compression stroke the air is displaced across the
piston crown, by the action of the piston, towards the combustion bowl,
The squish velocity (air velocity in the radially inward direction) was
estimated by 'applying the principle of conservation of méss to the
cylinder contents. Tﬁis resulted in the following expression, Fitzgeorge

and Allison (1963), Dent and Derham (1974):

eeee 5011

v =r[(B/2r)2—l] v ds
A 2s Ac s +v | at

where r is the radius at which the squish velocity is to be calculated
(usually at the combustign bowl radius), vy is the combustion bowl
volume, and Acis the cylinder cross sectional area.

As mentioned in section 2.3.1, Eq 5.11 does not take into account
pressure gradient due to the effects of fluid friction, centripetal
acceleration of the rotating cylinder contents, and the gas inertia; it
also neglects leakage past the piston rings and heat transfer between
the fiuid and the combustion chamber walls (the effects on Pﬁq of some

of these assumptions were discussed in section 2.3.1).

5.2,5 - Prediction of crosswind velocity

The crosswind velocity (Vw) was defined in section 2,6.2, Figqg
2.23. 1In the same section, Timoney’s results were also discussed which
demonstrated correlations between crosswind velocity and bsfc and smoke.
In order to calculate the crosswind velocity, the radial and tangential

components of the fuel spray tip were first estimated. This estimation
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was done at the moment that the spray tip impinged on the walls of the
piston bowl (bowl rim).-.Also, the tangential velocity of the swirling
air at the bowl rim was estimated.

The compqter model which predicts vV, assumes that the position of
the injector nozzle, the axis about which the swirling air rotates, and
the axis of the cbmbus:ion bowl, coincide with the axis of the cylinder.
The actual geometry of the piston and the cylinder head are shown in

Figs 3.3 and 3.12.

Spray tip radial velocity

There are numerous correlations which predict the radial position
of the fuel spray tip (penetration) as a function of time when the spray
is injected into a quiescent atmosphere of air. From these correlations,

the radial velocity can be obtained by differentiation with respect to

- . time of the radial penetration distance.

Several methods have been used to obtain these correlations. Many,
{Lyn and Valdmanis (1962), Scott (1969), Heap et al (1975)) simply fit
expressiéns to experimental data. The independent parameters in these
expressions are the variables which have an effect on the penetration
distance. Some investigators have grouped these parameters into
dimensionless groups, and then used them in appropriate expressions
fitted to experimental data. Some investigators have based their
expressions on"turbulent‘ gas Jet theory, Adler and 1LlLyn (1970),
Abramovich (1963), Chiu et al (1976).

The spray tip penetration after a given time iﬁterval following
injection, depends partly on the momentum with which’the fuel emerges

from the nozzle. It also depends on the nature of the spray, as well as
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on the trapped air characteristics. The parameters which can be used to

‘represent these effects are: the pressure drop across the nozzle, the
nozzle orifice diameter and length, the physical properties of the fuel
(density, viscosity, surface tension), the trapped air properties
(densit?, viscosity, temperature), and the air swirl,

.Published correlations included only some of these parameters;
usually, they include the pressure drop across the nozzle, nozzle hole
geometry, and the air density.

_A widelyvused correlation for predicting spray tip penetration was
developed by Chiu et al (1976) of the Cummins Engine Company. This was
used in order to predict the spray tip penetration and radial velocity
15 the case of the Lister engine.

In Chiu’s correlations, the spray tip penetration (without swirl),
X is expressed as a function of time t (£t = 0 at the start of

injection):

0.6 '
X;=F1 vee. 5.12

where F is an empirical factor which accounts for the characteristics of
the spray and the surrounding compressed air. The most important
parameter of the spray is the droplet size distribution and the initial
injection velocity. Both of these are a function of the pressure
difference across the nozzle at injection, and the nozzle hole diameter,
Heywood (1988). Also, the most important characteristic of the air is
the density, since this affects the retarding drag on the spray
(Heywood) . All these variables appear in the following expression which

is used for the calculation of F,.
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05 04
d Pa . EL 8P0'25
. Pd

F =140 vee. 5.13

0@5
14-.151_

Pam

where.d‘is'the nozzle hole diameter, p, and Py are the densities of the
-compressed air in the cylinder and the fuel in use, normalised by the
density of’atﬁospheric air Pam and the density of the standard diesel
fuel p.4, reépeétively. 6E'is the mean pressure dfop across the nozzle
holes. This was estimated from the average volume flow rate during
injection and the total effective flow area of the injector nozzle
holes, usihg the incompressible form of the equation for the flow

through an orifice. This is given by:

sp=Pr 13609 N 4 vee. 5.14
2 6 nind2Cy

where g is the volume of fuel injected per engine cycle (measured during
the tests on the Lisi:er engine), N is the engine speed, Q is the
injection period (measured), n is the number of nozzle holes and Cy is
the discharge coeffic;ent for the nozzle holes (taken as 0.7).

In the presence of swirl, the sé:ay‘tip will be deflected from its
radial path. As a result, the penetration in the radial direction (after
a given time following injection) would be reduced in comparison with
that in a stagnant atmosphere. The fractional reduction in radial
penetration was obtained by Chiu et al (1976) from experimental tests

and is given by the following expression:
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‘ 0.44
M:o,% Xow Oa e... 5.15
X: d Q;

. where X, is the radial penetration of the spray tip in the presence of
swirl, Qa is the rate of change of tile momentum flux of .the swirling
air at the tip of the spra'y, and Qj is the rate of change of the mean
momentum flux of the fuel jet at the nozzle orifice. A physical
interpggtation of Eq‘5.15 can be found in section B.8 of appendix B.

They are calculated from:

O = Pa X & .... 5.16

" (note, X,, is also the radius from the centre of the cylinder at which

‘the spray tip is located at time t), and

A

Q;j =ps V2 =2(8P x105) ee. 5.17

where V,-,U- is the mean fuel injection vélocity at the nozzle orifice.
Eq 5.15 was solved numerically and the spray tip penetration in the
presence of swirl was calculated at successive crank angles. For the

numerical solution, Eq 5.15 was rearranged as follows:

X Vi1 (Qadie1 |*#
(Xo )i =X, 1-035 |2 .. 5.18
j _
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The details of the éomputational scheme for the solution of this
' gquation are shown in section B.9 of appendix B.

' Eq 5.15_. for the spray tip penetration can be differentiated‘ to
obtain an estimate of the radial component of the spréy tip velocity.

Thus differentiating xn‘in Eq 5.15 with respect to time,

dXy, _ 0.6F (1-E X}32) 704 vev. 5.19
dr 1+1.32 E F X332 060

where E denotes:

_ 0.35 pg.44 m0.88
(2d 8P x 105 )04

‘The radial component of the velocity from Eq 5,19 is obtained after

a value of X, has been evaluated from Eq 5.15.

Spray tip tangential velocity

Before the tangential component of the spray tip velocity is
calculated, the deflection, S, of the spray, caused by the swirling air,

in the tangential direction is first estimated from:

2217

S _ Oa
- *® e &0 5'20
d Q;

Xow
d
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. The tangential component of the spray tip velocity can be estimated

by differentiating S with respect to time:

ds - | K 2.1085ps @2 | y 3217 cee. 5.21
(8P x105) 41217 | °™

where w

is the radial component of the spray tip velocity given by

Eq. 5.19.

Spray impingement and crosswind velocities

The velocity Vi with which the spray impinges on the piston bowl

sides, and the crosswind velocity at impingement Vi, aie calculated

from:
Y172
2 2
= a dS e s v 5.22
Vi = Rachd 1,28 a5 _
y dt ]+[dt
and,
ow=(B12)a- 95 - cees 5.23
da:
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5.3 - DESCRIPTION OF THE COMPUTER SIMULATION PROGRAM

A computer simulaﬁion program has been developed which is based on
ghe mathematical models presented in section 5.2. This simulation
'éfggram comprises. four main parts, each one being a self contained
program.. The first program works out the instantaneous air mass flow
rate during induétion and the total mass trapped at inlet valve closure,
The éecond program estimates the total moment of momentum at inlet valve
closure. ihe third program estimates the instantaneous squish and swirl
velocities during the compression stroke, and the fourth program
: qaiculates' the crosswind velocity during the injection process. These
programs were written inIBASIC and ran on various IBM and IBM compatible
machines (such as IBM XT(286), Opus III and Opus V). On the Opus V the
total running time for the four programs was around 15 minutes when the
crank angle increment for the first three programs was 2° CA and 0.1° Ca
for the last program. A listing of all four programs can be found in

section B.10 of appendix B.

5.3.1 - Simulation of the induction process -~ Program ITERAM

‘This program uses information stored in three data files. The first
file contains information on the engine geometry, the second contains
ihe values of the discharge coefficient at different valve 1lifts
{obtained from steady flow tests), and the tﬁird contains the inlet
valve cam profile data (that is, valve 1ift at different crank angles) .
Further information (engine speed, inlet manifold conditions, and crank

"angle interval) are input by the operator.
The program starts from TDC induction, and the crank angle is

incremented by the specified value. The instantaneous air mass flow rate
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and the trapped mass during successive crank angle intervals are
estimated using the model in section 5.2.1. The estimated air mass flow
rate, and the corresponding crank angle are stored in an external file
"FILEF". The program ends when the crank angle at which the inlet valve
closes is reached. When this happehs, the total trapped mass and other
information (mostly input by the user) are stored in a file "“TRANSFER"
which forms.an input to the second program. A flow diagram of the first

program is shown in section B.1l1l of appendix B.

5.3.2 - Estimation of the total moment of momentum at IVC

= Program SUMMOM

This progrém uses information stored in three data files. The first
file, "FILED“; contains the data on the moment of momentum rate, at a
number of wvalve lift and mass flow rate combinations., Data stored in
file "FILED"™ were obtained experimentally from steady flow tests. The
other two files "“FILEF" and "TRANSFER" were created by the program
"ITERAM".

This program also starts from TDC induction, and the crank angle is
incremented by the same interval as the first program. At each crank
angle, the mass flow rate and the corresponding inlet valve 1lift
(estimated by the program "ITERAM") are read from "FILEF". The program
then estimates the moment of momentum rate at each crank angle. This is
estimated from data obtained from the steady flow rig tests stored in
file “FILED". The moment of momentum at each crank angle interval is
obtained from the product of the estimated moment of momentum rate and
the time interval, At, corresponding to crank angle increment. The

total moment of momentum at inlet valve closure is obtained by summing
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" up, over the dinduction period, the incremental moment of momenta at
successive crank angle intervals. This value is added to the data stored
in file "TRANSFER", which is also used by the third program. A flow

chart of this program is shown in section B.11 of appendix B.

5.3.3 ~ Estimation of the swirl and squish velocities during

compression stroke = Program COMPRESS

This program uses data transferred from the program "SUMMOM" via
fiie "TRANSFER". The program estimates the instantaneous air swirl and
squish Qelocities during the compression stroke, from inlet valve
closure to 10° CA after TDC, using the model described in section 5.2.3.
The crank angle and the instantaneous swirl and squish velocities are
stored in file "CWCOMP". A printout of these data can also be obtained
if required. A flow chart of this program is shown in section B.l1 of

appendix B.

5.3.4 - Estimation of crosswind velocity at impingement

= Program CWVEL

This program uses the data on swirl velocity stored in file
"CWCOMP" and additional data input by the user (injection timing and
periqd,‘ quantity of fuel injected, nozzle geometry, ignition delay and
cfank angle increment). The program uses the models of section 5.2.4 in
'order ﬁo estimate the crosswind velocity at the tip of the spray, at
the instant the spray impinges on the walls of the piston bowl. It also
estimates the fuel spray tip trajectory. The program starts at the start
of injection and the crank angle is incremented by the value specified

by the user. The program ends when the fuel impinges on the piston
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walls, or when combustion begins (whichever occurs first). The crank
angle at which combustion begins is entered by the user. This crank
angle was obtained experimentall§ during the tests on the Lister engine
described in chaptef four. A flow chart of this program is shown section

B.11 of appendix B.
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5.4 - DEMONSTRATION AND VALIDATION OF THE COMPUTER MODEL

5.4.1 - Prediction of instantaneous mass flow rate during induction

and total mass trapped at IVC — Program ITERAM

In order to obtain an assessment of the accuracy of the induction
model (ITERAM), the mass trapped at the end of the iﬁduction period was
predicted at different running conditions for the Lister engine, and
were compared with measured values. Fig 5.1 shows that a good
correlation exists between measured and predicted trapped mass., A

statistical analysis on these data produced the following results:

number of data points .....ievevrverrveracacaas 13

average value of the error:
{ (predicted = measured) / measured} x 100% ... +0.326 %

Standard deviation of the €rror ..cceeeococeoe 5.775 %

5.4.2 - Prediction of moment of momentum at IVC - Program SUMMOM

A quantitative validation of the total moment of momentum at IVC
was not possible due to lack of experimental data. The following is a
qualitative assessment of the predicte¢ values of the total moment of
momentum at IVC,

Fig 5.2 shows the effect of the predicted trapped mass (m ) on

ive
the total moment of momentum of the alr at inlet valve closure. The
figure shows: (a) at a constant engine speed, an increase in m _ (due
to a rise in the boost pressure) increases the total moment of momentum
At IVC; (b) at a given predicted m .o the total moment of momentum at

IVC increases with increasing engine speed.

In both cases, the total moment of momentum increases due to a rise
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in the instantaneous air mass flow rate, either due to a rise in the
boost pressure, or due to higher engine speed. Results from steady flow
rig tests have shown that a higher instantaneous air mass flow rate
increases the instantaneous moment of momentum rate at a given valve
‘lift, Bond (1988). Hence, in an operating engine, at a given crank
vangle, higher boost pressure or engine speed would increase the
‘instantaneous air mass flow rate and, therefore, the moment of momentum
rate. Thus, the total moment of momentum over the whole of the induction
_perioq would be gieater. This higher total moment of momentum at the end
of the induction process with increasing air mass flow rate was

predicted by the model,

5.4.3 - Prediction of swirl and squish during compression

stroka - Program COMPRESS

Figs 5.3a and 5.4a show, respectively, the development of the
predicted values of swirl and squish, within the Lister engine, during
the compression process. Again, as in the case of the moment of
momentum, (sec. 5.4,2), no quantitative validation for the compression
model was possible due to lack of experiment data for the Lister engine,
However, experiﬁental data_during‘the compression process were obtained
by Dent and Derham (1974) using hot-wire anemometers, on a similar type
of engine (bowl-in-piston combustion chamber). The;r data, Fig 5.3b,
shows measured swirl values of almost twice as high as those predicted
for the Lister engine by the computer model presented here. This could
be due to the engiﬁe used by Dent and Derham having a greater c¢ylinder
bore and swept volume than the Lister engine. As explained in appendix B

(section B,12), the greater cylinder bore and greater air mass flow rate
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during induction (due to the larger swept volﬁme) resulted in a greater
total moment of.momentum at IVC, However, the mass and the inertia of
the trapped air will increase with increasing boré and swept volume and,
consequently, there may not be a net effect in the swirl speed during
the compression process.

It is more likely that this differences between the swirl speed for
the Lister engine and the engine used by Dent and Derham arose £from
differences in the inlet port design and geometry.

Experimental results of squish produced by Dent and Derham, Fig
5.4b, are of the same order of magnitude and are roughly, 20% greater
than  those predicted by this model for the Lister engine. At a given
engine speed, squish is dependent on piston speed and on the changes in
the geometry of the combustion chamber whilst the piston compresses the
contents of the cylinder. The difference in the squish levels predicted
for the Lister engine and the experimental values obtained by Dent and
Derham at a given engine speed and crank angle, probably arises from
differences in engine compression ratio, stroke, and cylinder bore
(17.4:1, 8.23 cm, B8.57 cm respectively for the Lister engine and 16:1,
10.48 cm, 10.;6 cm respectively for the Dent and Derham engine). The
lower compression ratio of the Dent and Derham engine would tend to
reduce squish at a given engine speed and crank angle, whilst the
greater stroke would tend to increase piston speed and the squish
velocity at a given engine speed and crank angle (Eq 5.11).

Fig 5.3a also shows the way in which swirl is affected by the
compression ratio, the engine speed and the inlet manifold conditions in
the case of the Lister engine. As shown on Fig 5.3a, increasiﬁg the

compression ratio increases the maximum swirl reached at the end of the
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compression stroke. The increase in maximum swirl was due to the fact
that when the compression ratio was increased, more of the air that
would have remained in the bump clearance was displaced into the piston
bowl, and hence to a smaller moment of inertia.

It can be seen from Fig 5.3a that at higher engine speads the

maximum swirl is greater because the moment of momentum at IVC is
greater for a given compression ratio and air inlet conditions (see
section 5.4.2, Fig 5.2).

It can also be seen that at a given engine speed and compression

ratio higher air mass flow rates (due to higher boost pressures) result

in higher swirl rates at the end of the compression stroke (see section
5.4.2, Fig 5.2). &An important result arising from Fig 5.3a was that a
reduction in swirl due to lower compression ratio was restored by higher
boost pressures. This is a very significant observation as far as VCR
engine operation is concerned.

Fig 5.4a shows that only the compression ratio and engine speed

effect the squish velocity. Higher compression ratios increased the

squish velocity at a given engine speed. This was due to the fact, that
at higher compression ratios the bumping clearance was smaller and,
therefore, more of the cylinder contents were displaced into the piston
bowl towards the end of the compression stroke. Since this greater air
transfer must take place during the same time interval (at a constant
engine speed), the velocity at which the air is displaced (i.e. the
squish velocity) will be greater.

The squish velocity increased with increasing engine speed. This

was, simply, a result of a higher piston speed and greater rate at

which the piston displaced the air from the bump clearance volume into

125



the piston bowl (Eq 5.11).

As explained before, squish depends on the rate of displacement of
a volume of air from the bump clearance into the combustion bowl (i.e.
the rate of change of cylindér volume during compression),. éhis explains
why the greater mass trapped, due to the boost pressure, did not affect
the squish velocity at a given compression ratio and engine speed, Fig
5.4a. This was also reflected by the absence of the term for density in
Eq 5.11 .

Another not;ble feature of the Fig 5.4a is the crank angle at which
thg maximum squish velocity occurred. This crank angle was retarded by
about 8° when the compression ratio was increased from 13:1 to 17:1,

It will be recalled from Chapter 2 that an engine equipped with a
VCR piSton running under high load conditions will operate at lower
compression'ratios and, therefore, with higher boost pressures than a
normal fixed high compression ratio engine. This section leads to the
conclusion that when the VCR piston is in operation, the effect of
~change in combustion volume geometry on the squish motion will be
greater than its effect_on the swirl motion. This is because, the boost
pressure associated with VCR piston operation would tend to offset the
effect on swirl of the lower compression ratio. No such compensation
would occur in the case of squish., This is because a lower compression
ratio reduces the squish, and a higher boost pressure has no effect on

squish velocity.

5.4.4 - Prediction of crosswind velocity and spray tip

trajectory - Program CWVEL

Fig 5.5 shows the predicted trajectory and the values of the
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components of velocity at impingement. The predicted values of the
crosswind velocity are of similar order of magnitude as those presented
by Timoney. There are , however,.differences in the values of V“ due
to the difference in the fuel injection system and engine geometry
between: the Lister engine and the engine used by Timohey. There is no
readily available experimental data which can be used to assess the
‘accuracy of the crosswind velocity predicted by the model. For this
réasoﬁ; §n1y the trends in V_ shown in the figures are discussed and
asSessed in the rest of this section. For a given piston bowl diameter,
tﬁeré are a number of factors which effect the crosswind velocity at

impingement on the walls of the piston bowl. These factors are:

1'-'The mean initial spray tip velocity.
2 - The drag force on the fuel droplets.

3 - The inertia of the fuel spray tip.

'cdnsider; first, the spray tip initial veloci;y; this is a function
of" t_he mean pressure drop across the nozzle hole(SP. As 5? increases,
_the initiai velocity with which the.spray tip is injected increases. ép
is .a_fqnct;on of the overall nozzle area. A small overall nozzle area
will result in a greater mean pressure drop across the nozzle §P, and a
greatér ‘initial spray tip velocity. 1In practice the total nozzle area
could bé varied by either changing the number of nozzle holes or the
.diameter of each hole.

Consider, next, the dfag force on the spray tip. For a given set éf
in-cylinder air conditions (air density and swirl), the drag force is
dependent on the profile area of the spray tip droplets. Also, it |is

dependent on the Reynolds number (based on the droplet diameter). Thus,
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for a given in-cylinder air conditions, the drag force on the spray tip
will depend on the droplet diameter. Data presented by Heywood (1988)

show that the mean fuel droplet diameter is reduced by:

1 - Increasing the pressure drop across the nozzle hole, §P.
2 - Reducing the nozzle hole diameter for a given §P.

3 - Reducing the number of nozzle holes (of a given diameter)
since OP increases.

Finally, consider the spray tip inertia. The inertia increases as
the droplet mass and, therefore, diameter increases.

" In conclusion, the injection system parameters of interest are:

.1 = The nozzle hole diameter.
2 - The number of nozzle holes.

. 3 - The pressure drop across the nozzle hole.

In practice, for a given number and diameter of the nozzle‘ holes, the
pressure drop across the nozzle holes is controlled by the injection
-rate.

| - Some results obtained from the computer model are shown in Fig 5.6.
This figure illustrates the effect of these injection system design
parameters on the érosswind velocity. Effects of the above parameters on

V& are discussed in the following section.
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.5."5b = INJECTION SYSTEM OPTIMISATION FOR HIGH CROSSWIND VELOCITY

Inv VCR engine application several injectiqn system parameters can
be .variéd in order to ameliorate ;he effect of low compression ratio on
fugl éir mixin§ at high loads. Thé;e follows here a d;scussion on how

‘each of:the following parameters can effect the crosswind velocity.

1 - Nozzle hole diameter.
2 - Number of nozzle holes,

" 3 - Injection rate (or §P).

The gbove three parameters can be varied in order to maximise véw'.
Howééér,: thé »best combination of these three parameters 1is not so
obvious. For this reason, the crosswind velocity model was used to
_demonstrate the effect of these three parameters on V”. Fig 5.6 shows
the variation_ of V_ as the diameter of the nozzle holes was wvaried.
Consider the‘following:

1 - For a given number and diameter of nozzle holes, increasing the
ihjection rate increases the crosswind velocity, V. As discussed
above, the higher pressure drop across the nozzle holes (produced by the
higher injection rate) ingreases‘ﬁﬁe initial spray tip velocity and
reducegi the residence time in thevswirling air field. It also reduces
thé _drag force on the droplets and their inertia (due to lower droplet
diameter). The net effect is an increase in crosswind velocity.

2 - For a given 1injection iate and number of nozzle holes,
increasing hole diameter reduces V... Increasing hole diameter reduces
the 1n;tia1 spray t;p velocity and increases droplet diameter. Further

‘m§re,v the greater hole size reduces the pressure drop across the nozzle

which also has the effect of increasing droplet diameter. The net effect
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is larger droplets travelling slower, and a lower crosswind velocity.

3 - For a given injection rate and nozzle hole diameter, increasing
the number of holes decreases the pressure drop across the injector
nozzle holes and, as a consequence, decreases the initial spray tip
velocity and increases the droplet diameter. The net effect is as in the
case of (2) above, lagger droplets travelling slower, and a lower
crosswind velocity.

However, thé number and diameter of the nozzle holes does not only
affect the magnitude of the crosswind Velocity, it also affects the fuel
distribution within the combustion chamber, which may prove to be a
factor as importsnt as the crosswind velocity.

Sumﬁarising: reducing the nozzle hole diameter or increasing the
injection rate increases the crosswind velocity. Increasing the number
of holes redﬁces the crosswind velocity, but improves the fuel
distribution in the combustion chamber.

It may be concluded that in VCR applications it may be best to
adopt an injection system with a large number of holes (say 4 or 5) and
restore the fall in V.. by reducing the nozzle hole diameter and,
éossibly by increasing the injection rate further. However, one of
éeveral problems that might arise with higher injection rate is an
increase in the amount of fuel injected during the ignition delay
period. This increases the amount of premixed fuel at the start of
ignition and, as a consequence, the peak cylinder pressure would tend to
increase. In VCR engine operation, at mid load, the compression ratio
will automatically decrease in order to compensafe for this. However, at
high engine 1load, when the compression ratio has reached its 1lowest

limit, no more compensation through the compression ratio is possible.
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fhus, at high loads, the tendency for higher peak pressure due to higher
injection rates, would have to be compensated for by a‘ reduction in
boost pressure or less advanced injection timing. There will be, as a
result, a penalty in terms of some reduction in full load power, and a

possible increase in smoke concentration respectively.
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5.6 = DISCUSSION OF EXPERIMENTAL RESULTS AND COMPUTER DATA .

The computer model was used in order to estimate the crosswind
vélocity relating to a number of the experimental tests carried out on
the Lister engine, This section is an attempt to investigate whethe; a
good engine performance (low smoke emissions and BSFC) are consistent
with high V_.

The comparison between ghe magnitude of the V.. and relative engine
performance parameters was made for five groups of tests: two at 1300
reva/min and three at 1700 revs/min. Care was taken to exclude the
effect of dynamic injection tiﬁing and air fuel ratio by keeping these
two variablé$ approximately constant. This was necessary since these two
parameters have an overwhelming effect on engine performance in addition
to whatever effect that V_ might have. Engine running conditions were
.in accordance with VCR operation, that is a fixed peak cylinder
pressure,

In Fig 5.7 the only change in test running conditions was the
increase in the number and size of the nozzle holes. The engine
performance was improved which was consistent with an increase in V .
However, 1t is not possible to separate the contribution of higher VcH
to the improvement in performance from that of better fuel distribution
brought about by the increase in number of sprays from three to four.

In Fig 5.8‘the only change in the test running conditions was the
increase in pump size from the standard pump of 7.5 mm plunger diameter
to 8.5 mm. This resulted in an increase of about 28 % in injection rate.
The vcw inc;eased substantially. It can be argued that in this case the
combustion performance improved, that is, smoke emission was lower,

although the overall engine efficiency decreased. The reduction in
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efficiency was due to a fall in the BMEP which reduced the mechanical
and overall efficiency of the engine, (see section 4.2.4).

The conditions in Fig 5.9 are the same as those of Fig 5.8, except
for the higher engine speed of 1700 revs/min. It is interesting to note
that the same trends as those at 1300 revs/min are evident and that
simila; conclusions can be drawn.

In Fig 5.10, resﬁlts for the following two test conditions were
comparéd: (a) nozzle with 3 * 0.25 mm diameter holes and high injection
rate pﬁmp; (5) nozzle with 4 * 0.28 mm diameter holes and standard
pump. The figure suggests that the combustion performance has worsened,
in the case of the three hole nozzlé, consistent with a substantially
lower V. but overall engine efficiency has improved. The increase in
overall engine efficiency was almost certainly due to an increase in
mechanical efficiency resulting from a 30% rise in BMEP. The reduction
in‘ combustion performance can not be readily attributed to a reduction
in Vv _, since several other parameters which can have an effect on
combustion were .also changed (number of nozzle holes and injection
rate).

In Fig 5.11 the only change in test conditions was the increase in
pump size. Note that results in this figure are at 35:1 air fuel ratio
compared with 25:1 in all the previous results. Unfortunately it was not
possible to judge the effect of Vm'in the case of this group of tests
since the difference in the test conditions were such that no

significant change in Vcw resulted.
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5.7 CONCLUSION

The computer model which predicts the magnitude of swirl and squish
during fuel injection can be combined with the computer model which
predicts spray trajeﬁtories to give useful insights into the fuel
diétribution .within the cylinder. Also, useful information on the
interaction between the fuel spray and air was obtained, such as the
magnitude of the crosswind and impingement velocities when the spray
impinges on the piston bowl walls.

Due to the limited number of data available, it was not possible to
draw a concrete conclusion as to the contribution which high crosswind
velocity might have had on engine performance; however some tentative
trends were identified which showed that in some tests high crosswind
ve1§city coincided with better engihe performance, Further tests
designed to ascertain the effect of crosswind velocity on combustion

performance could be worthwhile.
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Chapter 6:
Conclusions and
Recommendations

for Future Work



Conclusions on detailed aspects of this study have been included in
Chapters 2,4, and 5. Major conclusions of a more general nature are

given below, and these are followed by recommendations for future work.

6.1 - CONCLUSIONS

Performance improvements

1 - With simulated VCR operation, at a low compression ratio of 12.9:1,
substantial improvements in BMEP and BSFC were obtained. These were
achieved without the maximum c¢ylinder gas pressure or engine
temperatures exceeding the highest levels for the standard naturally-
aspirated engine. For example, at 2160 rev/min the BMEP was almost 50%
higher, and the BSFC was 20% lower than the values at full-load for the
sgandard naturally-aspirated engine; ,the smoke emission was at an

acceptable level of 3.6 Bosch units.

Measures to ameliorate problems with combustion

2 - At the lower compression ratio, the reduction in the swirl and
squish levels during compression (and as a result the reduction in the
level of air turbulence), had a substantial detrimental effect on the
combustion process. This was manifested by marked increase in smoke
emissions,

3 - Certain modifications to the injection system proved successful in
ameliorating problems with combustion. These included, replacement of
the standard?engine three~hole injector nozzle (3 x 0.25mm diameter
holes) by a four-hole nozzle (4 x 0.28mm), an increase in injection
rate of about 28%, and advancing the injection timing from around 15°CA

BTDC to around 21°CA BTDC.
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4 - In addition, operation with weaker air fuel ratios, in the range of
30 to 40:1 (compéred with 20:1 at full load for the standard naturally-

aspirated engine), proved successful in improving engine performance.

Use of intercooling

5 = The benefits from intercooling, when operating under VCR
conditions, are 1likely to be modest for the following two reasons:
firstly, due to poor air fuel mixing, the extra fuel quantity per cycle,
that was made possible by the greater air density, could not be burned
efficiently;’ secondly, intercooling tended to increase ignition delay
and rate of pfessure rise, thus forcing lower boost piessure under
constant me operation. This, in turn, tended to moderate the increase

in density gained with intercooling from the lower air temperature.

6 = Use of intercooling did not reduce appreciably the NO, level in the
exhaust gases. In fact, the NOx level was found to be insensitive to
engine operating conditions, as long as the peak cylinder pressure was
maintained constant. A similar conclusion was reached by Russel and

Haworth (1985).

Use of computer models for optimisation of engine performance with VCR

7 - Computer models were developed which predicted ﬁhe magnitude of
swirl and squish during fuel injection. These were combined with a
computer model which predicted the fuel spray ﬁrajeptories.
Together, these models produced useful insights into the fuel
distribution within the cylinder. They also proved useful in revealing
the interaction between the fuel spray and the swirliﬁg alr at the low
compression ratio. It became possible to quantify this interaction in

terms of two parameters: the crosswind and the impingement velocities of
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the fuel spray when it impinges on the piston-bowl walls.

The insights gained from the use of the computer models proved
useful when interpreting the experimental results obtained from the
Lister engine,

8§ - Tentative trends were identified which showed that high crosswind
velocity coincided with better engine performance in terms of lower
bsmoke emission and lower BSFC. Further tests to ascertain the effect of
crosswind velocity on combustion performance would be worthwhile.

9 -~ The computer simulation of the induction and compression processes
was used in order to predict the swirl and squish velocities as the
piston approached TDC. This was done for both the standard naturally-
aspirated engine, as well as for the engine under simulated turbocharged
conditions at the lower compression ratio. The computer models showed
that at the low compression ratio the squish levels fell to about one-
fifth of their level for the standard engine (at a given engine speed,
and irrespective of air 1inlet conditions). However, at the 1low
compression ratio, there was almost no loss of swirl (as the piston
approached TDC). This was because, at a given engine speed, the swirl
imparted during induction increased at the low compression ratio, as a
result of boosting the air supply to the engine,

10 - Using test results from the Lister engine, prelimina;y work was
carried out with the aim of assessing the accuracy of four published
correlations for predicting ignition delay. These correlations would be
useful in a cycle simulation computer program for VCR engines. The best
prediction of ignition delay deviated by up to 50% from the measured
values. The accuracy of the predictions was found to be sensitive to the

estimation of the mean air temperature during the ignition delay period.
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6.2 - FUTURE WORK
1 - Alterations to the combustion chamber geometry <could be
jnvestigated. The aim of these being to increase turbulence during
combustion at the rim of the piston bowl. The literature survey of
Chapter 2 has shown that high turbulence in this region correlates well
with smoke emission, over a wide range of engine operating conditions.

2 - It would be worthwhile to investigate further whether the values of
the crosswind and spray impingemeﬂt velocities are useful criteria for
combustion chamber design.

3 - Due to constraints with availability of injection system
components, .only a limited number of modifications to the standard-
engine system could be investigated experimentally. These could be
extended to include: a greater number of nozzle holes, greater injection
pressure, and greater injection rate than the levelé adopted in this
investigation.

4 - Since the diesel combustion process depends greatly on the detailed
air activity during combustion, it would be wuseful to use a
computational fluid dynamics (CFD) model to predict turbulence, as well
as swirl and squish during combustion. Because much of the deﬁailed air
activity depends on the interaction between the fuel spray and the

surrounding air, such a model should, if possible, include this

interaction process.
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Appendix A



A.l - ORIFI‘CE PLATE CALIBRATION

The air mass flow raté, supplied to the engine, was measured using
a 21.6 mm (0.85") orifice plate, Fig A.1l, constructed and installed
upstream of the surge tank (see Fig 3.1), according to British Standard
BS1042. The orifice pla;e was calibrated using both a positive
displacement volumetric meter manufactured by Romet, and a Lucas-Dawe
corona discharge instantaneous air mass flow meter. The Dawe meter was
calibrated by the manufacturer on rigs approved by the National Physical
Laboratory.

The air mass flow rate measured by the orifice plate was estimated
using the computer program "MASQFLOW“ based on the calculation procedure
given in the British Standard BS1042,

For steady flow éalibration, the Romet positive displacement meter
was connected downstréam of the orifice plate and the surge tank. Air
was supplied, from the laboratory compressed air supply 1line, through
the orifice plate, to the positive displacement meter. The air mass flow
rate was varied using the pressure regulatbr valve upstream of the
orifice plate. The orifice plate underestimated the air flow rate by 3%
over an air mass flow rate range of 0 - 15 g/s.

Wwith the 1rig set up as shown in Fig 3.1, the pressure regulator
valve was removed and the Dawe instantaneous air mass flow meter was
connected upstream of the orifice plate. The orifice plate was
calibrated, under engine running conditions (naturally aspirated), over
a range of air mass flow rates. The air mass flow raté was varied by
varying the engine speed. Fig A.2 shows the percentage error of the
orifice plate compared to the Dawe meter data, To'facilitate processing

of future test results, a polynomial curve was fitted to the data of Fig
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A.2. The equation of this curve was found using the main-frame computer

NAG subroutine EO2ADF. The equation of the fitted polynomial is as

follows:
E, =0.0470 M2 - 1.5138M 2 + 15.5012M,, — 53.8695
M, -Mg
Wh : E,= 2279 | x100
o e[t ]

and My and M, are the air mass flow rates measured using the Dawe meter
and the orifice plate respectively.

Both calibrations were then incorporated in the BBC microcomputer

program,
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FIGURE A.l
Cross~sectional view of the orifice plate with D and D/2 tappings.
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1060
1070
1080
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1100
1110
1120
1130
1140
1150
1160
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1210
1220
1230
1240
1250
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1460
1470
1480
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1520
1530

The following is a listing of the program MASSFLOW.

REM PROGRAM "MASSFLOW®
@%=400020300

DIM X(30),Y(30),0(50),H(S0): CLS: ROUND=1

REM SCREEN

PRINT TAB(43,0) * "
PRINT TAB(43,7) * n
PRINT TAB(43,9) * "
PRINT TAB(43,12) * "
PRINT TAB(1,0) * "
PRINT TAB(Z.B) N ——— VORI A U SRR SO P 1 |
PRINT TAB(1,13) * . "
PRINT TAB(1,15) " "
PRINT TAB(1,23) * "
PRINT TAB(2,19) "-m-mmmemmememm LI I T m
PRINT TAB(84,19) "—m=mmemmre e mmm e mmim e = o "
PRINT TAB(43,14) " "

PRINT TAB(43,23) * "

FOR I=1 70 13 : PRINT TAB(O,041) *“i" 3 PRINY TAD(40,0+1) "i" ¢ NEXT I
FOR I=1 TO 7 ¢ PRINT TAB(42,041) "!“ : PRINT TAD(70,0+1) """ ; NEXT 1
FOR J=1 TO 3 : PRINT TAB(42,9+[) “!" g PRINYT YAN(7H,941) """ 1 NEXT I
FOR 1=1 TO 8 t PRINT TAB(0O,15+1) "i* : PRINT TAB(40,15+1) "!" 3 NEXT I
FOR I=1 TO 9 1 PRINT TAB(42,14+1) *!" ¢ PRINT TAB(?78,14+1) "“[" INEXT 1
PRINT TAB(45,2) "1 - INPUT BAROMETRIC PRESSURE"

PRINT TAB(45,3) "2 - A/F FROM ORIFICE PLATE"

PRINT TAB(45,4) "3 - A/F FROM COMBUSTIDMN PRODUCTS®

PRINT TAB(45,5) "4 - TURBOCHARGING SIMULATION"

PRINT TAB(45,11) "BARO. PRESS. ZinnHg"

PRINT TAB(2,2) "ORIF. PRESS. DIFF. /in *

PRINT TAB(2,3) "ORIF. UPST. PRESS. /mmHg *

PRINT TAB(2,4) "“ORIF. UPST. TEMP. /aC ¢

PRINT TAB(2,5) “"FUEL FLOW TIME /s "

PRINT TAB(2,6) "FUEL TEMPERATURL /oC "

PRINT TAB(2,7) "MOISTURE CONTENT /kg/kg *

PRINT TAB(2,10) "AIR MASS FLOW RATE / g/s"

PRINT TAB(2,11) "A/F (ORIFILCE PLATE)"

PRINT TAB(2,12) "EXHAUST TEMPERATURE /oC" .

PRINT TAB(2,17) “PERCENT CO2 " : PRINT TAB(2,18) "PLRCENT 02 "

PRINT TAB(2,21) "“A/F (COMBUSTION PRODUCTS) ™

PRINT TAB(2,22) "PERCENT CO "

PRINT TAB(45,16) “ORIF. UPST. TEMF. /0C"

PRINT TAB{45,17) "EXHAUST TEMP, /oC"

PRINT TAB(45,18) "BOOST PRESSURE /mmHg"

PRINT TAB(45,21) "AIR INLET TEMP. /0C*"

PRINT TAB(45,22) "“EX. BAUCK PRESS., /psit

REM INPUT OPTION

PRINT TAB(45,46) * * ¢ INPUT TAB(45,6) 21

IF ZZ=1 GOTO 1510

IF 22=2 GOTO 1540

IF 22=3 GOTO 21460

IF 22=4 GOTO 2230 : ELSE GOTO 1450

REM MASS FLOW AND AIR FUEL RATIO CALCULATIONS

PRINT TAB(70,11) " * ¢ INPUT TAB(70,11) PB 1 REM BAROMETRIC PRESSURE
GOTO 1450

REM INPUT DATA REQUIRED

FOR I=1 TO 6 : PRINT TAB(30,1+1) " * eNEXT 1 ¢ REM SCRCEN

INPUT TAB(31,2) PH : INPUT TAB(31,3) P : INPUT TAB(Z1,4) T

INPUT TAB(31,5) SEC : INPUT TAB(31,&) TFUEL 3 INPUT TAB(31,7) MC
REM CONVERT UNITS

CC=20.315-(0.015597%1FUEL) 3 PlI=P 3 P=P+PB ; P=P/51.71%
D1=0.8505 : D2:=1.5000 15=1.0 : EP=1.0 § IRs1.0 :ID=1.0
PH=PH*0.784%COS(RAD(48.5)) : APH=PHX25,4/13,

TF=(1.B¥T)+32 : TR=TF+457.47

DR=D1/D2 : M=DR~2
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1640
1650
1660
1670
14680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
is10
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1?40
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
22790
2300
2310
2320
2330
2340
2350

IF ROUND<>1 GOTO 1640
FOR 1=1 TO 32 : READ ALF : READ PARP :Q(1)=ALI : H(1)-PARP : NE
PV=(PXMC)/ (MC+0.4622) L HED)-PARE « NEXT T
GOTO 1830

REM INTERPDOLATE BETWEEN DATA POINTS

FOR I=1 TD 32

IF TF>=Q(1) AND TF<=Q(1+1) GOTO 1720
GOTO 1740
PVS=s((TF-Q(I1) ) (H(I+1)=H(1)))+H(1)
PV=PVSXFI

NEXT I

DATA 56,0.222,57,0.230,58,0.239,59,0.247

DATA 60,0.256,61,0.266,62,0.275,63,0.285
DATA 64,0.295,65,0.306,66,0.316,47,0.328

DATA 68,0.339,49,0.351,70,0.363,71,0.374

DATA 72,0.389,73,0.402,74,0.416,75,0.430

DATA 76,0.444,77,0.459,78,0.475,7%,0.491

DATA B80,0.507,81,0.524,82,0.541,83,0. 5589

DATA 84,0.578,85,0.597,86,0.617,87,0.437

K=1.0 : C=0,6082

REM READ DATA ONLY ONCE (WHEN ROUND-1) F :

IF ROUND<>1 GOTD1900 Pri) FRON DATA FILE

FOR 1=44 TO 49 : READ TEMP : READ MUM : D(I)= : -

DATA 0,1.72QE~4,2O,1.818E—4.40,1.910E-4,bé1;.3§22-; HET = e NEXT
DATA 80,2.082E-4,100,2. 180E~4 e

REM INTERPOLATE BETWEEN DATA POINTS

FOR I=44 TO 49

IF T>=0(I) AND T<Q(I+1) GOTD 1930

GOTO 1940

MU= (((T-D(I))/20)% (H(I+1)-H(1)))+H(L)

NEXT I

REM MASS FLOW RATE AND AIR FUEL RATIO CAL A

GoSUB 2100 CULATIDONS

GAMA=1.8 ¢ XX=(PH/P)/0.7744 : EP=(-0.00808%xXX)+1 : 2D=1.007

REM REYNOLDS No. CORRECTION FACTOR

X(1)=1.0177 : X(2)=1.0128 : X(3)=1.0085

B m29990 ANy MDen100000 1 et L IKIS Ik (%) 79000014 { 100000-RDI) 13t
= = ¢ IR= X(2)-X{(° ) ) -

ehsuB. 2100 (CIX(2)=X(3))/750000)%(L00000-RD) ) +X(3)

@%=&00020300
WF=(CCXO.B8364)/SEC + PRINT TAB(31,10) W2 : AF=W2/WF
D) W2 i AF=W2 1 PRINT TAB
REM INPUT EXHAUST GAS TEMPERATURE FOT TURDOCHARGING SIMULATION (31,11 AF
PRINT TAB(31,12) " Wy INPUT TAB(I1,12) T
ROUND=ROUND+1 )
GOTO 2270
REM SUBROUTINE FOR AIR MASS FLOE RATE. AND AIR FUEL RATIO CALCULATIONS

DEN=2.7X(((SX(P-PV)/ (KXTR))+((0.62%FPV)/TR))) : 2=2D¥2R

E=1/((1-M*2))~0.5 : REM VELOCITY OF APPROACH FACTOR
W=359.2%CxZ¥EXEPX(D1~2) X ((PH¥DEN)~0.35)
W2=0.,126%W
RD=W/(15.8xMU*D1): REM REYNOLDS No. AT ABOVE K - :
RETURN RATE OF FLOW
FOR I=1 TD 2 : PRINT TAB(31,1&+1) ™ "o NEXT I 3
H : REM
REM AIR FUEL RATIO CALCULATIONS FROM EX. GAS ANALYSIS HESULTSCREEN

INPUT TAB(31,17) A : INPUT TAB(31,18) B 1 A=A/100 1 B=B/100
AF=(9.883%((A/2)+B)+9.7683%(1-B))/((1-D)-3.74%((A/2)1D))
M=AF$0;21/28.96 : NI=(AX(3.7&4¥M10.0717)/7(1-B))
N3=0,0717~-Nt & NS=B¥NL1/A : N&=3,76%M 3 C=NT/(NI4NSHND
PRINT TAB(31,21) AF 3 PRINT TAB(31,22) CO 3 DOT& 1;ﬁ54Né) £ co=cwioo
FOR I=1 TO 3 : PRINT TAB(70,15+1) " “OINEXT l~
INPUT TAB(70,16) ATO1 : INPUT TAH(7 :
60TO 2290 ’ B(70,17) ATY 3 IMPUT TAD(70,18) AP
REM CALCULATIONS FOR THE TUBOUCHARGING $STMULA 5
ATOL=T 1 AT3=T3 "t AP=Pl~-APH ’ , ATIONS
PRINT TAB(70,16) ATOL : PRINT TAB(70,17) AT3 ’

: 1 PRIMT TAB
CP12=1.005 :CP34=1.15 :PEC=C.77 :PET=0.78 :AME~0,94 :Gl?izoél?éS?zl
ATO1=ATO1+273 :AT3I=ATI+273 :612=((12+-1)/(G12¥PEC) 3534¥GI4;((634"1 ;33
APR=(AP+PB)/PB iA=(CP12X%ATOL1)/(CPI4¥ATIXAME) :B=(1-A¥((APR"G12)~- )AFET)
AR=1/B sAEP=ARX1.1 :AT2=(ATOL¥(APR"G1IT)) 272 2)-11)7638
FOR I=1 TD 2 : PRINT TAB(70,20¢t]) " *OINEAT
PRINT TAB(70,21)AT2 : PRINT TAD(70,22) ACP
GOTO 1450
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A.2 - Cylinder pressure transducer calibration

The cylinder gas pressure was measured using an AVL water-cooled
piezoelectric pressure transducer (type 8QP500C) and a Kistler §S/N747
model 566 charge amplifier.

The pressure transducer together with the amplifier were
calibrated, under steady state conditions, using a dead-weight tester
and a digital voltmeter. It was essential that all the connecting plugs
and sockets were kept clean so as to prevent leakage of charge due to
dampness or dirt.

The calibration was carried out both with increasing and decreasing
pressure. Fig A.3 shows the transducer calibration curve. The slope of
the curve in Fig A.3 is the pressure transducer calibration factor
measured to be 10.11 bar/V. It is assumed that the rate of change of the
transducer output signal with pressure (i.e. the calibration factor)
will remain constant at all working temperatures. However, it is
important to note that since the transducer output is affected by its
working temperature, the y-axis intersection of the calibration curve
can not be relied upon. Therefore, only a change in the cylinder
pressure can be estimated accurately from the transducer signal. For
this reason it 1s necessary to chose a datum position on the signal for
which an absolute pressure can be attributed. The datum position chosen
for this project was bottom-dead-centre (BDC) during the induction
stroke where the cylinder pressure was assumed to be equal to the

manifold pressure.
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FIGURE A.3
Cylinder pressure transducer calibration curve, (Kistler S/N747, model
566) . Transducer calibration factor = 10.11 bar/V.
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A.3

- Plots of baseline test data

The

speeds of

1700,

2160,

following are the plots of the baseline test data at

2460 and 3000 rev/min and varying load.

constant
The

discussion of these results is included in section 3.2.3 of Chapter 3.
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Appendix B



B.1 - Calculation of the inlet valve flow area

The inlet valve flow area A is given by:

Da +Db

where 1 is the valve 1lift, and Da and D are the upper and lower

diameters of the inlet valve seat, Fig B.1,

D.

A

FIGURE B.1l
piagram showing the inlet valve and the way in which the valve flow area
was calculated.
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B.2 - Change in manifold pressure towards the end of the

induction period

In the Lister engine the inlet valve closes at 230°CA ATDC. By
examining the inlet manifold pressure recordings for this engine, it was
found that» the inlet manifold pressure remained at more or less a
constant level until about 130°CA ATDC, where it began to rise reaching
a peak at about 200°CA ATDC. From this examination of the manifold
pressure traces, it was decided to represent this air inertia effect as

shown on Fig B.2.

160
O‘S 140 / \ . Rote of change of
X o 1000 rev/min Engine speed pressure with
™~ . / \ rev/min crank angle
® 3000 rev/min  / \ Pa/ech
bot
5 / \
7
o 1204 / 1000 200
a 1300 357
i / 1700 1
S / 2160 557
= / 2500 610
=

80 T Y T

50 100 150 200 250
Crank angle / degree

FIGURE B.2

Inlet manifold pressure variation with crank angle during induction for
the Lister engine.

155



B.3 - Computational scheme for the solution of Equation 5.1 and 5.2

= Assume P, =P,

Assume a tentative value of
Pn =P,

+

Calculate m,, from Eq5.2
and m, from Eq 5.1
.y My +m,
and mqv - —‘7—'

Carry out the iteration illustrated
in Fig B3 until x =m," —my, =0
within set limits

$ ,,

Store myy

!

Increment crank angle and time

NO

Is the inlet
valve closed
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from equation 5.1

\

My

[

e

]

9]

3

(o]

—~

3 /
@ My +m
@ X = 4
g 2
[¥]

ol

<

from equation 5.2

1

- -

~ Cylinder pressure P

Solution starts with P = P..

P is reduced by constant OP in
sgéps 1 and 2 until X is positive; then
S P step was reduced to less than half
its value and continuously added to P
in successive steps 3 and 4 until X is
negative again, and so on until X =0

FIGURE B.3

Graphical representation of the steps involved in solving equations

and 5.2 at a given crank angle.
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B.4 ~ Derivation of equation for the moment of momentum rate

In order to obtain the moment of momentum rate for an elemental
disc of air within the cylinder, consider the moment of momentum, M, of

the ring shown below:

M=mrio ... B.2

where () is the angular velocity at radius r, and m is the mass of the

ring which can be expressed as:

m=2xnrdrdxp .... B.3

For a disc of thickness dx, density P and overall radius B/2,

substituting Eq B.3 into Eq B.2, and integrating:

B2

... B.4
M=2np | wdxridr B
0

In the case of air swirling in the cylinder of an IC engine during

i{nduction when the air is being admitted at an average rate, m , over
av

an interval §t,
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dx=V¢,8t ' eees B.S

where V_ is the axial velocity at radius r. Hence, moment of momentum

rate of the average mass admitted over interval ot can be expressed as,

%:21;‘)"[0 Vaa)r3dr ‘....B.6

Bond (1988) measured, experimentally, the values of Va and W at a
number of radii, using the steady flow rig. These results were used to
calculate the moment of momentum rate, using the above integral (Eq
B.6), at a number of valve lift and air mass flow rate combinations.
These data were used to prodpce a‘table, for the Lister engine, which
contained the mass flow rate and the moment of momentum rate for each
valve opening.

The computer model that predicts the total moment of momentum
during dinduction, does this by first predicting the mass flow rate
during a time (or crank angle) interval §t. Also, the valve opening is
known at that given time interval. A corresponding value of the average
moment of momentum rate is then read from the above mentioned table
(FILED in the computer program) for the given time interval 5t. The
moment of momentum over this time interval is calculated from the
product of the average moment of momentum rate and the interval ot.
During induction, these moments of momenta for individual time (or crank
angle) intervals are summed up in order to arrive at the total moment of

momentum of the trapped air at IVC.
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B.5 - Derivation of equation for moment of inertia of

the cylinder contents

The moment of inertia of a circular disk is given by:

2
I=mr<° e
2
where m is the mass and r is the radius of the disk.
Assuming that the axis of the piston bowl coincides with the axis
of the cylinder, and that the total mass of the air trapped in the
cylinder is represented by m, the moment of inertia of the cylinder

contents can be expressed as:

. . 2
| = mtzvc 14 - (D2)? + Mive T (B/2)*s (B12)?
v+ (B/2)s | 2 v+ (B/2)%s
... B.8
fraction of the total fraction of the total
mass in combustion bowl mass above piston crown

where s is the distance between the piston crown and the cylinder head
at a given crank angle, and V and D are the volume and the diameter of

the combustion bowl respectively. Rearranging the above equation:

... B.9

4
] = Mive
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B.6 -~ Breakdown of the frictional torque forces and evaluation

of the skin friction coefficients

The frictional torque acting on the fluid due to the shear forces

at the fluid-solid interface is given by:

T=tAr . «... B.10

where T is the shear force at the fluid-solid interface, A is the area
at which the force is acting on and r is the radius.
The fluid-solid interface can be divided into two sections:

1 - Cylinder walls, for which:

|

A=7nBs r

T=fqlﬂﬁ%£i

where B 1is the cylinder bore, § is the distance between the cylinder
head and the piston crown at a given crank angle (calculated from the
standérd equation, Taylor, 1968), P is the air density (calculated
from the trapped mass and the volume at a given crank angle), () is the
angular velocity of the’cylinder contents, and‘fq, is the frictional

coefficient for the cylinder walls. Substituting the above in Eq B.10,

the frictional torque at the cylinder walls is,

4
Tcyl =fcyl ——"p (D(_leéB 3
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2 - Cylinder head and piston crown, together, for which:

A=2T(B /2> r=.§_
_ p ©o# B2
T=fpe 35—

where f,c is the frictional coefficient ‘for the cylinder head and the
piston crown. Substituting the above in Eq B.10 gives the combined

frictional torque for the cylinder head and piston crown:

p w? t BS

T}c==f}c 256

Therefore the total torque resisting the fluid rotation can be

expressed as:

T =Tey + Tpe .... B.11

The skin friction coefficients fcy and fpc were evaluated from the

1

Blasius theory for turbulent boundary layers on a flat plate, Bird et al

(1960):

f =0.037 ARe™ V53 ce.. BL12
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where N is an empirical constant of about 2, to allow for the

deviation from the flat plate theory and Re is the Reynolds number
expressed as:

Re=LVD
H

where L ié the characteristic length, which 1s taken as the
circumference of the cylinder in the case of the cylinder wall, and half
the cylinder circumference for the cylinder head and piston crown., V is
the fluid velocity; owing to the assumption of solid body rotation , V
varies linearly with radius. [ is the absolute viscosity of the cylinder
air. A constant value of [ for air at 500K was used. The value of H is
not of critical importance to the accuracy with which the friction
coefficients are estimated, since, as seen from Eq B.12, M is raised to

a power of 1/5. Hence:

2 2
Recyl":nB w p Repc=nB o P

2p 8u
Substituting these into Eq B.12:
5 -5 ) -1/5
foyt =0.067 E_Elic_‘l fpe =0.089 E_ﬁ’f_p

and substituting the above expressions in Eq B.11l:

= d _ | =t p®8 102 36
Ti= L1l o= TP 1% 0.067 s +0.0055B8 | | w.!8
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B.7 - Computational scheme for the solution of equation 5.10

Assume, as an initial value,
is equal to w,, between time ¢ — 8¢ and ¢
Calculate 8/ from I, and [,
using Eq 5.6 (where ¢t = ¢ + &t )

¢

m{ Calculate 8w from Eq5.10

+

Wy = 0 + S0,

Wav = Wgv

IS (l)av' = (DIJV
within set
limits

NO

Store @, and crank angle

!

Increment crank angle and time

Has crank angle

that ., between time ¢ and ¢ + 3¢ ——

passed 360°
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B.8 - Interpretation of Equation 5.15 for the spray tip penetration

0.44
XI"'X:W =035 th Qa eees 5,15

X, ‘ de

The extend to which the spray tip would be deflected away from a
purely radial path, in the tangential direction, will depend on the
magnitude of the drag force applied on the spray tip by the swirling

air. This drag force is given by:

F o= szé‘t Ca

F o Do X262 A Cq
2

where V is the tangential velocity of the swirling air at the spray tip,
W 1is the angular velocity of the swirling air, A is the profile area
of the spray tip and CD is the drag coefficient (CD depends on the

Reynolds number and geometry of the spray tip). Hence,

= Qs A Cq
F_.2__
and (lz=-£%€%
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In Eq 5.15, Qa is normalised by the corresponding value at the

nozzle orifice, Qj, where

Qj=ps ViZj =2 (AP x105)

where Pr is the fuel density and D@V is the mean injection velocity at

the nozzle orifice (calculated from measurements of fuel injected .per
cycle, the injection period, the nozzle geometry and an appropriate
value of discharge coefficient, taken as 0.7). The value of Qj is
constant for a given engine running conditions. The value of (A CD)/2
will depend on the spray geometry and flow conditions at the spray tip.
In order to account for this effect of spray tip geometry on, ACD (and
Q) the nozzle hole diameter, d, is included in equation 5.15. The hole
diameter has a great effect on the spray angle and, therefore, on the
profile area, A, of the spray tip. The power of 0.44 and the constant
0.35 in the right hand side of the Eq 5.15 are empirical factors
obtained, by Chiu et al (1976), from tests with a number of different

injector nozzles.
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B.9 = Computational scheme for the solution of Equation 5.18

Assume, as an initial value,
lhu[ Xfw = X,

l

Calculate an improved value

for the radial penetration of

the spray tip (under swirling
air conditions) X' from Eq 5.18

X{w =X[

Is Xno' = Xy
within set limits

Store Xiw
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B.10 - Listing of the programs ITERAM, SUMMOM, COMPRESS, and CWVEL
L

1060 REM ** TPROGRAM ITERAM ** 14/8/88 J.BOND ** 13.3/8¢
1010 CLS : REM ==== SCRFEN __-==__-=_=_,;i;fr;,;;L_fL_f::j_f_j_”A"A“ f*

1620 GOSUR 2880 oo mmmmmmmmemmeee
1030 REM ===== INPUT DTS. COEF. DATA ssssssesososototisocoosso e e
1040 GOSUB 2040

1050 REM ===c=  TNPUT VALVE LIPT DATA  mecmismms s i oot e e oetme ot ot e eee
1060 GOSUB 2180

1070 REM =====  TNPUT ENGINE SPRC  mescsmssmmositos o comomioimsoaciomsie oo
1080 GOSUR 2340

1050 REM ===:= INPUT AMBTENT COND. sosssssmacsasicsomomaiesooosenssisiont s on
1100 GOSUB 2390

1110 REM ==== TNPUT FNGINE SPEED AND TNCREMENT  sccmocmmsqeosuss smen snsmsmnass
1120 GOSUR 2450

1130 REM ==== INPUT RADTAL POS. soccussesmssisss omsmsnnt amtt s omsais fossmme -
1140 GOSUB 2620

1130 REM ==== SET INITTAL CORD. comsessscemcmessoom.- e T
1160 GOSUB 2770 .

1170 REM LPRINT "  TIT VLT MTT MT " Q"

1160 REM LPRINT DISCS

1180 REM ==== CREATE FILE F VALVE LIFT MASS FLOW seovziomszo: ussssiesaimaca.
1260 OPEN "0",1,"FILEF"

3210 LOCATE 21,5 : PRINT "CRFATING FTLE V¥ "

1220 LOCATE 22,30: PRINT "ITERATION IN PROGRE3S"

1230 TITO=INCY.01743

1240 FOR TIT = INC TO VCLOSE STEP INC

1250 TITRAD=TIT*.01745 HREM CRANC ANGLE 1IN RADTANS

1260 REM ==== CALC. VOLUME AT t+dl B R E R NS S R idt i diimin m bkl B B LSS R e S A e e
1270 GOSUB 2510

1280 REM ==== ADJUST MANTFOLD PRFSSURE B R L E PR PR 1N 1 PRRttes
1290 IF TIT>200 THEN GOTO 1370

1300 IF TIT>130 AND RPM=1000 THEN P=P+(.002¥YINCYIMAN)

1310 IF TIT>130 AND RPM=1300 THEN P=P+(.00337YINCYPMAN)

1320 IF TIT>130 AND RPM=1700 THEN P=P+{.00471¥INCYPMAN)

31330 IF TIT>»130 AND RPM=21G0 THEN P=P+{.00537T*INCYPMAN)

1340 IF TIT>130 AND RPM=2600 THEN P=P+(.0061¥INCYPMAN)

1350 IF TIT>130 AND RPM=3000 THEN P=P+(.00845¥INCYPMAN)

1360 IF TIT»200 ARND RPM=1000 THEN P=P-(.002¥INCYPMAN)

1370 IF TIT»200 AND RPM=1300 THEN P=P-(.00357T¥INCTPMAN)

1380 IF TIT»200 AND RPM=1760 THEN P=P-{.G0471YINCYPMAN

1390 IF TIT»200 AND RPM=2160 THEN P=P-(.00557*INCTPMAN)

1400 1F TIT>200 AND RPM=2600 THEN P=P-{.0061¥TNCYIMAN)

1410 IF TIT>»200 AND RPM=3000 THEN P=P-{.006845YINCYPMAN)

1420 REM ==== CALC. VAIVE SKIRT ARFA ==ssusscosssssusmusss-cdisusnucanssnas
1430 GOSUB 25050

1440 REM ==== CALCULATE C) sesssceccescsccumnesn s vuatie o wonsines cneenimn
1450 GOSUB 2710

1460 ZZ = 72 + ]' sREM z2 is the subitvaction counter to
1470 ¥ =250 (REM arbitary pressure slep Y /™2
1430 PTT = P-(7Z2YY) REM pel plt too small lo start wilh

1490 ROTT = PTT/{(237*T)
1500 X = (((CDT*SKAYP*((1/(287*T))".5)Y(TX(((PTT/P)"1.4265) - ((PTT/P)"1.7143)))"
J5)4MT)/2) - (( (ROTTFVTT) - (ROTTVT) ) ¥/ TITO)
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1510 IF X » 0 THEN GOTO 1530 :REM ptt too swall.Z has been found

1520 GOTO 1460 ' :REM plt Luo big.Try another o
1530 Z = ZZ
1540 PTT = P -(Z¥Y) :REM small.Now stact closing in.

1550 ROTT = PTT/(287*T)

1560 IF PTT>.89*P THEN GOTO 1700

1570 X = (((CDT*SKAYP*((1/(287*T))".5)*(7*(((PTT/P)"1.4288)~ ((PTT/P})"1.T1 -
. L7143

_5)+MT)/2) ~(((ROTT*VTT)-(ROT*VT))*W/TIT0) }71.7143)))

1580 IF X > 0 THEN Y = (Y/2) :REM Keep adding or subtracling
1590 IF X > 0 THEN Z = (2%Z)-1 :REM half the previous step length
1600 IF X < 0 THEN Y = (V/2) (REM unlil we close In on ptt thal
1610 IF X < O THEN Z = (2¥2)+1 ‘REM wakes x = 0

1620 LOCATE 18,55 : PRINT X : LOCATE 19,55 : PRINT Z
1630 IF Z>1E+30 THEN GOTO 1870

1640 IF INT(X*(1074)) = 0 THEN GOTO 1700  :REM Is X apruximately zero?

1650 REM Equation in line 620 becomes meaningless when Lhe cylinder presuce
1660 REM aproaches the manifuold pressure towards the end of the comp. stroke,
1670 REM The programme is complete when this occurs. fe there is nu revetse
1680 REM gas flow through the valve.

1690 GOTO 1540

1700 IF TIT=INC THEN ROT=ROTT

1710 M = ((ROTT*VTT)-(ROT*VT))*W/TITO :REM Averape mass rlow
1720 MTT = MT + ((M-MT)}*2) :REM mass Flow at U + delta
1730 Q = Q+(M*TITO/H) :REM CALC. TOTAL MASS TRAPPED

1740 REM IF TIT»200 THEN LPRINT USING "eEL.ELEL";TIT,VLT,MTT,NT,M,Q*1000
1750 LOCATE 8,55 : PRINT TIT: LOCATE 9,55 : PRINT VTT¥1000000!

1760 LOCATE 11,55 : PRINT PT : LOCATE 13,55 : PRINT CDT

1770 LOCATE 14,55 : PRINT M*1000 : LOCATE 15,65 : PRINT Q*¥1000

1780 LOCATE 12,55 : PRINT VILT¥1000: LOCATE 10,55 : PRINT P

1790 PT = PTT : VT = VIT : ROT = ROTT : MT = MTT :27 = G

1800 WRITE £1,VLT,M,Q :

1810 REM ==== CALC. VOLUMETRIC EFF. Py N Y I YT T LT I IR P S P F PR =T 1T S 73Py
1820 MO=STR*AREAY(PHMAN/(287*T))

1830 VOLEFF=(Q/M0)*100

1840 LOCATE 16,50 : PRINT VOLEFF

1850 NEXT TIT

1860 WRITE £1,9999

1870 CLOSE

1880 LOCATE 21,5 : PRINT "FILE F CLOSED "

1890 REM ==== CREATE FILE TRANSFER ==zs=ssss=szzssssssscsssvsscusssussaunss
1600 OPEN "0",1, "TRANSFER"

1910 WRITE £1,DISCS .

1920 WRITE £1,RSQ(1),RSQ(2),RSQ(3),RSQ(4),RSQ(5H)

1930 WRITE £1,RSQ(6),RSQ(7),RSQ(8),RSQ(9),RSQ(10)

1940 WRITE £1,VCLOSE,Q,PTT,ROTT,RPH, INC,TIT,VOLEFF, PAMB, PROOST

1950 CLOSE

1960 LOCATE 21,40 : PRINT "FILE TRANSFER CREATED"

1970 LOCATE 22,5 : PRINT " "
1980 REM LOCATE 22,5 : INPUT "PRESS ANY KFY TO CHATN SUMMOM PROGRAMME",DUMM

1990 CHAIN "SUMMOM.BAS",ALL
2000 REM TTHrttdtt s sttt st v eyttt tr sttt s trst s ettt s ersrerseahrerres
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2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2280
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500

REM T332 2321252223223 2 SUBROUTINES it 2222 L AL S22 LRSI R LSS
REM kb v erwekr vy vrykckrkkdh bk bkt r et e rr R e Y
REH ==== DISCHARGE COEF. ===ssss=csssssssssssssssssssssssssssoisssss
OPEN "1°.1.°FILEA" S
LOCATE 21,5 : PRINT "READING FILE A "

NA = O

WHILE DUMA <> 5999

INPUT £1,DUMA : NA = NA + 1

WEND

CLOSE

DIM CD(NA/2),VR(NA/2)
OPEN "I",2,"FILEA"

FOR J = 1 TO NA/2

INPUT £2,VR(J),CD(J)

NEXT J

CLOSE

RETURN ;

REM ==== VALVE LIFT =s=sssssscsssssssssswscessssssssssssssssssssssas
NB = O T
OPEN "I",1,"fileB"

LOCATE 21,5 : PRINT "READING FILE B "

WHILE DUMB <> $999

INPUT £1,DUMB : NB = NB + 1

WEN

CLOSE

DIM VL(NB/2),CA(NB/2)

OPEN "I",2,"fileB"

FOR J = 1 TO NB/2

INPUT £2,CA(J),VL(J)

NEXT J

CLOSE

RETURN

REM ==== ENG. SPEC. P g e e e Y T T T T 1Y 300 T L S Y N
OPEN "i",1,"FILEC" -
LOCATE 21,5 : PRINT "READING FILE C "

INPUT £1,CRL,STR,AREA,VD,CIR,VC,B,D,H

CLOSE

RETURN

REM ==== AMBIENT CONDITIONS ==zzzczussresxzsscsssssasssIssssuasnsssa
LOCATE 5,67 : INPUT " ",PAMB : PAMB=(PAMB/750)*10°5 |

LOCATE 6,67 : INPUT " ",PBOOST : P=(PBOOST*10°5)+PAMB

LOCATE 7,67 : INPUT " ",T : T=T+273

RO=P/(287*T)

RETURN

REM ==== ENGINE SPEED AND INCRFEMENT TSI E T I OO R & A I IN G BRI E R A 2
LOCATE 5,28 : INPUT " ",RPM , TR
IF RPM <= 0 THEN GOTO 2460

LOCATE 6,28 : INPUT " ",INC

W = RPM*,10472

RETURN
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2510 REM ==== CYL. VOLUME R Tt P L I R I P Ty e S P F 5% ¥ ¥
2520 R = STR/2 : NN = CRL/R : CR = (VC+(STR*AREA))/VC

2530 VIT = AREA*RY(1+NN-(NN~2-(STN(TITRAD))"2)".5-COS(TITRAD)+(2/(CR~

2540 RETURN RAD)+(2/(CR~1)))
2550 REM ==== VALVE SKIRT AREA R e o e e N L T ECRTE T X U R Ay
2560 FOR I = 1 TO NB+100 B

2570 IF TIT>CA(I) AND TIT<=CA(I+1) THEN GOTO 2590

2580 NEKT I

2590 VLT = VL(I+1)-{(VL(I+1)-VL(I))}*((CA(I+1)-TIT}/10))

2600 VLT = VLT/1000 : SKA = VLT*CIR

2610 RETURN

2620 REM ==== RADITY P e e L L R
2630 RSQ(1)=4 : RSQ(2)=8 : RSQ(3)=12 : RSQ(4)=16 : RSQ(5H)=21.5 o
2640 RSQ(6)=24 : RSQ(7)=28 : RSQ(8)=32.65 : RSQ($)=38 : RSQ(10)=40

2650 REM Convert the radiuses to metres

2660 RSQ(1)=RSQ(1)/1000 : RSGQ(2)=RSQ{2)/1000 : RSQ(3)=RSQ(3)/1000

2670 RSQ(4)=R3Q(4)/1000 : RSQ(5)=RSQ(5)/1000 : RSQ(6)=RSQ(6)/1000

2880 RSQ(7)=RSQ{7)/1600 : RSQ(8)=RsQ(8)/1000 : RSQ(9)=RSQ(9)/1000

2690 RSQ(10)=RSQ(10)/1000

2700 RETURN :

2710 REM ==== CD CAIC. g e e P Y T N T T LR LT T I prpngeguees
2720 FOR I = 1 TO NA+100 T
2730 IF (VLT/VD)>=VR(I) AND (VLT/VD)<VR(I+1) TIEN GOTO 2750

2740 NEXT I

2750 CDT=CD(T)+((CD(T+1)-CD(T))*(((VLT/VD)-VR(T1))}/(VR(T+1)-VR(I))))

2760 RETURN

2770 REM =s=== INITTIAL COND. =s=ss==scssssssssssssssssssossssszssscesizas
2780 MT = O : REM INITIAL FLOW RATE AT TDC IS ZFRO

2790 ZZ=0 : REM SET PRESSURF CGUNTER

2300 PT = P : ROT = RO : REM INITIAT. CONDITIONS ARE MANIFOLD COKD.
2310 Q = © : REM NO MASS TRAPPED IN CYLINDER AT TDC

2820 VT = VC : REM INITIAL CYLINDER VOLUME AT TNC

2830 PMAN=P

2340 VCLOSE=230 : REM INLET VALVE CLOSURE

2850 RETURW '

2860 REM ==== GSCREEN ===ss=ssss=asassssssssssssssssssssiuscessssssssciuss

2870 LOCATE 1,1
2880 PRINT T2 RS SRR SIS 2 LA R A a2 A4 222242202202 222022

rrEER LYY

2890 LOCATE 3,1
2900 PRINT "#fFrtttdtattd Xttt tta s tad tras ks a et vhry vyt v ey rrsessssessstsssestetey

TEREELEN
2910 LOCATE 2,56

2920 PRINT"I T E R A : T L
2930 LOCATE 5,1 : PRINT "ENGINE SPEED  / revs/min ’
2040 LOCATE 5,38: PRINT "ATMOSPHERIC PRESSURE Smmlip"

2950 LOCATE 6,1 : PRINT "C.A. INCREMENT / oCA "

2960 LOCATE 6,38: PRINT "BOOST PRESSURE 7 bear®

2970 LOCATE 7,38: PRINT "MANIFOLD AIR TEMP. /oC”

2980 LOCATE 8,1 : PRINT "CRARK ANGLE 7 o

2990 LOCATE 9,1 : PRINT "CYLINDER VOLUME 7 ons”

3000 LOCATE 10,1: PRINT "MANIFOLD PRESSURE / N/w2"
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3000 LOCATE 10,1: PRINT "MANIFOLD PRESSURE / N/m2"

3010 LOCATE 11,1: PRINT "CYLINDER PRESSURE / N/m2"
3020 LOCATE 12,1: PRINT "VALVE LIFT AT

3030 LOCATE 13,1: PRINT "DISCHARGE COEFFICTENT"

3040 LOCATE 14,1: PRINT "AVERAGE MASS FLOW RATE / g/s"
3050 LOCATE 15,1: PRINT "TOTAL MASS TRAPPED / p"
3060 LOCATE 16,1: PRINT "VOLUMETRIC EFFICIENCY / %"
3070 LOCATE 18,1: PRINT "MASS FLOW RATE ERROR / kg
3080 LOCATE 19,1: PRINT "PRESSURE CORR. FACTOR"

3090 LOCATE 22,5: PRINT "PLEASE WAIT. "

3100 LGCATE 2051 : PRINT R T T T T e R e e T T o T R T
31]0 LOCATE 2301 H PRINT "================;=============================z====a==
3120 LOCATE 21,1 : PRINT "|" : LOCATE 21,75 : PRINT "|*

3130 LOCATE 22,1 : PRINT "|" : LOCATE 22,75 : PRINT "|"

3140 LOCATE 22,5 : INPUT "DATA IDENTIFICATION NAME " ,DISC$

3150 LOCATE 22,5 : PRINT " "
3160 RETURN
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. 1066 REM ** COGMPRESS ** 5/3/88 J. BOND ** 18/4/89 R.A.RALTAN *¥
1010 REM LPRINT

1020 REM LPRINT "CRANK ANGLE SWIRIL SWIRL RATIO  SQUISH AT ROWI RAD."
1030 REM ==== SCREEN ==================:======================:=====;======
1040 GOSUB 2130 :

1050 REM ==== CONSTANTS =s==ss=ssssssssssssssusssssssasssssssssssssssssssss
1080 GOSUB 1980 ‘ -
10670 REM ==== INPUT TRANSFER FILE ==zsssssssssuszzzsssssssssssssssssssssssss
1080 GOSUB 1740 '
1060 REM ==== INPUT FILEC ====sss=sussssssssssssssssusssissssssasssssssssas
1100 GOSUR 1910 B
1110 REM ==== CYL. VOL., CLEARANCE HIGHT, PISTON SPFED AT IV0 =rezusemezas
1120 TIT = VCLOSE : TITA = TIT * .01745 : GOSUB 2000

1130 REM ==== MOMENT OF INERTIA AT V0 =ss=ssss=usssusssssscsscnsascussmassa
1140 GOSUB 2080

1150 REM ==== SWIRDL AT IV) ==cscoss s s s m e r s s S s S L S E AR SRR L SRR RS

1160 WTT = TOTMOM/ITT .
1170 LOCATE 7,30 : PRINT TIT : LOCATE 9,23 : PRINT USING "ELEEE.£E";WTT*9.5495
1180 LOCATE 10,22: PRINT USING "£££.LEL";WIT/W

1190 LOCATE 5,68 : PRINT USING "££.££€";CR

1200 REM === OPEN FILE CWCOMP FOR DATA TO BE TRANSFERED TO CR. WIND s=smwasws
1210 OPEN "0",£1,"CWCOMP" |

1220 LOCATE 21,5 : PRINT "CREATING FILE CWCOMP "

1230 REM T2 s 2222485222222 23 2222222222222 2t ldisiisd 42 iTiiat L

1240 REM ¥rr¥¥¥rr¥t¥ INITIAL CONDITIONS SET - START COMPRESSION **¥¥r¥ttettvey
1250 REM #***f%**************t***************&*********t#****#*************#*?
1260 REM ==== REPEAT PROCEDURE UNTIL TDC IS REACHED =sssssssuscuzssssss=zsxs
1270 TIT = TIT + INC : TITA = TIT * ,01745

1280 IF TIT > 360 THEN GOTO 1630

1290 REM s=== SET CONDITIONS AT TIMT T N e CSNESS LIRSS AR U RN AN NSRS NE RN RE M .
1300 WT=WTT : IT=ITT : CLHO=CLH ' , -
1310 REM ==== SET CONDITIONS AT TIME TT ==s==s==sz=szs:sczuzsscusszsicacassszas
1320 REM ==== CYL. VOL., CLEARANCFE HIGHT AT TIME TT PR TRL LI LT RN LTSS ETETREES
1330 GOSUB 2000 '

1340 REM ==== MOMENT OF INERTIA AT TIME TT =scs=sssssssssssssscessssssnassss
1350 GOSUB 2080 . B
1360 IM = (ITT+IT)/2

1370 REM ==== RATE OF CHANGE OF MOMENT OF INERTTA AT TIME TT sss=sscassszaes
1380 IDOT = (ITT-IT)/(TITO/W)

1380 REM ==== DENSITY AT TIME TT s==scssssssssassusiasssssussissscssssusnsass
1400 ROTT = Q/VCYL

1410 REM ====. SWIRL AT TINME TT =s==ss5scccsne eSSttt SRt iNslsarasssuass
1420 WM=10 , e o
1430 KCON = (PI/16)*(ROTT".8)*(MUTT".2)*(B"3.6)*((.067*CLH)+(.00O535YR))

1440 DELW = ((TITO/W)/IM)*((KCON*(WM~1.8))-(WM*IDOT))

1450 WTT = WT + DFELW : WW = (WTT+WT)/2

1460 IF WM=WW THEN GOTO 1480 ELSE WM=WW

1470 GOTO 1440 :

1480 REM ==== SQUISH AT FACH GIVEN RADIUS RSQ S e S SRR
1490 FOR Z = 1 TO 10 , :
1500 VSQ(Z) =(((B~2)/4)-{(RSQ(Z))"2))*VOL¥SLOT / ((2*RSQ(Z))* (((AREAYCLI+VOL)YC

LH))
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1530
1540
1550
1560
1570
1580
1580
1600
1610
1620
1630
1640
1650
1660
1670
16380
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1510
1920
1930
1940
18560
1960
1870
1980
1680
2000

VSW(Z) = RSQ{Z)*WTT

5
520 NEXT Z

REM ==== PRINT RESULTS ========================::;::::::z::::: ~~~~~~

SWIRL=WTT*9.549296 : REM ==== CONVERT TO revs/mln ==z=szszsssssszzusss
LOCATE 7,30 : PRINT TIT : LOCATE 9,23 : PRINT USING “LECLL.LEL£";SWIRI

LOCATE 10,22 : PRINT USING "E£££.£££";SWIRL/RPM

LOCATE 11,23 : PRINT ITT

LOCATE 12,24 : PRINT USING "££.£££";CLHY¥1000

LOCATE 13,22 : PRINT USING "£££.£££";SDOT

FOR G=1 TO 10 : LOCATE 9+G,55 : PRINT USING"EEEE.EE";VSQ(G)
LOCATE 9+G,67 : PRINT USING"EL£E.££";VSW(G) : NEXT G

REM LPRINT TIT,SWIRL,SWIRL/RPM,VSQ(5)

IF TIT>=320 THEN WRITE £1,TIT,WTT,VSQ(5)

GOTO 1260 |

LOCATE 21,5 : PRINT "FILE CWCOMP CLOSED "

WRITE £1,9999 :

CLOSE

END :
LOCATE 22,5 : INPUT "PRESS AKY KEY TO CHAIN CWVEL PROGRAM",DUMM

CHAIN "CWVEL.BAS",6ALL
REM YrEresssrs Syt ¥ et x bt i dt bttt t ik krh b ey ettt e e e v ar e v e v ey e e ey

REM tH¥E®Efr++¥¥¥¥ SUBROUTINES  THETrrfttdssdtttard ty ety Yeesrrveyvery
REM FHEEresesttd i prr s rerry et err ittt f eyt v et e v et v et e e vy eyey

REM ==== TRANSFER FILE ==s=sssscsszsssssssssssssssassssssissssssasss
OPEN "I",1,"TRANSFER" . T
LOCATE 21,5 : PRINT "READING FILE TRANSFER"

DIM RSQ(10),VSQ(10),VSW(10)

INPUT £1,DISC$

INPUT £1,RSQ(1),RSQ(2),RSQ(3),RSQ(4) ,RSQ(5)

INPUT £1,RSQ(6),RSQ(7),RSQ(8),RSQ(9),RSQ(10)

égggg £1 VCLOSE,Q, PTT,ROTT,RPM, INC, TT, VOLEFF, PAMB, PROOST, TOTNOM

FOR 1=1 TO 10 : LOCATE 9+I,43 : PRINT USING"EE.£";RSQ(T)? . NEX
TITO = INC * .01745 : W = RPM * .10472 : LOCATR 5,sonT;R1§¥nnﬁm\EkT I
LOCATE 6,30 : PRINT INC : LOCATE 6,69 : PRINT USING "£.E£L";Q*1000

REM LOCATE 22,5 : INPUT "WOULD YOU LIKE TO CHANGE Tl INGREMENT: ",ANSS
REM IF ANS$="Y" OR ANS$="y" THEN LOCATE 8,30 : TKPUT* ",INC
LOCATE 22,5 : PRINT "PLEASE WAIT ' ;
TITO=INC*,01745

RETURN

REM ==== ENGINE SPEC =s==ssssssssssssssssssssussssssssssssssss:

OPEN "1i",1,"fileC" B
LOCATE 21,5 : PRINT "READING FILE C "

INPUT £1,CRL,STR,AREA,VD,CIR,VC,B,D,H,VOL, VOLX

CLOSE

RETURN
REM ==== INITIAL CONDITIONS ==

GAMA=1.4 : MUTT=2%*10"-3 : PI=3.1415928£ : CLHO=1

RETURN
REM ==== CYLINDER VOLUMI AT CRANR ANGILE TITA E e I T T T T L T

WSS AI I NS IR E R0 g
TN ) S RAEZRALLIALAIT S SRR
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2010 R=STR/2 : NN=CRI/R : CR={(VC+{STRY¥AREA))/VC
2020 VCYL=AREAYR¥ (1+NN-(NN"2-(SIN(TITA))"2)".5-COS{TITA})+(2/(CR-1)))

2030 REM ==== CYLINDER CLEARANCE HIGHT AT CRANK ANGLFE TITA RaETERSSSSRNERS
2040 CLH=(VCYL-VOLX)/AREA ~
2050 REM ==== PISTONE SPEED AT CRANK ANGLE TITA =s=s=sssssssscussssssszsssss
2060 SDOT = (CLHO-CLH)/(TITO/W

2070 RETURN

2030 REM ==== MOMENT OF INERTIA ITT ===sssssssssssssssssossssssssssssssss

2090 ITTA = ((PI/16)¥(B"4)*CLH/VC) + ((D"2)/4)
2100 ITTB = (((P1/4)*(B"2)¥CLH/VC) + 1)

2110 ITT = (Q/2)*ITTA/ITTB

2120 RETURN

2130 CLS REM ==== screen e L T T I T o E T e e T e Y L. T
2140 LOCATE 1,1 : PRINT (ETTETEIETEEL I 2333382222222 32222333232080d 222l 2ttt dRdtd

FEETERELTEELLEEXEL LR
2150 LOCATE 3,1 : PRINT "#redtddstttat bt tatyyat sy vyedst vrersv ey sbersverssyees

T332 313333222 2222 22 2220 0

2160 LOCATE 2,4 : PRINT "C 0 M P R E

N S S" .
2170 LOCATE 20,1 : PRINT R N T LT L T b R ey g L LT T T T T ¥ Sty Sy
2]80 LOCATE 23,] . PRINT "==========£===?=====?==============================a==
2190 LOCATE 21,1 : PRINT "|" : LOCATE 21,78 : PRINT "|"
2200 LOCATE 22,1 : PRINT "{" : LOCATE 22,78 : PRINT "
2210 LOCATE 22,5 : PRINT "PLEASE WAIT" -

: PRINT "ENGINE SPEED / revs/min"
: PRINT "C.A. INCREMENT / oCA"

2220 LOCATE 1

1

43: PRINT "COMPRESSION RATIO"
43

1

1

2
2
2
S,

2230 LOCATE 6,

2240 LOCATE 5,

2250 LOCATE 6,43: PRINT "TOTAL MASS TRAPPED / g"

2260 LOCATE 7,

2270 LOCATE 9,1 : PRINT "SWIRL / revs/min"

2280 LOCATE 10,1: PRINT "SWIRL RATIO"

2290 LOCATE 11,1: PRINT "MOM. OF INERTIA"

2300 LOCATE 12,1: PRINT "CLEARANCE HIGHT / omm"

2310 LOCATE 13,1: PRINT "PISTON SPEED / m/s"

: PRINT "CRANK ANGLE / oCA"

2320 LOCATE 9,38: PRINT "| RADIUS / mm | SQUISH w/s | Vt / w/s |"
2330 FOR I=1 TO 10 : LOCATE 9+1,38 ‘

2340 PRINT "| | | |" : NEXT I,
2350 RETURN , o .
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1060 REM ** PROGRAM SUMMOM ** 4/3/88 J.BOND ** 13/4/39 R.A.BALTAN T

1010
1620
1630
1040
1050
1060
1070
1080
1080
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1350
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500

REM LPRINT

REM LPRINT "  TIT VLT  MTT Q MOM  TOTMOM"

REM ==== INITIAL COND. ====ss=z=zasssssssszssssscsssscsmsscssssssncmmas
GOSUB 2520

REM ==== INITIAL CORNDITIONS R R R R T R R R R I e P N S MG B L E L e SR S S
GOSUB 2200

REM ==== READ FTLFED INTO ARRAY ARD(N) i e e I N LI T
GOSUB 2240

REM ==== READ TRANSFER FILE Rt I 1 T T e R gy ey
GOSUB 2400 ‘

REM ==== OPEN FILEF FOR VALVE LIFT AND MASS FLOW RATE DATA s=u=szszz=zza

OPEN "I",1,"FILEF"
LOCATE 21,5 : PRINT "FILE F GPENED"

LOCATE 22,30 : PRINT "CALCULATION IN PROGRESS"
TITO=INC*.01745

REM ==== SELECT NEXT VALVE LIFT AND MASS FLOW RATE sswssszzassscmusssaa
INPUT £1,VL

IF VL = 93899 THEN GOTO 2050 : REM END OF FILEF ==ss=szzssssissssszsa=s

TIT = TIT + INC

INPUT £1,M,Q
IF M<O THEN GOTO 2000 : REM NEGATIVE MASS FLOW s==cassscazsszsussazs

LOCATE 16,30 : PRINT USING "£££££.££";VL*IQOO,M*]OOO
REM ==== SET EXTREAME VALUES AT POINTS AA BB CC DD

AAVL = 1000 : AAM = 1000 : AAMOM =.0
BBV, = 1000 : BBM = O : BBMOM = 0
CCVL = O : CCM = 0 : CCMOM = O

DIWL = 0 : DDM 1000 : DDMOM = O
REM ==== SEARCH FOR POINTS AA BB CC DD
FOR N = 1 TO NN-4 STEP 3 : REM resel marker

EBIIZLLSEISaTsITIZERESASREZSEROX

REM

REM DDVL<VL  DDMCM AAVISVE DDMOM
REM VL M

REM CCVL<VL CCM<M BEVI>VI.  BBRM<N
REM

REM ==== TO FIND Al sesszsacccrrsscssasiudatiisssuiiglrtisiidassaasas

WHILE ARD(N)>=VL AND ARD(N+1)>=M AND ARD(N)<AAVL
AAVL = ARD(N) : AAM = ARD(N+1) : AAMOM = ARD(N+2)

WEND
WHILE ARD(N)>=VI. AND ARD(N+1)>=M AND ARD(N)=AAVI. AND ARD(N+1)<AAM

AAVL = ARD(N) : AAM = ARD(N+1) : AAMOM = ARD(N+2)
WEND
REM ==== TO FIND DD se=mesusssrsccucsrscs s st i s s st s s Soansssuss

WHILE ARD(N)<=VL AND ARD(N+1)>=M AND ARD(N)>DDVL
pDVL = ARD(N) : DDM = ARD(N+1) : DDMOM = ARD{N+2)

WEND
WHILE ARD(N)<=VL AND ARD(N+1)>=M AND ARD(N)=DDVI, AND ARD(N+1)<DDN

DDVL = ARD(N) : DDM = ARD(N+1) : DDMOM = ARD(N+2)
WEND

IF DDM=1000 THEN DDM=AAM

REM Lt TO FIND BB PR R A R A L NN I AR S A N NE A AR R L AR N B
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WHILE ARD(N)>=VL AND ARD(N+1)<=M AND ARD({N

BBVL = ARD(N) : BBM = ARD(N+1) : RBMOM =
WEND

WHILE ARD(N)>=VI, AND ARD(V+1)<-M AND ARD(
BBVL = ARD(N) : BBM = ARD(V+1) BBMOM =
WEND

REM ==== TO FIND CC ===s=u=ss===

WHILE ARD(N)<=VL AND ARD(N+1)<=M AND ARD(N

<BBVL
ARD(N+2)

N)=RBVI
ARD(N+2)
}»CCVL
ARD(N+2)

N)}=CCVI,
ARD(N+2)

32 3 3 13T 3 S 2 2 T T T - N B 2T P aF R -

AND ARD(N+1)>BiM

ARND ARD(N+1)>CCM

M¥1000

CCVL = ARD(N) : CCM = ARD(N+1) : CCMOM =
WEND ;

ZHILE ARD(N)<=VL AND ARD(N+1)<=M ARD ARD
CCVL = ARD(N) : CCM = ARD(N+1) CCHOM =
WEND

REM ==== DISPLAY

IF AVLO=1000 OR AM0=1000 OR DMO=10G0 GOTO 1660 ELSE G3TO 1670
LOCATE 13,10 : PRINT "

IF BVLO=1000.GOTO 1680 FLSE GOTO 16%0
LOCATE 19 10 : PRINT "

LOCATE 13,9 : PRINT USING "£££££.££";DDVL

"EELEE .
"EELEE,
"EELEE.

13,49: PRINT USING £e"
LOCATE 19,9 : PRINT USIKNG
LOCATE 19,49: PRINT USING
AVLO=AAVL : ANO=AAM .: DMO=DDM :
NEXT N

REM
IF AAVL =

LOCATE

" TEST DATA IF EXTENDED FAR ENOUGH
1000 OR BBVL=1000 THEN LOCATE 21,5 ELSE GOTO 1800

*10006, DI

PRINT "DATA IN FILE D DOES NOT EXTEND FAR ENOUGH

LOCATE 22,5 : PRINT "END OF PROGRAMME *** CHAN
END
REM ==== INTERPOLATE IN 3D TO FIND MOMENTUM FLUX

REM calculate xx = x/1 (see diagranm)
iX = (VL—CCVL)/(BBVL—CCVL)
REM calculate mass at ee -- hee
MEE = (XX*(BBM-CCM))+CCM
REM calculate momentum flux at gg --wax
WGG = (XX*(BBMOM-CCMOM))+CCMOM
REM calculate yy = y/m (see diagram)
= (VL-DDVL)/(AAVL-DDVL)
REM calculate mass at ff -- wff
MFF (YY*(AAM-DDM) ) +DDM
REM calculate momentum at h -- whh
WHH = (YY*({AAMOM-DDMOM) ) +DDMOM
REM calculate z2 z/m
= (M-MEE)/(MFF-MFEE)
REM calculate the momentum flux reguired
MOM = (ZZ¥(WHH-WGG))+WGG

; AAVL*1000, AAM¥1000
££" ;CCVL¥1000,CCM*1000
E££" ; BBVL*1000, BRM*1000
RVLO=RBVIL

GE FILE D OR F"

AT GIVEN POINT

REM now evaluate the integral G d (theta)equation$

QOLD=Q :
TOTMOM = TOTMOW + (MOM*TITO/W) : GOTO 2010
TOTMOM = TOTMOM * (Q/QOLD) : QOLD=Q

177

BREZSETS



2010
2020
2030
2040
2050
2080
2070
2030
2090
2100
2110
2120
2130
2140

2160
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450
2460
2470
2480
2490
2500

REM IF TIT>200 THEN LPRINT USING"E£EE.LLEE";TIT,VL,M, Y1000, M0OM, TOTMOMY¥ 1000
LOCATE 7.45 : PRINT TIT : LOCATE 8,45 : PRINT MOM '

LOCATE 9,45 : PRINT TOTWMOM '

GOTO 1160 : REM next set point

CLOSE

LOCATE 21,5 : PRINT "FILE T CLOSED"

REM ==== RECREATE FILE TRANSFER WITH THRE ADDITIONAL DATA s=szs=zsscwssssan
OPEN "0",1,"TRANSTER"

WRITE £1,DISC$

WRITE £1,RSQ(1),RSQ(2),RSQ(3),RSQ(4), RGQ(a)

WRITE £1,RSQ(86),RSQ(7),RSQ(8),RSQ(9),RSQ(10)

WRITE £1,VCLOSE,Q,PTT,ROTT,RPM, INC,TIT,VOGLEFF, PAME, PhOOQ1,nOIMum

LOCATE 21,40: PRINT "FILE TRANSFER RECREATFED"

LOCATE 22,5 : PRINT "

REM LOCATE 22,5 : INPUT "PRESS ANY KEY TO CHATN COMPRESS PROGRAMME",DUMM
CLOSE: CHAIN "COMPRESS.BAS",ALL '

REM X X312 2222333222232 2322222202228 02243000020 i ettt ti il Llsd
REM *¥EEEerreyerss GQUBROUTINES  HHYE¥tertttttterrtrtrstrtttrrttrrerttyy
RE\] it 2222225232222 2222l td ittt iid s td il id il ditdti il ]
REM ==== INITTAL VALUES ===czzssusscssssssssssssssssssscssnsssssas
AMO=0 : DMO=0 : AVL0O=0 : BVLO=0 " : .

TINC=0 : RPM=0

RETURN ,

REM ===== STORE FILED IN ARRAY ARD(N) SR M LR e e RS BT B S S

LOCATE 21,5 : PRINT "READING FILE D" '

OPEN "i",1, "FTIFD"

WHILE DFILE <>889%

INPUT £1, DFILE

N=N=+1

WEND

CLOSE

DIM ARD(N)

OPEN "i",1,"FILED"

FOR BN = 1 TO N

INPUT £1,ARD(NN

NEXT NN

CLOSE

LOCATE 21,5 : PRINT " , "
RETURN

REM ===== READ TRANSFER =s=s=s=ssssssssissssssuussssssssssssas
LOCATE 21,5 : PRINT "READING FILE TRANSFER" :
OPEN "i",2,"TRANSFER"

INPUT £2,DISC$

INPUT £2,RSQ(1),RSQ(2),RSQ(3),RSQ(4),RSQ(5),RSQ(6),R3Q(7)
INPUT £2,RSQ(8),RSQ(9),RSQ(10)

INPUT £2,VCLOSE,Q,PTT,ROTT,RPH, INC,TI,VOLEFF, PAMB, PBOGST
CLOSE

LOCATE 5,45 : PRINT RPM : LOCATE 6,45 : PRINT INC
W=RPM*.10472 : TITO=INC*.01745 : TIT=0

LOCATE 21,5 : PRINT " : .

178



2510 RETURN
2520 REM tr¥¥¥¥¥¥ QCREEN S ET IR TIPS T P R L RS PSP AT TS SR L
2530 CLS

2540 LOCATE 1,1 : ' : :
2550 PRINT "Httddst bt et bttty h oty b p h b et e v et PR LRI Y

2 S 2222 0

2580 LOCATE 3,1 :
2570 PRINT "ttty rsr ity ittt otttk L YRR TR E T TP T ¥

EreyEREn

2580 LOCATE 2,5 :

2560 PRINT"S U M M O M E NOT v oM F L U X"
2600 LOCATE 5,1 : PRINT " ENGINE SPEED / vevs/inin"

2610 LOCATE 6,1 : PRINT " C.A. INCREMENT / oCA"

2620 LOCATE 7,1 : PRINT " CRANK ANGLE / uCA"

2630 LOCATE 8,1 : PRINT " ANGULAR MOMENTUM FLUX / kKpm2/s2"

2640 LOCATE 9,1 : PRINT " TOTAL ANGULAR MOMENTUM / kgm2/s"

2650 LOCATE 12,13 : PRINT "VI & MF AT DD": LOCATE 12,53 : PRINT "VL & MF AT AA"
2660 LOCATE 18,13 : PRINT "VL & MF AT CC": LOCATE 18,53 : PRINT "VL & MF AT BR"
2670 LOCATE 15,34 : PRINT "VL & MF ACT."

2680 LOCATE 20'1 : PRINT R L T T T T T T T L T T L T T e pepnrpunpp e p e gy PPN
2680 LOCATE 23'1 : PRINT s S S N R S S SR S S L A R S S S R A SNSRI LS

2700 LOCATE 21,1 : PRINT "|" : LOCATE 21,75 : PRINT "{"
2710 LOCATE 22,1 : PRINT "|" : LOCATE 22,75 : PRINT "|"
2720 LOCATE 22,5 : PRINT "PLEASE WATT" '

2730 RETURN '
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1060 REM **¥* CWVEIL TEE¥  22/1/89 R.A.BALTAN YETrrirysrr ey rryerryrrys
1010 REM ==== SCREEN P e P e S N N T L T e
1020 GOSUB 2030 '

1030 REM ==== INPUT FTLE TRANSFER  s=sssssssssssussisssassssssssssssassass
1040 GOSUB 1720 ~

1050 REM ==== JNPUT FILE ( s=sz==sscsssssssscmssssdzsscssassssssssssassszes
1060 GOSUB 1800 :

1070 REM ==== INPUT FILE CWCOMP ===ssss==sssssssssssussusssssssssassssssass
1080 GOSUB 1860 ' A

1060 REM ==== PRINT ORIGINAL DATA ON SCREEN ====s=s=sszsssscesszsssusssssss
1100 LOCATE 5,30 : PRINT RPM : LOCATE 6,69 : PRINT USING "£.L££££";Q¥1000
1110 CR=(VC+{STR*AREA))/VC : LOCATE 5,68 : PRINT CR

1120 REM ==== INPUT DATA FROM SCREEN s rimemeeemcssecesssscoeemios
1130 GOSUB 2230

1140 REM ==== INITIAL CONDITIONS AND CONSTANTS =nsssssssssscszsssssssssass
1150 PI=3.1415928£ :TITO=INC*.01745 :XTWDOT=0 :STDOT=0 :Z1=0

1160 RPS=RPM/60 : W=RPM¥.10472 : CDH=.7 : DIM BOR(10)

1170 REM ==== FUEL DENSITY ses=sssssscsssrssssssssssssssssnssssssssssssxsss
1180 ROF = 844 * (1-((.000817)*TF)}) o ‘

1190 REM ==== PRESSURE DROPE ACCROSS NOZZLFE HOLES ==vusss=sssssussssssss==
1200 AMO = ((1440*VOLF¥RPS)/(INPER*PI*NH¥CDH*IH"2)) 2

1210 DELP = (ROF*AMO)/200000! : REM ==== CONVERT TO BAR ==:sssumsssss=zsa=
1220 FOR TIT=(SOI+INC) TO soc STEP INC ‘

1230 TITA=TIT*.01745

1240 E“ s=== AIR DENSTTY IN CYLINDER S I T N S S T M AR T S S SENA R
1250 R=STR/2 : NN=CRL/R : CR={VC+(STR*AREA))/VC

1260 VCYL = AREAYR¥(1+NN-(NN"2- (GIV(TITA)) 2)".6-COS(TITAY+(2/(CR-1)))

1270 ROAIR = Q/VCYL

]280 RE“ === AMBIENT AIR DENSTTY LN T S T N ATIIT T M A SR ILE R iz
1290 TAMB = 20 + 273 : ROAMB = PAMB / (287 * TAMB)

1300 REM ==== SPRAY TIP PENETRATION WITHOUT SWIRI ==ssssssssscemsszzacsssscos
1310 BMO = 140%( (DHYROAIR)/ROAMB)".5¥DELP".25

1820 CMO = (1+(ROAIR/ROAMB))" .85

1330 FCON = BMO/CMO

1340 TIME = ({TIT-SOI)*.01745)/W

1350 XT = FCON * TIME".8 ‘

1360 REM ==== SWIRL AND SQUISH AT GIVEN CRANR AVuIR SrmmssmssssumssmEsoas
1370 FOR I = 1 TO 2IZ :

1380 IF TIT»>CA(1) AND TIT<=CA{I+1) THEN GOTO 1360 RLSE GOTO 1420

1390 RATIO=(TIT-CA(I))/(CA(I+1)-CA(I))

1400 WT=WTT(1)+{RATIO®(WTT(T+1)-WTT(1)))

1410 SQU= vso(1)+(RATIo*(veQ(r+1) -vsQ(I))) : GOTO 1430

1420 NEXT I

1430 REM ==== SPRAY TIP PENETRATION WITH SWIRL cscssssssssscssscsssscmessss
1440 XXTW=XT = ‘ : ,

1450 QJ = 2¥(DELP*1075)

1460 QA = ROAIR¥(XXTW"2)*(WT"2)

1470 DMO = (("“Tw*QA)/(DH*QJ))‘

1480 XTW = XT * (1-.35*DMO)

1490 TF XTW>=.99¥XXTW AND XTW<1.1*XXTW THEN GOTO 1510 ELSE GOTO 1500

1500 XXTW=XTW : GOTO 1460

1510 IF XTW>.99%(D/2) THEN FINAL=1 : :

1520 REM ==== RADIAL COMP. OF SPRAY TIP VFLOFITY s AEEEELEECESESEEESSEmE
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1530
1540
1550
1560
1570
1580
15960
1600
1810
1620
1880
1640
1650
1660
1870
1680
1690
1700
1710
1720
1730
1740
17560
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1800
1910
1920
1930
1940
1950
1960
1970
1980
1990

" 2000 N
- 2010

2020
2030
2040

EMO=(.35YROATR™.44¥WT".88)/(2".44*DII". 44¥ (DRIP*10°5)". 4)

XTWDOT={ . 6¥FCON¥ (1-EMOYXTW"1.32) ¥TIME"~.4)/{1+1.32¥EMOYFCON¥XTW".32*T". 6)
REM ==== TANGENTIAL DEFLECTION OF SPRAY TIP ==usssssissssssszssazsszus
ST = DH¥((QA/QJ)*(XTW/DH)"2.217)

REM ==== - TANGENTIAL COMP. OF SFRAY TIP VF TOCTTY  sescmssscssssmssmosos
STDOT=((2.1085¥ROAIR*WT“2¥XTW"3.217)/((DELP*10"5)*Dli"1.217) ) ¥*XTWDOT B
REM ==== 1A\Gh TIAL VEIL.OCITY OF SWIRLING AIR R L U LEEENT R LSRR

VA = WT*XTW o
REM ==== CROSS WIND VELOCITY AT THE TIP OF THE PUEL JET s=ssss=sssss=s
VCW=ABS {STDOT-VA)

1F FINAL=1 THEN GOTO 1640 ELSH GOTO 1650

VIMP={ (XTWDOT"2)+(STDOT"2))".5 : SQIMP=SQU : GOTO 1680

REM s==E= PRINT RESULTS E e e T T 1 5 O R RPN L SRR R Y R I Y PR RS
GOSUB 2460 S . o
NEXT TIT

LOCATE 18,50: PRINT VIMP‘

LOCATE 21,5 : PRINT "END OF PROGRAM | "
LOCATE 22.5 : INPUT "WOULD YOU REQUIRE A PRINT OUT OF RESULTS ",DUMS$
IF DUM$="Y" OR DUM$="y" THEN GOTO 2570 ELSE END '

REM ==== FILE TRANGERR - mmtoom mes s oan oo ceas som e e mamasestamaae
OPEN "1",£1 “TRANSFER" T T
LOCATE 21,5 : PRINT "READING FILE TRANSFER"

INPUT £1, nxscs

FOR I=1 TO 10 : INPUT £1,DUM : NEXT I

INPUT £1,VCLOSE,Q, PTT,ROTT, RPM, TRC, T1,VOLEFF , PANR, PROOST, TOTHON

CLOSE

RETURN T

REM ==== FILE C B SmmEmSsEssmsmEEmESSmEmSSESseSsEsmsmSSEEESnssEEEoss
OPEN "I'.E1,FHECT
LOCATE 21,5 : PRINT "READING FILE C .

INPUT £1,CRL,STR,AREA,VD,CIR,VC,B, D, H,VOL, VOLX

CLOSE

RETURN | | -

REM ==== FILE CWCOMP s========s=s==sssssssss=z=ssssss=szsssssssssss==s

OPEN "I",£1,"CWCOMP"

LOCATE 21,5 : PRINT "READING FILE CWCOMP "
INPUT £1,DUM '

IF DUM=9999 THEN GOTO 1920

Z1=21+1 : GOTO 1890

CLOSE ' : '

Z1Z2=(21+1)/3

DIM CA(ZIZ), WTT(ZIZ) VSQ(aI?)

OPEN "I",£1,"CWCOMP"
FOR 1=1 TO ZIZ
INPUT £1,CA(I),WTT(1),VSQ(I)
IF CA(I)=360 THEN GOTO 1890 FEILSE GOTO 2000
SWIDC=WIT(I)*9.549296 ; SQTNC=VSQ (1)
EXT I ' :
CLOSE
RETURN -
CIS : REM ==== §UI@f]l =58 s s s s NS SR N S SRS a RS SSa NS B
LOCATE 1.1 : PRINT "*****?***Y*?*************?*7?*#****#ft*;;;;;;;:;;;;**

P titiisiE122 422 2R 22 2 200
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2050 LOCATE 3,1 : PRINT MEEftrtt e b ey r TP XA LR LT LIRS

E222 2332322320202y

2060 LOCATE 2,4 : PRINT "C R 0 ) S W
I N D"

2070 LGCATE 20,1 H PRINT L T P e T T Py R e e L T T
2080 LOCATE 23,1 PRINT "=====4====================================;==z========
2090 LOCATE 21,1 : PRINT "|" : LOCATE 21,78 : PRINT "1

2100 LOCATE 22,1 : PRINT "|" : LOCATE 22,78 : PRINT "{"

2110 LOCATE 5,1 : PRINT "ENGINE SPELD / revs/min"
2120 LOCATE 6,1 : PRINT "C.A. INCREMENT / oCA"

2130 LOCATE 5,43 : PRINT "COMPRESSION RATIO"

2140 LOCATE 6,43 : PRINT "TOTAL MASS TRAPPED / p"

o W1l

2150 LGCATE 7,1 : PRINT "CRANK AKNGLE / ul

2160 LOCATE 10,1 : PRINT "VOLUME OF FUEL PER INJECTION / mm3"

2170 LOCATE 13,1 : PRINT "FUEI. TEMPERATURE / ut”

2180 LOCATE 12,1 : PRINT "MEASURED INJECTION PERIOD / uCA"

2150 LOCATE 13,1 : PRINT "NUMBER OF NOZZLE HOLES"

2200 LOCATE 14,1 : PRINT “NOZZLE HOLE DIAMETER / oam"

2210 LOCATE 15,1 : PRINT "START OF INJECTION / OCA"

2220 LOCATE 16,1 : PRINT "START OF COMBUSTION / oCA"

2230 LOCATE 22,0 : PRINT "PLEASE WAIT"

2240 RETURN .

2250 REM ==== INPUT DATA FROM SCREEN =====s=szzzz===ssxs=sssas=szssssssssss=s
2260 LOCATE 22,5 : PRINT "PLEASE INPUT THE ABOVE REQUIRED DATA"

2270 LOCATE 6,30 : INPUT * ", INC

2280 LOCATE 10,40 : INPUT " ",VOLF : VOLF=VOLF/(10°9)

2290 LOCATE 11,40 : INPUT " ", TF

2300 LOCATE 12,40 : INPUT " ", INPER

2310 LOCATE 13,40 : INPUT R

2320 LOCATE 14,40 : INPUT ™ ",DH :PH=DH/1000

2330 LOCATE 15,40 : INPUT " ",801

2340 LOCATE 16,40 : INPUT " ",SOC

2350 LOCATE 22,5 : PR INT "PLEASE WAIT "

2360 LOCATE 10,1 : PRINT "AIR SWIRL / revs/min "
2370 LOCATE 11,1 : PRINT "SPRAY PENETRATION WITOUT SWIRL / in "
2380 LOCATE 12,1 : PRINT "SPRAY PENETRATION WITH SWIRL /Wi "
2350 LOCATE 13,1 : PRINT “TAN. DEFLECTION GF SPRAY TIP / "
2400 LOCATE 14,1 .: PRINT "RAD. COMP. OF SPRAY VELOCITY / m/s "
2410 LOCATE 15,1 : PRINT "TAN. COMP. OF SPRAY VELOCITY / ow/s "
2420 LOCATE 16,1 : PRINT “TAN. VELOCITY OF SWIRLING AIR / w/s "
2430 LOCATE 17,1 : PRINT "CROSS WIND VELOCITY / m/s "
2440 LOCATE 18,1 : PRINT "IMPINGEMENT VELOCITY / wm/s "
2450 RETURN |

2460 REM ==== PRINT CALCULATED RESULTS s=sscunuscszessssussscsssssssasssssss
2470 LOCATE 7,30 : PRINT TIT : BOB{1)=TIT

2480 LOCATE 10,50 : PRINT WT¥9.045266 : BOB{2)=WT*9.5492906

2490 LOCATE 11,50 : PRINT XT*10G0 : BOR(3)=XTY1000

2500 LOCATE 12,50 : PRINT XTW¥1000 : BOR(4)=XTW*¥1000

2510 LOCATE 13,61 : PRINT USING "£.EE£ELEL";ST¥1000: BOB(5)=ST*1600

2520 LOCATE 14,50 : PRINT XTWDOT . ¢ BOBR(6)=XTWDOT

2530 LOCATE 15,50 PRINT USING "£L.EEELEEL";STDOT : BOR(7)=STDOT

2540 LOCATE 16,50 : PRINT VA : DOR(8)=VA

2550 LOCATE 17,50 : PRINT VCW : BOB(9)=VCW
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2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
. 3050
3060

LOCATE 17,50 : PRINT VCW
RETURN

REM === TRANSFERING DATA TO PRINTER E T T T Ty S S MRSy =2
LPRINT : LPRINT : LPRINT : LPRINT
LPRINT "===’=====================‘===========-'=='-':==&-’—==-‘-:-‘-;:_' -------
LPRINT " 6 E N E R A T E D T A
LPRINT "======sssszssssssssscsssssissusssssssssssssssisiissssssssssssmss
CPRINT . T
LPRINT "DISC NUMBER

LPRINT : LPRINT

LPRINT "ENGINE SPEED / vevs/min

LPRINT "COMPRESSION RATIO

LPRINT “NUMBER OF NOZZLE HOLES

LPRINT "NOZZLE HOLE DIAMETER /

LPRINT "START OF INJECTION / uCA

LPRINT "INJECTION PERIOD / uCA

LPRINT "START OF COMBUSTION / oCA

LPRINT "IGNITION DELAY / uCA

LPRINT : LPRINT

LPRINT L T T T L T T e e Y T L T e Y L T
LPRINT : LPRINT I
LPRINT "TOTAL MASS TRAPPED / u

LPRINT

LPRINT "TOTAL ANG. MOM. AT IVC / kgm2/s

LPRINT ;

LPRINT "SWIRL RATIO AT TDC

LPRINT :

LPRINT "SQUISH AT BOWL RAD. AT TDC / w/s

LPRINT :

LPRINT "CRANK ANGLE AT IMPINGEMENT / uCA

LPRINT ;

LPRINT "SWIRL RATIO AT IMPINGEMENT

LPRINT : ‘

LPRINT "SQUISH AT BOWIL RAD. AT IMP. ! w/is

LPRINT

LPRINT "SPRAY PENETRATION WITHOUT SWIRL /

LPRINT

LPRINT "SPRAY PENETRATION WITH SWIRL / i

LPRINT .

LPRINT "TAN. DEFLECTION OF SPRAY TIP /

LPRINT

LPRINT "RAD. COMP. OF SPRAY VELOCITY / WS

LPRINT : :

LPRINT "TAN. COMP. OF SPRAY VELOCITY / m/s

LPRINT : '

LPRINT "IMPINGEMENT VELOCITY / wis

LPRINT ,

LPRINT "TAN. VELOCITY OF SWIRLING AIR / w/s

LPRINT

LPRINT "CROSS WIND VELOCITY / w/s

LPRINT : LPRINT : LPRINT : LPRINT

END :
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: BOB{9)=VCW

",DISCS

", KPM
",CR

", Ni

", DH¥1000
", 801

", INPER
",80C
",80C-S0T

" Q*1000
" TOTMOM
" SWTDC/RPM

",8QTDC

- ",BOB(1)

",BOB(2)/RPM
", SQIMP

" ,BOB(3)
",B0B(4)
",BOB(5)
“,BOB(6)
“,BOB(7)
",VIMP
",BOB(8)

",BOR(9)



B.11 - Flow charts of the programs ITERAM, SUMMOM, COMPRESS, and CWVEL

Flow Chart for ITERAM

PRINT :
Display Screen

]
READ:
Files A, B& C

INPUT;
Ambient Conditions
Engine Speed
Crank Angle Increment

Do You Require to
Change the Preset Squish
Radii ?

INPUT :
New Radii
]

>

[lncrcmcm the Crank Anglcj
|
CALCULATE:

Cylinder Volume at time ¢ + 8¢
Manifold Pressure, after adjustment
Valve Skirt Area
Discharge Coefficient, Cy
|
SOLVE:

Simultancous Equations far Average Mass Flow

Printout Required ?

LPRINT ;
Crank Angle, Mass Flow Rate at time ¢
Mass Flow Rate at time ¢ + 8¢, Total Mass

Results of Valve Lift, Mass Flow |
and Total Mass to File F

1
CALCULATE:
Volumetric Efficiency, W,

I
PRINT :
All Present Results to Screen

Is the Inlet
Valve Closed Yet 2

WRITE ;
Data to File TRANSFER

Do You Require
to Run SUMMOM ?

SUMMOM
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S8t

SET:
Initial Conditions

READ:
File D into Amray ARD()
Point from File F

Is the
Datain File F

Exhausted ?

[Increment the Crank Angle}

Mass Flow Less Than

PRINT : .
Values of AA, BB, CC, DD

CALCULATE:
By interpolation in 3-d the
Elemental Angular Momentum Flux

CALCULATE:

Total Momentum for negative Mass Flow

PRINT :

Valve Lift
Mass Flow

SET:
Extremes for points AA, BB, CC, DD

1

DETERMINE ;
What regime the data from File D
is in (AA, BB, CC, DD)

SOLVE:
By using the replacement criteria
detailed in Section 2.3 for points
AA,.BB,CC,DD.

Are any of the
points AA, BB, CC, DD
at their maximum
limit ?

Mass Flow Greater

CALCULATE:

Total Momentum Flux for Positive Mass Flow

a Printout of

Results Required ?

PRINT :
Data to Screen

Do You
Require to run

LPRINT :
Crank Angle,
Valve Lift,
Mass Flow
Total Mass,
Total Momentum,
Incremental Momentum

WOWIWNS 4of 1D M0].f




981

PRINT:
Display Screen
1
SET:
Program Constants
|
READ
File TRANSFER
File C

Require to Change

CALCULATE:
Cylinder Volume
Moment of Inertia
Swid
(all at Inlet Valve Closure)
1
PRINT :
Crank Angle
Swir attime ¢
Swirl Ratio at time ¢
Compression Ratio

-
]
&u:rcmcm the Crank angle]

Is the
Crank Angle Greater

CALCULATE:
Squish Velocity at predefined radii

WRITE:
Datato File PLOT

Printout Required ?

data to be written
to File PLOT ?

PRINT :
Results 10 Screen

Is the
Crank Angle greater

than 365° ?

than 320" ?

LPRINT :
. Crank Angle
" Swird
Swirl Ratio
Squish Velocities

SSTYIINOD 0] 1Dy M0} o

CALCULATE:

Cylinder Volume at time 1 + &
Moment of Inertia at time ¢ + &
Cylinder Air Density at time 7 + &
Rate of change of Moment of Inentia

Data to File CWCOMP

1
SOLVE:
Frictional Torque Equation

Do You
Require to Run
CWVEL?

CWVEL




L81

PRINT :
Display Screen
1
READ:

File C
File TRANSFER
File CWCOMP

PRINT :
Current data to Screen
{Engine Speed, Compression Ratio
and Total Mass of gas Trapped)

INPUT:
User Inputs as specified

PRINT :
Results Screen

|
SET:
Initia! Conditions and Constants

|

Air tangential velocity, V,
Cross Wind velocity, Ve,
Fue] Impingement velocity on combustion bowl wall, V

- CALCULATE :
Fuel Density, at given ambient conditions
Injection Pressure AP

Has the
Fuel Spray Impinged

upon the bowl
wall 7

PRINT :

Fuel Impingement Velocity

Squish Velocity
J

Require the
data to be written to

File CWPLOT

—

1
{ Increment the Crank Angle |

CALCULATE:
Cylinder Air Density, p,
Ambient Air Density, Poms
Time since Injectio,
Fuel radial displacement without swirl, X,

WRITE:
Data to File CWPLOT
Combustion begu
Pri ired 2
rintout Required LPRINT -
Standard Output Data Sheet
(See Appendix E for sample
Require 10 run data output)

]
DETERMINE:
The correct value of Squish and Swirl
for the Crank Angle

. CALCULATE:
Fuel radial displacement with swirl, X,,,

Fuel radial velocity, d:'
Fuel tangential displacement, §

Fuel tangential velocity, —’

d
1

CWVEL again ?

Do You
Require 10 run
COMPRESS 2

Require to run
ITERAM?

_COMPRESS

TIAMD 10f 1vy D MOl



B.12 - Effect of cylinder bore on the total moment of momentum

at IVC and on the swirl speed during compression

From section B.4 of this Appendix, the moment of momentum of the

air admitted during the time interval §t is given by,

5 |
M=|2np IO Ve oridr| 8t ve.. B.13

As a first approximation, the effect of cylinder bore, B, can be
illustrated by replacing,

- May
p (B/2)?

a

where ﬁhv is the average air mass flow rate admitted by the engine over
the interval Ot. Also, assume that W is not a function of radius, r;

substituting in Eq B.13 and integrating gives,

8

ﬁoting that the ‘average air mass flow rate, ﬁuv, increases with
increasing cylinder bore (at a given engine Speed). It is clear from
this equation that the moment of momentum increases rapidly with
increasing cylinder bore.

However, the moment of inertia of the trapped mass rises with

increasing bore and swept volume:
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4
BBL2AS 4+ 2)
J = Mive 2

Assuming that there is no fluid friction (this assumption is made

here only for illustration purposes), then:

d{o:) _
dt 0

I(O(_':M

o =M

Therefore, the change in swirl speed,o%,with increasing c¢ylinder
bore B is dependebt on the ratio M / I. 1It is somewhat complicated to
interpret mathematically the effect of the cylinder bore on each
individua; term in this ratio. However, this effect could be further
ascertained using the models of Chapter 5, given suitable steady-flow

rig data for the flow through the valve of a cylinder with larger bore.
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~ Appendix C



Experimental Accuracy

This appendix presents the errors involved in the instrumentation,

measured, and derived parameters. The errors calculated for the measured

parameters were defined as: the smallest division on the scale of the
instrument as a percentage of the range of the measured values. For
exémple, the air inlet pressure range was 400-800 mmHg, where the
smallest division on the manometer was lmm, therefore:
Error = 1/800 x 100 = 0.125% to 1/400 x 100 = 0.25%
The errors for the derived parameters were calculated using the
Binomial Approximation method, (Stone, 1985).
Measured Range Smallest Percentage
Parameters Divisions error
Atmospheric pressure (mmHg) - 760 1 0.13
Cylinder gas pressure (bar) - 80 1 1.25
Air inlet pressure (mmHg) 400 - 800 1 0.12-0.25
Exhaust back pressure (mmHg) 90 - 270 1 0.37-1.11
Air flow rate (g/s) 5 - 18 calib. 1 -3
Fuel flow rate (g/s) 0.1 - 0.5 calib. 0.5 - 2
Engine speed (rev/min) 1000 - 3000 6 0.2 - 0.6
Engine load (1b) 20 - 24 1 4 -5
Temperatures (K) 300 - 900 calib. 0.1 - 0.3
Crank angle ( s) 200 - 1000 5 0.5 - 2.5
Smoke (Bosch unit) 2 -10 0.2 2 - 10
NO, (ppm) 2% full scale .2
Derived Proportional to: Percentage
parameter error
BMEP engine load 4 -5
BSFC engine load, fuel flow rate 4.5 - 7.0
BSAC engine load, air flow rate 5 - 8
vol. eff, air flow rate, atm., press., temp. 1.23 - 3.43
Inj. timing crank angle 0.5 - 2.5
Ign. Delay crank angle 0.5 - 2.5
Start of comb. crank angle 0.5 - 2.5
Air fuel ratio air flow rate, fuel flow rate 1.5 - 5.0
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(a) Diesel engine bowl-in-piston combustion chamber with swirl and
multihole nozzle; used in medium to small DI engine size range, (b)
Small indirect-injection diesel engine combustion system (swirl
prechamber type). (Heywood, 15988)
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FIGURE 2.4

Effect of start-of-injection timing on
diesel engine performance and -
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four-~hole injector nozzle, 2600
rev/min, fuel delivery 75mm”/cycle,
(Heywood, 1988)
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FIGURE 2.5

Tradeoff between NO_ and smoke
emissions for a quiescient single-
cylinder DI diesel engine with

bore = 140mm , stroke = 152mm , CR =
14.3:1 , eight-hole injector nozzle.
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FIGURE 2.6 .
pifferent types of swirl-generating inlet ports: (a) deflector wall; (b)

directed; (¢) shallow ramp helical; (d) steep ramp helical. (Heywood
1988)

FIGURE 2.7

(a) Masked cylinder head and
(b) shrouded inlet valve
approaches for producing swirl
during induction. (Heywood,
1988) (a) (b)
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axis is defined as the z-axis with the cylinder head as z = 0, H = 41.4
mm is the distance between the cylinder head and the bowl bottom when
the piston is at TDC. r is the radial position of the LDV, and R = 28.3
mm is the piston bowl radius. The bump clearance at TDC is 1.1 mum.

(Fansler, 198)5)
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Results for ensemble-averaged rms velocity fluctuations at 600 rev/min;
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z is the cylinder axis with the cylinder head as z = 0, H = 41.4 mm is
the distance between the cylinder head and the bowl bottom when the
piston is at TDC, r is the radial position of the LDV, and R = 23.8 mm
is the piston bowl radius. The bump clearance at TDC is 1.1 mm.
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Process of mixture formation and flame development. Dynamic injection
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engine B, swirl ratio = 2.1, with high turbulence. (Shiozaki et al 1980)
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FIGURE 2,21
Schematic of diesel fuel spray
defining its major parameters.

(Heywood,

1988)

L is the stroke and S
for definition of other terms.
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Effect of injection pressure on Sauter mean diameter. (Varde et al,

1984)
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FIGURE 2,23
Interaction of fuel spray with swirling air at impingement, definition

of crosswind velocity. (Timoney, 1985)
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Correlation of spray impingement
velocity, and crosswind velocity
with ISFC and smoke. Ricardo
E16, 40 rev/s, 19:1 AFR.
(Timoney, 1985)
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Correlation between measured
exhaust smoke and calculated
crosswind velocity at
impingement. Ricardo E16, 40
rev/s, 19:1 AFR. (Timoney, 1985)
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FIGURE 3.2
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Governor system: -(.a) installation; (b) detail and modifications.
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FIGURE 3.11
Photograph of the Lister piston crown showing carbon deposits due to

fuel spray impingement; observed at the end of tests with the three-hole
nozzle at 12.9:1 compression ratio,.

SPRAY CONE
NOZZLE TIP CENTRE LINE
POSITION
PISTON BOWL
SPRAY 1
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FIGURE 3.12
Diagram showing the piston crown, position of the injector, and fuel-
spray centre-lines for the three and four-hole injector nozzles.



Injector
centre line

SPRAY 1 ~ SPRAY 1 ' {

Spray cone
centre line

Spray cone
boundary

——
-
~———
-
-
-
~e
-
-
——
-~

-] :'.’_'. — s
Piston bowl
SPRAY 3 : - SPRAY 3

17.4:1 Comp. ratio

12.9:1 Cémp. ratio _ . _ SPRAY 4

FIGURE 3,13

Cross-sectional views of the combustion chamber along each spray centre-
line for the three and four-hole injector nozzles. The piston is shown
at 15°CA BTDC, at compression ratios of 17.4 and 12.9:1. The spray cone
angles were corrected to represent conditions at elevated pressure
during injection.



Maximum rate of

Maximum rate of

7
(a)
a-.
)
1]
e 51 )
0 .
0o o
HI~
LI
0|8 41
b
a, . ° . :
34 ° 3 — hole nozzle
@ [ .
. Ge ° © 1300 rev/min
2 ® 1700 erv/min
g
L)
| (b)
8 °
[ ] ¢ °
¢ e
.2 o [}
HI g
ol hd
RN
5| M
Ak
2" 4
2, . 4 — hole nozzle
3+ © 1300 rev/min
® 1700 rev/min
2 — ' . ¢ 2100 rewﬁnin
0.2 0.4 0.8 . 0.8 :
Ignition delay -
ms
FIGURE 4.1

Relation between ignition delay and maximum rate of pressure rise: (a)
Three-hole nozzle; (b) Four-hole nozzle. Results from all engine tests

included.



1
.
0.8
> 1 .
P
)
] » o
(-2 K.] . :
3 g 0.8 -
u .
2 d 0
= o
0.4
.
0.2 T T T T T T
16 18 20 22 24 28 28
Dynamic injection timing
“ca BTDC
FIGURE 4.2

30

Effect of dynamic injection timing on ignition delay,

ratio).

?
-

/
- a
E" 84 //
H -~
2]
0
v 3 54
@o .
wiN
4F
ola 44
o
]
H
o
%
d
=

2 ¥ T T Ll T Ll

16 18 20 22 24 26 28
Dynamic¢ injection timing
°Ca BTDC
FIGURE 4.3 :

30

8.5mm plunger

4—~hole nozzie

1300 rev/min

1700 rev/min

C| 7.5mm piunger

[=]

o|0

C{C| O| 3—hole nozzie

em0OO0

(25:1 air fuel

8.5mm plunger

1300 rev/min

4-—hole nozzie

1700 rev/min

O | 7.5mm plunger

oo

C|C1 O] 3—hole nozzle

¢®B0OO0

Effect of dynamic injection timing on maximum rate of pressure rise,

(25:1 air fuel ratio).



1
0.9
o
: HE
o 3 ﬁ A
a| o8- §
ele|z NN
JHHEHE
o Q f ~|a g S
8 0.7 1 olo o o
3 alo olu
[ BKe) 9 ¢
0.8+ ¢ |ofo 2
0.5 T T T T T T :
18 18 20 22 24 28 28 30
Dynamic injection timing
®ca BTDC
FIGURE 4.4 o
Effect of dynamic injection timing on boost pressure, (25:1 air fuel
ratio).
10 a\\\
9-
L}
Y
#
o £
i . AN THHARE
RO : elele 5 Bid
o o8 HHHHEE
< rlo|-]-
g 7 —~ — g — _ oOlo ol {o
mg Sres .._-.k ~ oo 210
b .:;.\ mjo o| |v
v 6 ‘\\‘\ ~ oo ;)
.._.‘. ~
5 . . : . r
16 18 20 22 24 26 28 30
Dynamic injection timing
©ca BTDC
FIGURE 4.5

Effect of dynamic injection timing on brake mean effective pressure,
(25:1 air fuel ratio). .




Brake mean

Brake mean

10

o
9 o °
8 oo
2 o
a o
5 81
o) M ° o
019
4 7-
D o ° o
(]
by
ol & ° | 3 - hole nozzle
(a) ° © 1300 rev/min
51 o 1700 erv/min
1
o 10+ L
5]
3
7]
o 9- .
M "
a, :'é ° '. . [}
019 .
5
.3 8- ‘ * n [ 4
13) a
g * L 4 — hole nozzle
¢ 7 ® 1300 rev/min
5] ® 1700 rev/min
6 : : : : e 2100 rev/min
2 3 4 5 6 ?
Maximum rate of pressure rise
bar/°ca
FIGURE 4.6 . . .

Effect of maximum rate of pressure rise on brake mean effective

pressure: (a) Three-hole nozzle;
engine tests included.

(b) Four hole nozzle. Results from all



Brake specific
fuel consumption

0.40
o....
0.35 4 , @ "
=~ K £l
o \\- // : gg%%}é
£ o030 - AHRAHE
S i AAFIRIEE
,\C
Olo ) 9
\ Ojo ol v
0.25 1 o 9 5}
\\\5‘~f, ¢ Qlo o
0.20 T T T T ! T
16 18 20 22 _ 24 268 28 30

Dynamic injection timing
°ca BTDC

FIGURE 4.7
Effect of dynamic injection timing on brake specific fuel consumption,

(25:1 air fuel ratio)

10
8 -
0 * |
e HHHHES
NE HHHHE
4 8
2le °® ifh.,g:
wlo
8 [eR K] o] (o]
m alo olo
44 m|o 0
ofo )
2 T 1 L] 1 L T
18 18 20 22 24 286 28 ao
Dynamic injection timing
©ca BTDC
FIGURE 4.8

Effect of dynamic injection timing on exhaust smoke emission, (25:1 air
fuel ratio). » v



700 -y
—
~—
o S
4 e
& S
]
; e
‘.
»
3]
np
n
o) \
£ 500
a
]
£ \\\\
8
(O] \
400 T T T T T L —
16 18 20 22 24 268 28
Dynamic¢ injection timing
®ca BTDC
FIGURE 4.9

30

¢m0OO

Effect of dynamic injection timing on exhaust gas temperature,

fuel ratio).

¥ 3 £|E
THHHHK
THHBHE
nvﬁﬁgﬁ
o] Q o]
o olo
(e} o

[o ] Be) Q
(25:1 air




0.40
(b) -

py
.
®
.

0.35 - |

0.30 1

Brake specific
fuel consumption
kg/kWh
q

0.26-
—

0.20

bar

Brake mean
effective pressure

10
(a) —

6 - =4 - /
! o
0
§ T T
4 8 8
Smoke
Bosch units
FIGURE 4,10

10

émDoO

HHHE
g NN
§ :gié
HHHHHE
o Q Q
[e] QlQo
o [o] o]
[s] (o]

(2a) Brake mean effective

Tradeoffs between exhaust smoke emission and:
(constant 25:1 air fuel

pressure; (b) Brake specific fuel consumption,
ratio and varying injection timing).



6+ T T
b o
T
o HIg
M |0
A 4
5 1RY)
0| ©
e
% 8
L o{ 31
=
(c)
2-«
l-
ol 0.8-
3
/1]
ol 084
Mln
&
o 0.74
n
o
0
@ 0.8-
{b)
0.5-
79 i
% :
— 6
)
o
5|8 -
o)
& :
-
& :
H 4 :
AL i
7.5 8.5
Pump plunger diameter
mm
O  3-hole nozzle,
{ 3-hole nozzle,
€ 4-hole nozzle,
M 4-hole nozzle,

FIGURE 4.11

Effect of increase in injection
rate on: (a) ignition delay;
(b) boost pressure; (¢) maximum

rate of pressure rise.

25:1
25:1
35:1
35:1

104 - T
1] 87
pu ]
-
HE
8-.
gla
0o
n
0
m 4
(c)
2
0.40 -
v &
239 0.35- :
&g 5
0 s £ : ]
& ] 5 0.30 ¢ -
& 2% 0304 e :
ol : '
0 O« H
M ’-...--..---..--.-‘
aﬁ 0.25 ® e
e SET T
w -.-.
(b)
0.20-
101
)
3]
al 9
g n
o 8
N
R o 8 1
o o|a
VI
® -
[ 2
) o 74
4
by
(a) ¢
8- -~

7.5 8.5

- Pump plunger diameter
mm

air fuel ratio, 1300 rev/min
air fule ratio, 1700 rev/min
air fuel ratio, 1700 rev/min
air fuel ratio, 2100 rev/min

FIGURE 4.12 :

Effect of increase in injection
rate on: (a) brake mean effective
pressure; (b) brake specific fuel
consumption; (c¢) smoke emission.



Brake specific

FIGURE 4.13

0.40
(b) ..
8 0387 G\\\\\\\\\\%
o
Fa)
0.
5|8
< Y
al1¥ 0.30 ‘ -0
ol
Oty
°
o /.
A 0.254
a
-
-
0.20
10
(a)
o 9
H
]
- 0
59 8
Y
B & :
0 0Q
L1
VI L
@ 0
]
“
e
L] 8 -
5 T Y T
2 4 8 a 10
Smoke
Bosch units
o] 3-hoié nozzle, 25:1 air fuel ratio, 1300 rev/min
{ 3-hole nozzle, 25:1 air fule ratio, 1700 rev/min
4 4-hole nozzle, 35:1 air fuel ratio, 1700 rev/min
M  4-hole nozzle, 35:1 air fuel ratio, 2100 rev/min

Tradeoffs between exhaust smoke emission and: (a) brake mean effective

pressure;

ratio and varying injection rate).

(b) brake specific fuel consumption,

{constant 25:1 air fuel



1 0.40
(b)
o g 0.351
A -
Hop
A O
(3] s o]
S al%
o e~ 0307 .
oo
0 0|«
~
o ~
N O
-1 *
e 0.25-
0.20
9
(a)
s 8.5
9 ]
¢ o :
o K] HEHE
2 al, THHEHK
g AL
o o|a f f § gigls
ﬁz~ 4'~-';&
S § Ofjo ol|o
W Qoo o Q
t 7.81 ® olajo
¢ ofo o
[ | o2 [+
7 1 T ¥ 1 1

15 20 25 . 30 35 40 45

Air fuel ratio

"FIGURE 4.14 : -
Effect of air fuel ratio on: (a) brake mean effective pressure; (b)

brake specific fuel consumption, (constant static injection timing of
25°ca BTDC) .



10
(a)
94 '
8-.
n
b
olc 7
x| 3
gla
vi|o 8-
n
o
M
. 8-
o
3
0.9
(b) //‘
0.85- 0 o s
2] 0.8- A /
@ _ : ”
2l /
a o
o
3
. . o
2 0.7 , -
7
0.65 :
0.6 ™ T T T T
15 20 25 30 a5 40
Air fuel ratio
FIGURE 4.15

45

meeOO0

4—hole nozzie

1300 rev/min

1700 rev/min

2100 rev/min

C

C 1 Of 3—hole nozzie

©

CICJICIC|C{ 7.5mm plunger

Effect of air fuel ratio oh:

(a) exhaust smoke emission; (D)

pressure, (constant static injection timing of 25°CA BTDC) .

"boost



0.40

-

Qeccnccadecconscg

(b)
=4 0.35"
[ I
R
a el
3] gﬁ
2 alZ '
& al% 030
o|b
v 0O|X
o
o ~t
3] :«J’ .
a8 0.25
0.20
9
(a)
9 8.5
] .
0
g n
9 0
g M
© 8-
0 ViR
Mo>
g -
| S IP ]
m 0
) .
W
“ 7.5
(]
7
2
FIGURE 4.16

4 8 8

10

-~ Smoke
Bosch units

meedO
[o]

1300 rev/min

1700 rev/min
2100 rev/min

[¢]

O} C | 3—hole nozzie

[&

(o]

O{0{ 0| O] O 7.5nm plunger

Tradeoffs between exhaust smoke emission and: (a) brake mean effective

pressure; (b)

brake

specific fuel consumption,

(constant

injection timing of 25°CA BIDC and varying air fuel ratio).

static



25:1 air fuel ratio, 1300 rev/min
25:1 air fule ratio, 1700 rev/min

3-hole nozzle,
3-hole nozzle,

4-hole nozzle, 35:1 air fuel ratio, 1700 rev/min

N \
TITLY

JI111

2100 rev/min

35:1 air fuel ratio,

4-hole nqzzle,'

(*hd) "¢’ 75°0%%6%¢7¢"¢%'

nnnnnnnnnnn

[JYi]seussusnunsi

IS W e

ITNNNNNNN\N

O NN

¥

['0°6 DODTOOOOOOD
E"}”O”’.”D’b’)’)’ *

a

1oL
=

GEENUNEESED
J

I R IR
o "..’........’...‘

EZETANNANAN

o9 ettt dd]

4

- v..'.’...'.’."...‘..

TN

N

ez oIyl -

61eq
3s00@

auasdzed

"33% “1oA

yosog
SHOWS

ymy/by
ovsd

uymx/5x
2389 .

Teq
d3ng

Ipmngren @ @ O © @ @ ¢
LN %% % %%

= V.V e v
N 20202 %% 2%

)

OCOOOOOO0

B FAA0) %0 %000 %0 %0 2000 %

Psruey Y

lryrece® ¢ ¢ 0. @ ¢ .0
18 22 KXRAREN

ey gy

Nl iil i i)
Serlsensusanw

ERANNNNNNN

freq

"ss3xd -x3

JqLrga ¥oo
sod xwwg

¥oo/eq
ady

¥oo

Keisp ‘ubx

2qlg voo

‘wry “fur

A ate
Buygoon L1V

‘
\[Jessasane

ST RSB GRS

5 NN\

7

seb
asneyxi

ME...I'U.I-

T W W W W
otoleee%

ava

/l IvIE

L
=TTy I IYiI 1T T) -
M X sssunasessns RER SLIRLE]
e}
[
17}
Q
g
[} 1933I0Q
& zaputTid
e R
hﬂ@ﬁuﬁtgf.t’bommu
Jwas

satea 3IBTUI

e

(23 ANNNNNNNNNNN

397UT ITY

FIGURE 4.17

ling
25:1

Comparison of engine performance parameters with and without intercoo

at 1300 and 1700 rev/min with three

-hole nozzle, 7,.5mm pump plunger,

Oca BTDC.

air fuel ratio, and static injection timing of 25



10

600
Maximum temperature
with standarxd engine
. 550 - / : . !
o 7 a o
+ [ ]
3 500 /
Kef [ ] .. o
é o 0 ¢g 0
e
450 ] o o
Maximum BMEP with a
standard engine [ ]
A/ i )
400 oG
260
o l
250 °
- [
- | J
o 8| 2404 o o
L d
o Maximum temperature o
" uOU 230 with standard engine 0 . o ®
9 0 ')
o 3 ° .
8 y
. 220
210- Maximum BMEP with b s a
/ standard engine [ ] s
®
200 "’//
220
[ ]
0
o~ 21 o a
3 3 Maximum temperature
N D with standard engine
4~ 200+ o
Qg /
[T+ C)U o ° L
L o
{‘é’ é’ 190 / oe
" B o 8 - %°mg
~ @ [} ]
(3‘ e 1804 Maximum BMEP with o .0 ]
standaxd engine Q
"/}‘// L ]
170 ‘/ T T Y T
5 8 7 8 9
Brake mean effective pressure
bar
FIGURE 4.18

Effect of brake mean effective pressure on engine tempera

number of locations, (results from all engine tests included).

L]
o
®
]

*

3-hole, 1300 rev/min
a-hole, 1700 rev/min
4-hole, 1300 rev/min
4-hole, 1700 rev/min
4-hole, 2100 rev/min

ture at a



1.6
& 1300 rev/min
o
& 1."‘ 5
§s Vo C a
: %
’ %
1.2
.‘g" ¢
0 %
%‘ 1 0'
n %
-
0.8
1.6
- 2000 rev/min
o
: s
[+
. 101- + 8. o8 .
g e *, +Q +°.
*
5 b
3] 1.2 ‘ ; +
4 o,
i .
™
P <
8
' 8
0.8 T T ) | L}
240 260 280 300 320 340 360

Crank angle
degrees

M O0CO0OO +

e .
increasing load from
no-load to full-load

FIGURE 4.19
Variation of the polytropic index with crank angle during the

compression stroke.



Measured igniﬁibn délay

O 1300 rev/min
N 2000 rev/min

T T
700 800 800 1000 1100

Calculated compression temperature
O
C

FIGURE 4.20

Relation between estimated compression temperature and measured ignition
delay, (increasing engine load at constant speeds of 1300 and 2000
rev/min) . '

2
7/
/
Ve
.. /
o ‘ . /
3 1.5 E y .
/
_§ 7 A °
et 7/
e / [ )
‘s‘ g 19 / : 1300 revs/min
] » . . ' @ WATSON
3 '/ 5' s 6 M WOLFER
3 2/ o .2 2 A ZIHMERMAN
3 § i S g © s ¢ scumior
2l osd / o4 . ° ,
© . / .; o g 2000 revs/min
/ s g ° O WATSON
/ (u] [0 woLFER
/ ° 4O ZIMMERMAN
' ‘ O scuuor
0 1 1 L)
0 ‘ - 0.5 1 1.5 ’ 2
Measured ignition delay
‘ ms
FIGURE 4.21

comparison between measured and calculated ignition delays.



10 L

) x
)
iy * .
o Hlee 0 X X
0 N %
H o
[} x x
Q4 X x
X
-10
1
p |
o
4
4
4
‘l
0.9"' ' . ' 4
4
4
‘l
o
(2} o ':' °
e o o
'U ’
5| 08- P
&l | .
) [o] 'l o
HDh ¢
$ ¢
he! °. ’
] e
3 o,
- 0.7 - .
o . ’
[} ’
N v
N J’
. 4
4
U4
4
4
. ’I
0.6 .’
. ’
,
4
’
4
'I
s, 0
’
! (o] .
A
0.5 T T T !
0.5 0.6 0.7 0.8 0.9 1
Measured ingested trapped mass
1
FIGURE 5.1

Comparison of the measured and the predicted trapped air mass, and the

error in the predicted trapped air mass.



Predicted moment of momentum of

= 1300 rev/min
o 1700 rev/min

10
(8]
2 8 1
F3
(]
1]
Fs}
Sl =
2l 87
S| &
A
%] <
gl o
[+ — 4
e
—
>t
¢}
(V]
=
+ 2_
0
0.5
FIGURE 5.2

Relation between the predicted trapped air massiand the predicted total
moment of momentum of the cylinder contents at inlet valve closure,

1 1 I I

0.8 0.7 0.8 0.9

Measured trapped mass
g




o~
]
~

12
- Ingine compression Boost
'g speed - ratio pressure
o rev/min . “Barg
o,
n
0 104
e
-
o
=}
5]
~ 8-
o
]
(]
[
)
r
ol 6
3 3
2
0 .
o
i s
[
]
e
=
(7
2 1 | J LI Li L) i
280 280 300 - 320 340 380 380 400
Crank angle
CA
(b) 3
EXPERIMENTAL RESULTS
30 e Plain infet valve supercharge {1-7 bar) /\
x Masked inlet valve {optimum position) _ '
25 4 Plain inlet valve no supercharge A
3 ewmeme- Theoretical analysis // ’\‘\
o o,
- ' x| \ p
g 2 : \
- a
-: 's a / \
2 : . v 2 “’x/ 3\\
//// x %
. ] . A S
0 A
‘/‘_—' 4 /
°/ 7
S ) 4
/ Engine speed 1000 rev/min
0 l' | { |
0 40 80 120 160 200 240 280 320 360 400
Crank angle
CA
FIGURE 5.3

(a) Variation of the predicted swirl ratio of the trapped air during
compression for the Lister engine, (b) variation of the swirl ratio
during compression for the engine used by Dent and Derham (1974).
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Predicted fuel spray tip trajectories at different engine running
conditions. :
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FIGURE 5.6

Effects of injector nozzle hole diameter, number of nozzle holes, and
injection rate on crosswind velocity for the Lister engine; engine
speed 2000 rev/min.



Pump plunger Injector Boost
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FIGURE 5.7

Results from the Lister engine tests at the low compression ratio
(12.9:1) showing the effect on crosswind velocity and other performance
parameters of the change in the injector nozzle from the 3-hole to the
4-hole unit; engine speed 1300 rev/min, air fuel ratio 25:1.
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FIGURE 5.8

Results from the Lister engine tests at the low compression ratio
(12.9:1) showing the effect on crosswind velocity and other performance
parameters of an increase in the injection rate; engine speed 1300
rev/min, air fuel ratio 25:1. ' '
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FIGURE 5.9

Results from the Lister engine tests at the low compression ratio
(12.9:1) showing the effect on crosswind velocity and other performance
parameters of an increase in the znjection rate; engine speed 1700
rev/min, air fuel ratlo 25:1.
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FIGURE 5.10

Results from the Lister engine tests at the low compression ratio
(12.9:1) showing the effect on crosswind velocity and other performance
parameters of changes in the injection rate and in the injector nozzle

from the 3-hole to the 4-hole unit; engine speed 1700 rev/min, air fuel
ratio 25:1.
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FIGURE 5.11
Results from the Lister engine tests at the low compression ratio
(12.9:1) showing the effect on crosswind velocity and other performance

parameters of an increase in the injection rate; engine speed 1700
rev/min, air fuel ratio 35:1.



