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ABSTRACT

A non-linear digital simulation of turbocharged
diesel engines has been developed to predict transient perform-
ance. The mathematical model divides the engine into the
following component systems: engine thermo-fluid dynamics,
turbine, éowpressor, engine-load dynamics, turbocharger

dynamics, governor and fuel injection system.

The quasi-steady "filling and emptying" approach is
employed to describe gas flow and changes in thermodynamic
conditions. The turbocharger is also treated on a quasi-
steady basis, with the aid of steady state performanée charac-
teristics. By applying conservation laws (energy, mass and
angular momentum) and the ideal gas eduation, a set of
coupled ordinary differential equations is obtained in the
form of an-initial value problem. Governing equations are
numerically integrated in a simultaneous manner along equal

crankangle increments.

The model of the combustion process is based on
the fuel burning rate apprbach. Experimental burning rate
curves are correlated to ignitidn delay, engine speed, and
equivalence ratio. Thermodynamic and chemical equilibrium is
assumed to govern heat liberation during conditioms of over-
rich fuel/air mixtures (encountered during transient
operation). Ignition delay is related to temperatﬁre and
pressure of the cylinder charge. Injection delay is taken
~as the duration of propagation of a pressure wave along the

fuel pipe.

Heat transfer to the cylinder walls is evaluated
from wall surface and instantaneous gas temperatures; wall
temperature being determined from a one-dimensional heat

. conduction model. The calculation of gas flow through the
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valves takes account of instantaneous values of flow area
and pressure difference. Friction torque is computed as a

function of engine speed and maximum cylinder pressure.

An extensive experimental programme has been
carried out to obtain steady state and transient data. A
computer-controlled test bed, instrumentation, data-acquisition

hardware and software have been developed for this purpose.

Comparisons of experimental and predicted results
show favourable agreement; in most cases within the accuracy
of the measurements and the component characteristics of the

engine system.

Effects of certain parametric variations on
transient response are predicted and discussed. It is
concluded: that the simulation can be useful as a research
and development tool, particularly in studying the feasibility

of design options aimed at improving transient performance.
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NOTATION

Sngbls

Aeg  effective liner area.

Ag s geometric flow area.

Ai : heat transfer area (surface mo. i).

A£,i : liner area exposed to gases (liner no. 1i).
“Av,n : flow area for valve no. n.

Ccl,C2...C6 : constants.

Cc : compressor torque.

Cd : . coefficient of discharge.

cdl,cd2 : shape factors for diffusion burning

rate distribution.

Cé :  engine indicated torque.

Cf : engine friction torque.

CL : load torque.

cpl,cp2 : shape factors for premixed burning rate

distribution. '

Ct : turbine torque.

d : cylinder diameter.

e : specific internal energy.

Efr :  piston friétion power added at piston liner interface.
f : fuel/air ratio.

£, ¢ stoichiometric fuel/air ratio.

F : equivalence ratio (F = f/fs).

Ft : overall equivalence ratio of cylinder contents.

FBRt;FBR ,FBRd: fuel burning rates; total, premixed and
P diffusion respectively.

eg : effective heat transfer coefficient;
hi : instantaneous heat transfer coefficient;
surface no. i. ‘ ,
-hj : specific enthalpy; flow paésing through section no. j.
ID : ignition delay.
J : engine polar moment of inertia.
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load polar moment of inmertia.
turbocharger polar moment of inertia.
equivalent linear stiffness of governor spring.
torsional stiffmess.
connecting rod length.
compressor mass flow rate.
mass flow rate of fuel.

~ turbine mass flow at full admission.
masé flow rate through turbine sector mno. 1.
mass flow rate thrbugh section no. j. '
total mass flow through turbine.

_ mass. ‘
mass of fuel.

mass trapped inside cylinder at closure of
inlet valve.

total mass of fuel injected and mass of
fuel burnt via premixed and diffusion
combustion respectively.

f,p’Mf,d

pressure.

ambient pressure.

downstream pressure.

turbine power; sector no. 1i.
maximum cylinder pressure.
total turbine power.
upstream pressure.

rate of heat transfer.

crank radius.

gas constant.

3 :  thermal resistance of the individual heat
- . paths in the conduction model.
‘upstream gas constant. |

time.

temperature.



T : ambient temperature.
amb
T : oil temperature.
co v
TEw : cooling water temperature.
Teg : effective gas temperature.
Tg : gas temperature.
Th s T ’TQ : gas exposed, surface temperatures for
& P& & cylinder head, piston and liner respectively.
u : upstream temperature. .
- : instantaneous cylinder wall temperature.
TWc=01 hypothetical cylinder wall temperature if
- thermal capacity is zero.
u : peripheral blade speed for turbine, or liner
speed of fuel rack.
\Y :  volume.
i : rate of change of volume with respect to time.
> S position of fuel rack in relation to Xr'
Xr : reference position of fuel rack.
y : change of governor setting in relation to Yr'
Yr : reference position of governor set point.
a : thermal time constant for cylinder walls. M
3 : mode of burning proportionality factor; [3= E;LR.
Y : specific heat ratio. ’ £.e
0 : crankangle referred to the TDC preceding the
expansion stroke in cylinder mno. 1.
edi : crankangle at dynamic injection.
e crankangle at the end of burning.
; or eig B crankangle at ignition.
GL e angular position of load shaft in relation to the
TDC preceding the expansion stroke in cylinder no. 1.
6y crankangle at static injection (nominal injection
‘timing).
SV : natural frequency.
Qe : angular.SPeed of crank shaft.
QL angular speed of load shaft.
Q2 : .angular speed of turbocharger shaft.

tc



ﬂt : turbine efficiency.

MNe : compressor efficiency.

MNie * turbocharger efficiency.

T : 22/7. 0 - 6.

T : normalised crank angle; T = 5—175%.

v : u/c turbine blade speed ratios *

A : power input factor (compressor).

JAY injection delay.

Ek : accuracy tolerance for numerical iteration.

O(1,J) : standard deviation of variable no. I at
crank position no. J.

g _: slip factor (compressor).

Abbreviations

A/F air/fuel ratio.

BDC bottom dead centre.

BMEP : brake mean effective pressure.

BSAC : brake specific air consumption.

BSFC : brake specific fuel consumption.

IMEP : indicated mean effective pressure.

ISAC : indicated specific air consumption.

ISFC : indicated specific fuel consumption.

MBPF : mode of burning proportionality factor.

nc total number of cylinders. |

TDC: top dead centre. _

varn(I,J) : variable no. I recdrded at crank position J,
cycle no. N.

VARN(I,J) : summation of var(I,J) for N engine cycles.

s
"

sloata

"o

Symbols not included above are defined in the text.

SI units are employed unless otherwise stated.



CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION AND OBJECTIVES

Present trends indicate-that further development
of the diesel engine is largely dependent on its association
with an exhaust driven turbocharger. Turbocharged diesel
engines are now widely used in almost the entire field of
operation in which the maturally aspirated engine was once
supreme. This relatively recent conversion was inevitable
once the merits of turbocharging had been established; a
large increase in specific output cdupled with a small improve-
ment in fuel consumption. From then onwards, the maximum
rating of engines, as govermed by the mass of air available
for efficient combustion, has been continuously increasing
and already experimental engines are being developed to

yield a brake mean effective pressure (bmep) of 25-30 bar.

There are many applications when turbocharged
diesel engines operate under tramsient conditioms involving
rapid increases in fuelling. Severe operational and design
difficulties with highly rated engines are being experienced

in the following particular cases:

1) B Electrical gemeration units, where large load

changes can be extremely rapid and fluctuating.

2) Marine propulsion systems during crash

manoeuvres requiring sudden reversing of course.

3) Land traction vehicles where high specific
outputs and rapid accelerations'are required (e.g.

military vehicles).

4) Stand-by generating sets (e.g. for nuclear

power plants (49)) which have to start, accelerate to



normal speed, then carry a series of loads within a
very short time schedule, or maintain speed when a

large load is applied rapidly.

The performance of a turbocharged diesel e¢ngine
in such duties is dependent not only on the governor
response and system inertia, but also on the response of the
turbdcharger. Unfortunately the improvements in steady
state performance, brought about by turbocharging, are
accompanied by a deterioration in the transient response,
. 'worsening with increaséd charging. Engines rated at about
14 bar bmep, or above, are very likely to stall in résponse

to 100% stepped load application (48).

Since the turbocharger is powered by the exhaust
gas energy, its steady state speed varies with the
position 6f the fuel rack and engine speed. However, quick
changes in rack position (at the initiation of a transient)
do not result in instantaneous response in turbocharger speed.
This is caused by the compressibility of the energy link
between engine and turbochérger; and the polar moment
of inertia of the latter. The resultant lag between the
rates of variation of air flow and fuelling leads to rapid
changes in the overall fuel-air ratio inside the.cylinders;
In transient situations which require large increases in
" fuel input, excessively rich mixtures are developed and
consequently air supply becomes the controlling factor in

-the response of the engine.

_ A typical example is a sudden application of load
to a speed governed engine, For large loads, the increése
in fuel.(aé specified by the govefnor in respomse to the
resultant large drop in engine speed) is normally not matched

.by a proportionate increase in air. In severe cases this



results in poor combustion, dense smoke and deteriorating
output. If the power discrepancy between the engine and the
load continues, stalling will occur. On the other hand, if
the turbocharger accelerates suff%ciently fast to meet the
increased air requirement, the engine sﬁeed will recover.
The speed droop, engine recovery time and the possibility of
stalling, in addition to the dense exhaust smoke produced,
are the important factors in the case of tramsient load

applications.

A similar situation arises when accelerating a
turbocharged tractién engine,.but the problem is probably
less acute. This is because the loading torque is dependent
on the speed and acceleration of the engine and consequently
it builds up with the actual response. In this case limited

acceleration and dense smoke may be observed.

It is useful from the point of view of an engine
manufacturer and a user to be able to predict accurately the
transient performance of a turbocharged diesel engine. It is
also important to assess the effects of different design
changes, in order to be able to achieve economical designs
which meet predetermined operational specifications, in

steady and transient modes.

Taking into account the important criteria of
turbocharged diesel engines and published accounts of
modelling techniques (Section 1.2), it became evident that
a basic and generalised theoretical approach was essential,
Consequently, the present work was directed primarily towards

achieving the following objectives:

1. Developing a non-linear mathematical simulation
of a turbocharged diesel engine, capable of predicting

the transient response of the engine to various changes



in extermal conditions, e.g. load and demand speed.

2. Carrying out an experimental investigation on
a fully instrumented turbocharged diesel engine during
steady and transient operation, together with rhe
development of the necessary data acquisition system

and techniques.

3. Investigating the influence of certain para-

metric variations on the predicted response of the engine.

1.2 - PREVIOUS WORK

The turbocharged diesel engine is in effect a
compound engine (18) in which the engine itself handles the
high pressure end of both compression and expansion, while
the exhaust turbine and air compressor deal with the low
pressure end. The power to drive the compressor is extracted
from the exhaust gases according to the prevailing pressure
and enthalpy levels, hence the turbocharger responds to both
fuelling and speed changes of the engine. The pressure head
on the turbine (which determines the availability of exhaust
energy) is reflected back to the crankshaft via the piston

(when the exhaust valve is open). The division of the work
»between the high and low pressure components of the system
is related to the charging pressure ratio, which also
governs, to a large extent, values of the engine performance
V‘ariablesn This in turn is a resultant of the engine-
turbocharger interaction, the complexity of which is

attributed to:

1. : : the non-existence of a mechanical linkage
between the engine and turbocharger, the only connection

being thermo-gas dynamic, and

2. the difference between the flow characteristics
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of the turbocharger and engine; rotary and reciprocating

machines respectively.

Dynamic systems are normally classified as linear
or non-linear. A major characteristic of the latter is the
dependence of its tramsient response on the magnitude of the
input signal. Experimental investigation of engine response
to inputs of various magnitudes (73) exhibited this.dependence.
Obvious sources of non-linearities in engines include: gas
compressibility (manifolds in particular), saturation
effects (fuel rack touching end points), thermodynamics of
engine éycles, especially in cases of rich fuel/air mixtures,

and engine frictiom.

No general method for dealiﬁg with all non-linear
systems is available (46,82), and exact solutions are only
possible in cases of simple non-linearities. Some approxim-
ate solutions may be applied to other cases but should be
confined to the limited conditions for which they are derived.
Ogata (82) and : Gibson (46) describe details of ﬁethods

developed to solve a number of non-linear control systems.

1.2.1 Prediction of steady state performance
of turbocharged diesel engines

Various methods are available for evaluating engine
~ steady state performance»with different combinations of
turbocharger components. Clearly the accuracy and reliab-
ility of the.results depend on the sophistication of the
‘method applied and the accuracy of the available engine and

turbocharger data.

| Simple techniques (58,102,107) have been developed
primarily to establish an approximate match between the
engine and turbocharger; with final matching tests being

"always conducted on the test bed. More detailed computer
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programs  have been written (13,61) to evaluate the constant
speed performance of turbocharged diesel engines. These
constitute mathematical simulations of the engine and hence
differ greatly from the traditional concept of ideal cycles.
Whilst the latter confines individual processes to simple
predetermined paths, such as constant pressure or volume, the
former imposes mno restriction. Differential equations
resulting from the application'of the laws of conservation of
energy and mass, in conjunction with other relations

(Chapter 2), are integrated along time or crankangle., Never-
theless; such programmes are based upon a host of simplifications,
some of which are introduced due to lack of knowledge or
bécause of computing limitations. A typical example is the

assumption of thermodynamic equilibrium inside the cylinders.

"A constant speed performance prediction program
is typically divided into a number of component parts or

models, the most significant of which are enumerated below:

. The turbocharger compressor.
. The charge cooler, if fitted.
3, The inlet manifold or air chest.

. Flow through the inlet and exhaust valves or ports.

1
2
3
4
5. Properties of the working medium.
6. Heat transfer from the cylinder.
7. The combustion process.

8. The gas~exchange process.

9. The exhaust manifold.

10. The turbocharger turbine.

11. Engine frictional losses.

Table 1.1 presents a brief comparison between four engine

simulation programmes (11561,13,99).
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The simplified approach of quasi-steady "filling
and emptying' concept, which is most widely used, considers
the multi-cylinder engine as a series of control volumes
(air chest, cylinders and exhaust manifolds). These are
interconnected to one another via variable geometry orifices
(representing valves or ports), in conjunction with theA
compressor and turbine of the turbocharger as boundary cond-
itions. The problem of determining the varying conditions
of the gas with time, in each control Volume, is treated over
the whole cycle as that of simultaneous charging and dis-
charging. Such an analysis generates the pressure pulses
known to occur in the exhaust manifolds of pulse—tﬁrbocharged
diesel engines, but the effects of pressure wave propagatiéﬁ’

are ignored.’

‘To account for wave effects in the manifolds,
equations governing the unsteady gas flow have to be solved
with time and space. Performance prediction programs which
consider wave effects (13), normally employ the method of
characteristics for solving these equations for the exhaust
manifold. The manifold arrangement is specified as a set of
pipes in which the propagation and reflection of pressure waves
is calculated. However, the cylinders and valves are treated

according to the quasi-steady filling and emptying concept.

The treatment of the inlet and exhaust manifolds
as control volumes, rather than a complex arrangement of
pipes, is a major simplification which substantially reduces
the complexity of the simulation program and reduces
computing costs. Whether the neglect of piessure waves
effects significantly influences the accuracy with whiéh
engine pérformance is predicted, depends on the wave reflection

time in relation to engine speed (60). Usually these effects
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are insignificant with smaller engines and become more

important as the size of the manifolds increases.

A typical example of a program  based wholly on
the method of filling and emptying is that by Janote. (61).
In this, the compressor operating point énd turbine efficiency
.are fixed and specifiedat eachrun. These are changed iterat-
ively by the user until an energy and mass flow balance is
achieved between the compressor and turbine. Benson.(lB)
developed a versatile program which provides a large number
of useful features (Table 1.1); the most impoftant of which
is the evaluation of pressure wave action in the manifolds.
However, it consumes considerably more computer time, hence
'its application is usually limited to cases where effects of

pressure waves are particularly important.

Although the program  developed by‘Borman (21)
did not include a turbocharger, it advanced the state of the
art of engine simulation considerably. He applied,for the
first time, the concept of absolute enthalpy and formulated
the problem as that of an initial_value, in which all the
micro-parameters exhibited a cyclic propagation with time.
In other words, all internal variables (e.g. preésures,

temperatures, etc.) varied periodically with time:

z,(£) = z,(t +0e) (1.1)
where: At = duration of engine cycle.
Streit (99) extended this method to a pulse turbocharged, .
opposed piston Z2-stroke diesel engine. He treated the _
interaction between the engine and turbocharger via automatic

adjustment of the turbocharger operating conditions until a

cycle-averaged energy balance was obtained.

Steady state performance prediction programs

have been employed in a wide variety of applications,
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examples of which are:

1. - Prediction of cylinder pressure diagrams for

stress analysis purposes.
2. Prediction of component Eemperatures.

3. Parametric studies with the objective of

optimising certain design concepts, e.g. valve timing.

4, Investigation of the feasibility of a major

design option, e.g. single and two-stage turbocharging.

1.2.2 Speed regulation (governing)

Continuous control theory was applied to speed
governing of diesei engines within the last two decades
(74,114) mainly to investigate stability problems and to
achieve good speed control. Welbourn et al (114) modelled
the engine control loop using linearised equations of motion
for the engine and governor, in conjunction with a transport

lag, referred to as firing delay.

' In these studies the fundamental action of the
engine (converting the fuel control signal to shaft torque)
was considered equivalent to a continuous time delay. The
implication was that fuel input is transformed into output
torque a finite period of time after it has been injected.
In reality the fuel is injected into the combustion chambgr
within a very short period of time and any particular
injection will produce a power stroke of limited duration
‘each engine cycle. This means that the behaviour of the
engine is not of a continuous naturé but can be defined at

specific instants in time.
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Bowns (23) and later Hazell et al (52) considered
it more logical to employ sampled data techniques. An
equivalent sampled data system was assumed to comprise: a
continuous controller, an ideal sampler and a time uelay, a
pulse controller and an inertial system. The sampling time
(tS) was taken as a function of the mean speed (Q%) and the
number of cylinders (nc):

120
ty = nec.§?
e

(1.2)

Engine torque was represented by rectangular pulses. The
overlap of torque pulses occurring in engines having more
than four cylinders was assumed to be dependent only on the

number of cylinders.

Bowns (23) carried out extensive frequency response
tests on a 3 cylinder, naturally aspirated engine and reported
close agreement with predictions. Hazell (52)used a sampled-data
model to investigate the frequency domain properties of
multi-cylinder engines (up to 8). He concluded that
modelling a diesel engine using continuous control theory

should be limited to certain ranges of input frequency.

Flower (42) proposed a time-discrete representation
of turbochafged diesel engines employing a state space (7)
form. He assumed the induced air mass to be proportional to
- turbocharger speed and that both air and fuel were sampled
simultanepusly. To account for induction and compression
processes, induced air was subjected to a transport lag.
Windett and’Flowér(ll?)demonstrated experimentally the
importance of recognising the discrete nature of a reciproc-
ating eﬁgine. By synchronising frequency response
measurements on a turbocharged diesel engine with Sampliné
instants, scatter was eliminated and repea&able results

were obtained.
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1.2.3 Models for the dynamic simulation
of a turbocharged diesel engine

The dynamic simulation of turbocharged diesel
engines received attention only very recently. A scudy of
the performance of turbocharged diesel engines during rapid
load changes has been carried out at the University of
Manchester (66-68,7). This aimed primarily at developing tech-

niques to improve engine response.
The model developed consisted of two parts:.

1) ' Dynamics of the mechanical components (engine,

turbocharger and governor).
2) Thermodynamics and gas flow.

'The first part was represented by differential
equations, whilst the thermodynamic and gas flow simulation
employed steady state experimental data. Relations linking
engine power, mass flow, and temperature rise with boost
pressure, fuel rate, trapped air/fuel ratib and engine speed,
in addition to steady state characteristics of the compressor
and turbine, were used. A relative thermal efficiency was
defined as the ratio between the indicated mean effective
pressure at a given fuelling/cycle/cylinder and trapped fuel/
air ratio (A/F), to that at the same fﬁelling and A/F = 20:1.
This was represenﬁed by a single curve independent of speed. |
A family ofcurves(imep‘against fuelling and speed; A/F=20:1)
was used in cohjpnction-with the thermal effiéiency curve to
compute the imep at any fuelling. Friction torque was‘
evaluated as a function of engine speed and peak cylinder-
 pressure (27); the latter being related empirically to i

fuel supply and a fixed compression pressufe.

The breathing characteristics of the engine were

evaluated on a steady-flow basis, thus inhibiting possible
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differences between inward and outward gas flows, Air flow
was computed in two parts; air pumped by pistons and
scavenge air. The latter was calculated by considering two
orifices in series, the first representing the geometric
mean area of the inlet and exhaust valves and the second
standing in for the turbine. Pumped air was taken as the
product of density at inlet manifold conditions and swept
volume. An iteration procedure involving the two orifices
and a speed curve on the compressor map was carried out at
each instant (known engine and compressor speeds). This
yielded air flow, boost and exhaust pressures. However,
large discrepancies were observed between the measured and
calculated flow rates and a number of constant and varying

correction factors were introduced.

Turbine inlet temperature was obtained using the

expression:

temperature rise from inlet to exhaust manifold

- fuel burned
total air flow + fuel burned

= temperature rise factor x

The temperature rise factor, introduced to represent

~ combustion conditions, was taken to increase linearly with
fuelling per cycle. To account for possible cases of over-
rich mixtures, a cut-off fuel/air ratio of 15:1 was
introduced, beyond which a fixed temperature rise was used.
Fuelling per cycle was related to rack position by a single

curve,

\

Turbocharger performance was evaluated using
steady flow and efficiency characteristics of the compréssor
and turbine. An apparent turbine efficiency was introduced
as a function of compressor pressure ratio, in order to ‘

account for the pulsating flow of the exhaﬁst.gases.



In a paper. by Bowns et al (22), three models were
discussed. A quasi-linear approach based on simplified
steady state characteristics of the engine and turbocharger
was described. This.method yielded an overall tran. fer
function for the system in which the gain terms and time
constants were dependent on the engine operating condition.
Such a model can be useful in stability studies employing

small perturbation techniques,

A different approach in which the engine torque
was obtained from a diagram efficiency'map (function of speed
and trapped air/fuel ratio) was used to develop the other two
models. The governor loop, filling and emptying delays
(manifolds) and the pulsed nature of the exhaust gas were
ignored. The first method treated the response as a number
of steady‘state operating points, as in Ledger's simulation
(67). The second method calculated air flow and boost |
pressure during valve overlap. Experimentally-obtained
characteristics of air charging efficiency as a function of
engine pressure drop and speed were employed in conjunction
with boost and exhaust pressureé (determined at previous

steps).

Other simplified studies have also been conducted
by Jamoulle (59), Greenhélgh and Tooth (49), and Egli (37).
| Jamoulle attempted to predict the influence of certain
engine paraméters, e.g. heat losses to cylinder walls,
ignition delay, etc. Greenhalgh mentioned a simple method
of computing engine transient'response, which was based on
empirical formulations from transient tests. However, ﬁo
details wére given. Egli (37) based a simple model on the
evaluation of time constants for various parts of the
.engine system. This was developed with the objective of

comparing different techniques of improving engine response.
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1.3 OUTLINE OF THE PRESENT WORK

It can be concluded that liﬁearised models (based
on either continuous control or sampled data concepts)
should be limited to small perturbatlons in engine :peed.
Thus these may be only used in speed governing of engines
and associated stability studies. Sampled data models are
certainly closer to the discontinuous nature of a reciproc-
ating engine; however, a major handicap is imposed by the

assumption of constant sampling interval.

Quasi-linear models, which employ steady state
characteristics of the engine, constitﬁte a further step
towards the dynamic simulation of turbocharged diesel engines.
Unfortunately, these rely very heavily on experimental data
and employ many major simplifying assumptions. Also, major
sources of non-linearities such as: combustion, particularly
iﬁ cases of over-rich fuel/air mixtures, exhaust energy,
manifold filling and emptying effects, etc., are either
neglected or greatly simplified. This imposes severe

limitations on the predictiqh capability and use of such models.

- Thermodynamic and gas flow processes occurring
inside a turbocharged diesel engine are satisfactorily
evaluated by (constant speed) engine simulation programs.
Since these proéesses are essentially unsteady regardleésvof
the engine running conditions, such techniques seem potentially
suitable for extension to tranéient operation. However, work
is necesséry in order to achieve a compiete and interactive
thermodynamic simulation. A different formulation and
_solutlon procedure to the problem is also essential since
the periodicity condition (equatiom 1.1) does mot hold

during transient operatiom.



In this work, a non-linear digital simulation of
turbocharged diesel engines has been developed for the
prediction of transient performance. The four-~-stroke,
direct injection, variable speed engine was considered.
However, the simulation program can cater for other types

if simple modifications are introduced.

The mathematical model divides the engine into the
following components: cylinders and manifolds, exhaust turbine,
air compressor, engine load-dynamics, turbocharger dynamics,
governor and injection system. The quasi-steady approach,
"The Method of Filling and Emptying", is emploYed to describe
gas flow and changes in thermodynamic conditions within the
different compartments of the engine. Chapter 2 presents
the theoretical analysis of the engine system and the
component.models used in the simulation. A set of coupled
ordinary non~linear differential equations governing the
dynamic Behaviour of the engine is developed in Chapter 3.
This chapter also describes the numerical techniques
applied to solve the resultant initial value problem, the

general computational procedure and the simulation program.

An extensive experimental programme, involving
the building of a computer-controlled test bed and special
data logging hardware, has been carried out. Chapter 4
describes the test bed, instrumentation, control and data
acquisition hardware and the programmed test procedures
'develeped. A review of the various steady state and transient
tests conducted, together with the experimental results

obtained, is given in Chapter 5.

The model for the combustion process is based on
fuel burning rates derived from experimentally~obtained

cylinder pressure traces. This model correlates the



normalised distribution of the fuel burning rate to charge
conditions prior to ignition, engine speed and overall
equivalence ratio. The development of the model is given in

-

Chapter © following a review of the fuel burning rate approach.

Chapter 7 presents an evaluation of the simulation
results. This includes comparisons of predictions with
measurements of various parameters at steady state and
transient running conditions of the engine. The effects of
certain parametric variations on transient response are
also predicted and discussed. Conclusions and recommendations

for further work are given in Chapter 8.
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CHAPTER 2

THEORETICAL ANALYSIS

2.1 INTRODUCTION

Past attempts at engine simulation under transient
conditions have largely been restricted‘by: a) the applic-
ation of linearised control techniques, b) oversimplification
of component characteristics, or c¢) extensive reliance on
ekpeiimental steady state data. This chapﬁer provides a
theoretical analysis of the direct injection turbocharged
diesel engine, forming the basis of a dynamic model developed
to simulate the various non-linear multivariable response
patterns of the actual engine; The main objective is to
define the engine system, specify the mechanical and thermo-
dynamic paths linking its components, and establish the
interactions and interrelations between the different variables.
The component models, basic equationsvand assumptions governimg'
the steady state and dynamic performance of the engine are

presented,

In the following sections, it will be seen that the
simulation accounts for the time discrete behaviour of the
diesel engine, which is governed by the intermittent fuel
injection and combustion procesées and results in successive
torque pulses at the crankshaft. Delays imposed by emptying
and filling of the manifolds together with the pulsating
nature of the gas flow due to the cyclic opening and closure
of Ehe valves, are considered. The simulation of the
combustion process stresses its nonlinear influence both on
the torque developed by the engine and the available exhaust
energy, particularly in cases of oveerich fuel air mixtures
(encountered during transient.operation). 'Thg instantaneous

rates of flow of gases into and out of the engine are not
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necessarily equal and pressures upstream cof the cylinders can
be higher or lower than downstream pressures (the turbo-
charger match may result in:higher mean exhaust pressures
than boost pressure at some conditions). Scavenge air and
possibilities of backflow (from cylinder to air chest or from

exhaust manifold to cylinder) are catered for in the model.

In order to derive the-mathematical simulation, the
engine has been subdivided .into a number of well-defined
interactive component systems which can be treated individ-
ually: engine thermodyhamics and gas flow, fuel injection,
governor, engine-load dynamics, exhaust turbine, air-compressor
and turbocharger dynamics. Referring to Fig. 2.1, the
governor, in most diesel engines, is mefely a proportional
controller which has its own dynamics. The fuel injecticn
system is essentially a dynamic non-linearity and a sampler
which determines the amcunt of fuel injected per cycle and the
injection timing. The fuel sample to an individual cylinder
is combined with the air sample induced and the mixture is
burned to produce a torque pulse at the crankshaft. The net
torque, after deducting friction, drives the engine and load
dynamics. After a delay of less than one crankshaft revolution,
following the induction stroke, the exhaust gas resulting from
this burning précess is released to the exhaust turbine. This
coﬁponent has its own dynamicé, which is lumped with that of
the compressor. The air delivered by the compressor is fed
~to the inlet manifold from which the induction stroke obtains

its charge of air for the combustion process.

The basic configuration of the engine system can be
presented in the form of a contrel loop, Fig. 2.1. The
blocks representing various components are connected in a

fashion which characterises their functional'relationship

within the overall system. It is emphasised that the arrows
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of the paths connecting one block with another represent the
direction of flow of informationm and not the main source of
energy for the system, e.g. rate of flow of exhaust gases

between engine and turbine (me) is determined by the turbine.

The external input parameters tothe control loop
include the load torque, demand speed, ambient témperature
and pressure. Resulting outputs comprise: engine speed and
the mass flow and temperature of the exhaust gases. Temper-
atures of the cooling oil and water are assumed constant;
experimental data being obtained with closed loop control on

coolant temperature (Chapter 4).

Each of the component systems, mentioned earlier,
has a significant effect on the events in the engine and
subsequently its steady state and dynamic performance.
Models were developed to describe their behaviour and to
enable their interactions to be evaluated. These will be

discussed in detail in the sections that follow,

2.2 ENGINE THERMODYNAMIGS AND GAS FLOW
2.2.1  The Model

Engine thermodynamics and gas flow are described
by the behaviour of a system (Fig. 2.2) comprising the

following components:

(1) The engine cylinders, each bounded by the gas-

"expoéed metal surfaces,and the inlet and exhaust valves.

(2) o The exhaust manifolds, each bounded by the
gas-exposed surfaces, the exhaust valves and the turbine

entry cross-sections.

(3) The induction manifold (air chest) bounded by
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the gas-exgﬁzgd surfaces, the inlet valves and the
"

‘compressorLcross—sectiongl@rak .

Input signalé include: engine speed, crank position,
fuel injected/cycle into each cylinder, air mass flnw rate
into the air chest and the rate_of mass flow of exhaust gases
permitted by the turbine sectors. The system also outputs
the following signals: indicated torque, thermodynamic
condition of exhaust gases, pressure in the induction manifold
(to be imposed on the bompressor) and the maximum cylinder

pressure (necessary to determine engine frictionm).

This system is treated via the simplified approach
of the quasi-steady "filling and emptying" concept, commonly
applied to steady state engine simulation programs (60,99).
The multi-cylinder engine is considered as a series of control
volumes, intercomnected to one another via orifices simulating

valves or ports and coupled by heat and/or mass transfer.
Hence the problem of determihing the varying conditions of
the gas with time, in each control volume, is transformed into
a case of a simultaneous step-by-step charging and discharging,
governed by instantancous vélues oﬁ the input signals. For
example, conditions in any cylinder are influenced by engine
speéd, piston position, valve positions, the amount of fuel
injected at the last injection and pressures in the iniet and
exhaust manifolds'(a case of a closed valve suppresses inter-

action with the manifold it links).

In the thermodynamic model, applicable to all
control volumes in this Syétem, thermodynamic equilibrium
and ideal gas bechaviour are assumed at all times. It is also
'assumed that individual and control volumes contain homo-
genecous mixtures of air and proaucts of combustion at

every relevant instant. Property gradients and phenomena
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such as pressure waves, non-equilibrium compositions, fuel

vaporisation before and during combustion, etc. are neglected,

Mixing of two flow streams, of different thermo-
dynamic states and/or different chemical species, i. treated
as being perfect. To simplify the computational procedufe,
absolute internal energies and absolute énthalpies, as intro-
duced by Powell (86) are used. This, in conjunction with the
equivalence ratio, defined as: '

_ fuel air ratio
stoichiometric fuel air ratio

= f/fS -~ (2.1)

transforms air and products of combustion into one continuous
medium whose thermodynamic state is determined by temperature,
pressure and equivalence ratio (F = 0.0 for pure air and
unity for combustion producﬁs of a stoichiometric mixture).
The equilibrium thermodynamic properties of the products of
combustion of air and diesel fuel are used in the form of
analytical expressions function of_thé thermodynamic state of

the médium.'

2.2.2  Conservation Equations and Mass Transfer

The conservation laws for the spacial average values
applicable to any control volume (cylinder or manifold) are

as follows:

Energy equation:

d(dl\ie) pV+ ;uq +ZJ ] (2.2)

where: ‘M = mass inside the control volume,
e = specific internal energy of the medium,
h. = total (stagnation), spécific enthalpy of mass
3 flow entering/leaving through surface j,
p = total pressure insidé the control volume,



V = rate of volume change,
Qi = rate of heat transfer through surface i,
mj = individual mass flow rateé, into or out of o

the control volume.

Overall continulty equation:

dM E .

This equation states that the rate of change of the

total mass of'gasés in the control system is equal to the sum

of the rates at which mass flows in or out.

Fuel continuity equation:

The conservation of the fuel species can be treated

in a similar way, with f denoting fuel:

— =2 T 0
at Sﬂ_mmf,j - (2.4)

J

Fuel is treated mathematically as being injected and burnt
~instantaneously according to a specified burning rate curve;
details are given in the combustion model (Section 2.2.3 and

Chapter 6).

Mass transfer:

Extensive studies of flow through engine valves

~ and ports have been carried out by Woods (122), Benson (8-11),
Wallace (110-112) and others. A large number of simplifying
~assumptions (including that of one-dimensional flow)-were_
adopted. Two major groups of factors influencing mass flow
rates were‘reported. The first group was related to the
flow restriction itself, e.g. heat transfer (normally negl-
ected), flow separation and secondary flow'effééts, whilst
the second group was introduced by the presence of pressure

and rarefaction waves.
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| It has been shown by several researchers (61,21,13)
that the flow may be represented by a.one»dimensional quasi-
steady model, based on standard steady compressible flow
relationships. This ignores the effects of gas inertia and
pressure waves and expresses the rate of mass flow of an

ideal gas through a flow restriction as:

- 2/ Py Y+1
2 Y [Pd
= A C.P_ [mr—<=—r|(5=) -(———) (2.5)
g du/ (Y l)RuTu Pu
where: - Ag = geometric flow area,
Cd = coefficient of discharge determined by steady

flow measurements as a function of instant-
aneous geomchlc area and pressure ratio

(Py/P )

Pu’Tu’R = stagnation pressure and temperature and
specific gas constant, at upstream
conditions,

Py

Y

- At sonic flow rates the pressure ratio reaches the critical

stagnation pressure downstream,

specific heat ratio at upstream conditioms.

value of:

~d

(Pu>u (Yﬂ)WV” | | , (2.6)

. . . volumelric . .
below which no increase in flow is possible.

2,2.3 Additional Relations

In order to complete the mathematical formulation
of the system, the following set of complementary relations

is essential:

Thermodynamic properties of combustion products:

The equilibrium thermodynamic properties of the

products of combustion of air and diesel fuel (assumed to
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be CnHZn) are expressed analytically in the form:

e = e(T,P,F) , (2.7)

R = R(T,P,F) | : (2.8)
The required formulae for lean fuel/a11 mixtures (F < 1)
including dissociation were taken from Krleger (64). For
rich mixtures (L < F <1.6). other expressions were fittéd to
data based on (45) Deta;ls of the présentation of the prop-
erties of products of combustion and air together with tﬁe

concept of absolute internal energy are given in Appendix A.

Equation of state:

For an ideal gés,

pV = MRT - (2.9)

Heat transfer:

The rate of heat transfer between a gas exposed
surface (i) and the gas is expressed as:

Q = hiAi(Ti-Tg). (2.10)

In Section 2.7 it will be shown that, in the case of the
cylinder, the coefficient of heat transfer is a function of
the thermodynamic properties of the gas and the engine speed
or gas velocity. The one~dimensional heat transfer model,
employed to thainlthe surface temperature, Ti’ is also

described.

Event timing and engine geometry:

The angular position (8) of the crankshaft timeén
all events, initiates and terminates various processes and
‘governs the instantaneous geometry of each cylinder. It is
related to the speed of the engine in the following differential

form:

de
e S?e (2.11)
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The cylinder volume V and the Liner area exposed AQ ; are
- s ! s
calculated according to the kinematics of a slider crank
mechanism:
_ 42,2 _ L2 '
Vc,i 4dr(r-l-l cosh ~ - sin @)-%VTDC (2.12)
A =‘ﬂdr(£4—l-cos@- L-—siDZG)-kA (2.13)
2,1 r - Vr £,TDC o

where: d = cylinder bore,

r = crank radius,

=
I

length of connecting rod.

The valve flow area is represented as a numeric function of

crank angle:

A = A (8) (2.14)

Combustion:

A model based on the burning rate approach (64)
was developed to simulate the overall thermal effects of the
combustion process. This model relates the overall pattern
by which the fuel burns inside the cylinder to: the charge
conditions at the start of injection, the émount of fuel
injected, ignition delay and engine speed. It also determines
the rate by which heat is released for the two cases of
lean (F < 1) and rich (F > 1) fuel-air mixtures, Fuel is
introduced into the thermodynamic analysis in the form of a
mass-burning rate function which starts at the ignition point.
A1l intermediary processes following the start of injection
to the end of combustion (spray penetration, atomisation,
evaporation, air entrainment, micro-mixing, combustion |
kinetics,‘etc.), together with thermodynamic effects on the
mean state of the charge, are not explicitly linked to the

. injection process.



The total rate of burning is considered to be a
resultant of two mechanisms, namely: premixed combustion and
turbulent diffusion combustion. A mode of burning proport-
ijonality factor (MBPF) is introduced to quantify the share of

fuel burned by either mechanism:

4 M.
B = M_.Z_E ' (2.15)
f,t
where: Mf,t = Mf,p + Mf,d (2.16)

Mf £ = total mass of fuel injected per cycle,
b4

p,d denote premixed and diffusion burning
modes respectively. :

The mass burning rate is expressed in the following noirmal-

ised form:

dM,
dfe t(ee"gi) ‘
FBRt("E) = M = B,FBRP(T:)+(1—B)FBRd(t)
(2.17)
FER (1) = epl.cp2. 1P (1toPLyeP2=L () 1)
FBR,(T) = cdl.cd2, 1% lEXP(ncdeICC'g) (2.19)
where: FBR(T) = non-dimensional burning rate distribution,
Gi,@ = crank position at ignition and at nominal
end of burning,
@—Gl 4
T =575~ normalised crank angle.
e 1

The basic concept of this model is that the
‘explosive pattern of the pre-mixed combustion mode is '
controlled mainly by the amount of fﬁel prepared during the
ignition delay. Fuel surviving this mechanism, in addition
to quantities injected after ignition, is assumed to react
according to the diffusion burning pattern, irrespective of
the overall equivalence ratio. The use of equilibxium thermo~

dynamic properties automatically takes care of the condition
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of the combustion products and governs the amount of heat

liberated.

The MBPF was correlated to the ignition delay.and
the overall equivalence ratio of the charée., The shapes of
the component burning rates FBRp and FBRd were linked to:
ignition delay, engine speed and equivalence ratio using the
parameters cpl and cdl. The total ignition: delay was felated
to the temperature and pressure (T,P) of the charge,

following ignition, using Wolfer's formula (121):

- L1 : | |
0o = i * g EXP(C3/T) (2.20)

P

100931 = crank position at the points of
& ignition and dynamic injectiom.

Chapter 6 presents details of the combustion
model, the experimental data employed together with the

correlations established.

Engine torque:

The instantaneous value of the indicated torque Ce(t)

is given by:

DCv | ‘
1 E dv
Ce(t) = 'Q—;(E-j- [Pi Ic (2.21)
o i=1

where: nc = the number of cylinders.

2.3 TURBOCHARGER

‘Commercial turbochargers consist of a single stdge
centrifugal'compfessor and a single stage axiai-flow or
‘céhtripetal turbine mounted on_é common shaft. The turbo-
charger is linked to the engine via the induction and
exhaust manifolds; therefore the only intefconnection is

via the conditions the engine imposes on the compressor dis-
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charge and turbine inlet. The turbocharger responds to these
conditions by satisfying the airflow requirements of the

engine and by imposing its own requirements.

The turbocharger characteristics are different from
those of the engine; being rotary and reciprocating machines
respectively. Its performance varies over the operational
range of the engine and changes with the level of turbo-
charging. Unlike the mechanically driven supercharger, it
responds to changes in fuel input to the engine as well as to
engine speed. The matching point attained by the turbo-
charger at each steady operating point of the engine, depends
on the flow characteristics and eff1c1enc1es of the turbine
and compressor. Cyclic varlatlonslln the turbocharger speed
due to the non-uniform supply of energy to the turbine depend
on the tufbocharger inertia éﬁd'characteristics of the
exhaust pulses. During transient operation, the turbochargér's
response to changes in the conditions imposed by the engine,
is greatly influenced by its dynamics, i.e. polar moment of
inertia. The following sections (2.3.1-2.3.3) describe the
theoretical treatment employed to model the turbocharger and

its dynamic actiom.

2.3.1 Exhaust turbine

The exhaust turbine system, Fig. 2.3, is bounded by
the exhaust gas entry cross-section, the exit cross-section
and the power transmission shaft. The input signals are the
pressure, temperature and equivalence ratio of the gases
1eav1ng the exhaust manifold, back pressure and the speed
determined by the turbocharger dynamics. The system responds
via its two butputs; the shaft torque and the value of the

mass flow rate of exhaust gases it permits.
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Exhaust turbine operation is classified into two
distinct types,'namely pulse and constant pressure systems.
By releasing exhaust gases from all cylinders into a suffic-
iently large manifold, constant pressure operation maintaiuns
an almost steady gas state at the turbine entry. In pulse
operation gases from cylinders of non-interfering exhaust
strokes are introduced into narrow and properly arranged pipes,
hence pressures and temperatures af the turbine entries are
continuously varying. Pressure bulses propagating in these
pipes ensure a better utilisation of the relatively hiéh »
epergy potential accompanying the gases at the beginning of

exhaust valve opening period.

Quasi=~steady analysis:

The continuous variation in the state of the gas in
the exhaust manifold of a pulse turbocharged diesel engine
leads to a time varying energy potential and complicates the
problem of evalﬁating the turbine instantaneous performahce.
Furthermore,. in the case of multi~entry turbines, partial
admission losses are introduded by subjecting adjacent rings
or sectors of the turbine to pulsating.flows which are cont-
inuously-out of phase. Attempts at predicting turbine’
performance are described in several papers (31,106,104,108,109).
Empirical methods, based on mean pressures and temperétures,
have been repdrted(20,130) but their accuracy and use are

rather limited (98).

With'regard to engine simulation applications (55,61,
13,99), it was considered most practical to treat the problem
as one of quasi~steady flow, i.e. the turbine performs under
non-steady flow, at each instant of time, in the same manner
as under steady flow. Experimental investigations into the

effects of non-steady (pulsating) flow on turbine performance,
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and the accuracy of quasi-steady predictions have been carried
out on radial (12,105,104,109) and axial flow turbines (30,104).
In both cases it was found that quasi~steady flow predictions
gave results of varying accuracy. This can probably be attr-

ibuted to:

1. Variations in the characteristics of the pulses
applied, i.e. shape, frequency, amplitude, ratio of wind
‘milling duration to pulse cycle period and phase

difference in the case of multi~entry turbines,

2. : Variables selected for measurement; transient
temperatures were not measured in refs. (12,30,77,104,106

and 109).

3. . Measuring techniques used and the resulting

accuracy, e.g. torque or power measurement.

4, . Methods and assumptions employed in the comput-~

ation of the turbine instantaneous performance.

It is also appropriate to mention that accurate experimental
determination of instantancous values of turbine efficiency
and mass flow rates on a turbocharger operating under actﬁal
éngine conditions (including varying gas composition) has

not yet been possible.

In view of the lack of superior techniques, it was
decided to treaf the exhaust turbine on a quasi-steady basis,
as in the case of almost all programs (60,13,99) developed
to evaluate engine steady state performance. However, it is
important to stress the reed for more work to establish
accurateiy any errors incurred by this method when evalﬁating
mass flow and turbine efficiency. Correction factors may
have to be developed in the form of correlafions with the

major controlling parameters, e.g. pulse characteristics.



Turbine model:

The multi-entry turbine, having n entries, is
‘modelled as n identical mini-turbines mounted on one shaft
with the compressor (61). The instantaneous performance of
each mini~-turbine (representing a turbine ring or sector) is
evaluated on a quasi-steady basis using full admission steady
flow characteristics. This was shown by Benson (12) to yield
better accuracy in comparison with partial admission data.
Exhaust gases are assumed to expand through the turbine

passages under conditions of thermddynamic equilibrium.

As each turbine ring or sector (mini-turbine) is
treated individually, the overall instantaneous turbine mass

flow rate and power are taken as the summation of the component

values:
n
h, = ji_mi (2.22)
i=1 ' :
n
and P, = E P, (2.23)

‘Since the full admission swallowing capacity of the
turbine is normally represented as a function of both pressure

ratio and rotational speed parameter,

tc
—=)

T
. u

e = f(Pu/Pd, . (2.24)

the instantaneous mass flow rate through any mini-turbine

becomes:

. _ 1 9
m, = EiE(Pu/Pd, —) .‘ (2.25)

' VT

u

If the instantaneous exhaust pressure ratio falls below the



minimum value corresponding to the current value of the rotat-
ional speed parameter, the mass flow is taken to be zero., In
the case of axial flow turbines, Janota (61) advocated the

use of one swallowing capacity curve independent of turbine

speed.

The turbine efficiency is defined as

N = actual turbine work (2.26)
maximum possible work (isentropic) Fe

It should be noted that the turbine efficiency normally
referred to in turbocharger applications (61), is based on
the total to static isentropic expansion ratio and inciudes:
windage, exhaust casing, bearing, oil pump disc and the
pressurisaﬁion air leakage losses of the whole turbocharger.
This follows from the fact that the actual turbine work is
commnonly measured from the compressor side. The turbine
efficiency 1s usually represented as a fumnction of blade
speed ratio (V = %) and rotational speed parameter (~E£ :

VT,

’ﬂt = wlt(V’ "““E) (2.27)
T : '

il

where: c = V2 Ahh;;

: Ahis = isentropic enthalpy drop of the exhaust
gases,
u = peripheral blade speed.

Therefore, the instantaneous power developed by any mini-
turbine is given by

Py o= @My Bbhyg oy

- (2.28)
and the total turbine torque becomes:

C, = Pt/Qtc ‘ " (2.29)
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2.3.2 Air compressor

The turbocharger's centrifugal compressor discharges
air into the induction manifold either directly or through an
aftercooler. The compressor system is bounded by its inlet
and exit flow cross~sections, the casing and the input power
shaft. The induction manifold pressure, turbocharger speed
and the temperature and pressure of the inlet air constitute
its input variables. The output variables are the air mass

flow rate and the required shaft torque.

- Pulsations created by the periodic induction process
of the different cylinders may cause a slight modifiéaﬁion to
the compressor performance (98). As no reliable non-~stecady
flow analysis (suiting engine simulation purposes) 1is
available (15), the compressor is treated on a quasi-steady
basis (28) employing experimentally-obtained steady stale
performance characteristics. The inclusion of such data,
ina program, in the form of a constant compressor speed line
(58, 102) is restrictive but may be tolerated when simulating
the‘steady state performance of an engine. It cannotnbe
accepted when predicting tramsient performance due to the
wide operational range involved and thus a full compreésor

performance map is essential.

It is common practice to represent centrifugal

compressor data in the following form:

.mMT; Pd g%c | :
P £(5m —= | (2.30)
and v v Tu
, p _
d g%c
M. = & —= (2.31)
u VT
u
where: m = mass flow rate,
P.,P ,T = delivery and inlet pressures and

inlet temperature,



Bt

;3.
il

compressor efficiency |
c An
_ minimum possible work _ is (2 32)'
actual work Ahact ’

Instantaneous values of the compressor mass flow
rate and efficiency are determined according to current
values of pressure ratio and rotational speed. Subsequently

the required shaft power and torque are evaluated:

P = i, xOh (2.33)

G, = PC/Q%C | (2.34)

The air delivery characteristics of the turbocharger
do not ideally suit automotive appiiéations and a compromise
match is normally accepted. As this class of engines covers
a large operational range on the compressor map, the normal
match often results in slightly negative boost pressures
(depression) at light loads. This case has been identified
experimentally (Chapter 5) and the mass flow characteristics
were extended to a pressure ratio of 0.8, using actual flow
measurements. As regards compressor Work, it is evident that
the efficiency approach becomes.meaningless under these
conditions and an alternative method is required. The actual
process under such abnormal conditions was assumed to take
the shape shown in Fig. 2.4, in which compression takes place
but the imbalance in the demand and supply of air leads to
throttling and subsequent pressure loss. Hence, the
compressor power can be evaluated as a function of wheel tip

speed (97):

P = %ﬁjuz : (2.35)
c c ‘ :
where:  u = wheel tip spced,
A ,0 = power input and slip factors, the resultihg
product was taken to equal 0.9.
2.3.3 Turbocharger dynamics

This system comprises the impellers of the exhaust

turbine and centrifugal compressor plus their joining shaft.
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These are modelled by two discs mounted onto a rigid shaft and
subjected to two opposing torques (from the turbine and
compressor). As mentioned earlier, the effects of any frict-
jonal or resisting torques are accounted for in the turbine

efficiency.

Straightforward application of the angular momentum

equation gives:

Tho _ (C,. - ¢)/J (2.36)
tc t ¢/’ t/c *
where: C = torque,
Jt/c = total polar momen; of inertia of turbocharger,
t,c = denote turbine and compressor respectively.
2.4 ENGINE LOAD DYNAMICS

The equivalent polar moment of inertia of the engine
moving parts and that of the load are represented by two discs
connected by a weightless shaft, This system, Fig. 2.5, is
contirually subjected to the engine developed torque Ce
(indicated torque) and opposed by the load and engine fricticn
torques C.L and Cf respectively.. It is to be noted that CL
includes windage and other types of friction torques generated
inside the loading unit; brake tprque being measured experi-

mentally via the reaction on the dynamometer stator.

Applying the momentum equation in the case of an

elastic shaft yields:

-Jeg% + Cp + K(ee-eL) = C, (2.37)

and I +C = K(O_-8) o (2.38)
The power transmission shaft is considered suffic-

iently rigid (K = ©) to neglect the twist and phase shift

between the two discs (i.e. 6, =6 and Qg =§?L). Hence the

- system can be represented by:

(3 + 30, = ¢, - (¢ +¢p) (2.39)

and the instantancous acceleration takes the form:
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dQ? :
e A o~ 1 »
dt ECe CL C’f] I+ (2.40)

Engine friction:

When studying the literature it became apparent
that the measurement and analysis of éngine frictionél losses
had not been satisfactorily resolved. This is primarily due
to the intransigent problem of direct, accurate measurement
of these losses under actual running conditions. The problem
of analysis and prediction is further complicated by the fact
that the total loss is a summation of losses arising from the
operation of various engine componénts, which respond in

various manners to changes in speed, pressure, temperature, etc.-

Tdeally, the total friction loss is derived by
direct measurement of the indicated power (from a cylindewx
pressure diagram) and the brake power. This may be possible
on low speed engines but the considerable problems involved
in the case of high speed engines limits the dccuracy of this
approach and renders it unreliable..(75)° Measuring frictional
losses by direct motoring of the engine yields values differ-
ent to those under firing conditions. Socme of the reasons
are: the lower pressure acting on the piston rings and
bearings, lower surface tempefatufe (ﬁhe effect on oil

viscosity), greater piston clearance, untrue exhaust blow down.

In the Willan's line method, a plot of gross fuel
consumption versus brake output at a fixed engine speed, is
extrapoiatgd to zero fuel consumption. The curvature
geperally‘experienced in such a plot imposes a limitation on
the accuracy of the method., The Morse test, in which
individual cylinders are cut out in turn, is basically a -

motoring procedure, hence similar limitations apply. It has
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also been reported (75) that this method disturbs the fuel
supply to the firing'cylinders.

Based on the above, it was decided to employ the
relatively simple correlation developed by Chen (27 and later
-used by Ledger (67) and others. This formula relates the
mean effective pressuré eQuivalentléf the rubbing friction
to engine speed and the maximum cylinder pressure. Chen's
constants were used without any modification:

FMEP = 13.7896 + 0.005P +1.0858R*(} (2.41)
, max e
‘where; - R = crank radius.

The effect of errors in the evaluation of frictional losses

is discussed in Chapter 7.

2.5 ~ . GOVERNOR

L Y et

An engine governor is a speed sensitive device
which automatically controls or limits the speed of the
engine via adjustment of the fuel rate. The basic principle
is that engine speed is dependent on both load and input
fuel rate., To maintain a steady speed, the fuel rate must
be adjusted to achieve equality of the power developed by
the engine and that required by the load. The governor
operates by first measuring speed and detecting differences
_ from the set value (demahd speed). It then moves its output
shaft_(connected to the fuel control rod) in the direction |
‘necessary to reduce the error detected., Thus, the governor
and the engine form a closed loop to which changes in the \

set values of load and speed are applied.

A constant speed governor is installed to maintain
the engine at a single speed for any load level, whilst the

variable speed type is used mainly in autometive engines, to
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cover a wide rénge of speeds. Other types include speed
limiting, overspeed-trip, load limiting and load control

units.

2.5.1 Speed sensing unit

The flyweight speed sensing device is used on most
diesel engines. This, shown schematically in Fig. 2.6, comns-
ists of a pair of flyweights, located on opposite sides of
a shaft, which is positively driven by the engine. The
rotating weights produce a centrifugal force opposed and
balaﬁced by a spring (referred to as the speeder spring). A
rise in speed increases the_centrifugal force and the weights
move outwérds, pushing the speeder rod and causing an increase
in the spring force. Therefore, the position of the speeder
rod (fuel pump rack) is determined according to the spring

force and engine speed.

In order to analyse this system, the two flyweights
are assumed to have equivalent masses (m) concentrated at
radii of gyration (a) from their pivots., A single equiva~
lent mass (M) is concentrated at the axis and the spring
stiffness is denoted by (KS). The equilibrium position can
be adjusted by moving the top end of the spring a distance
(y) from the original reference position (Yr), i.e. initial
spring compressioﬁ <Yr) corresponds to a reference speed (Q%)
and a speeder rod position (xr = 0). When setting the equat-
ion of motion it is mormally assumed (114) that damping is |
viscous and that the maximum travel of the speeder rod is
sufficiently small to justify linearisation (x = a®). An
 instantaneous'ba1aﬁce of imertia, damping, spring and
~ centrifugal forces gives the following second order diff-

erential equation:
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( Zma2+b2b1)3&+b2?\i+b2ks(x»i«y)-zmazg?i X = ZmabMQz"Qi)
(2.42)

where: N = the coefficient of viscous damping.

When rotating steadily at the reference setting Yr’

equation (2.42) becomes:

2a2 S = bl Y_ |
This explains how the engine speed can be adjusted by simply
‘varying y, i.e. modifying the spring force via shifting the
position of its top end. |

Dividing equation (2.42) by (Xt.Yt.ﬁi) and

rearranging, the following normalised form is obtained:
' Y

(Zma24p205p A5k (x +=Ey)- 2ma P
: t
~ 2,2 2
- ame 2 (7 -6) (2.43)

where x, %, ¥, vy, Q% and G& now denote normalised values and

the time dimension appears only in % and X%,

2.5.2 Constant speed governing

- The operation of a constant speed governor can be
described by putting y =0 in equation (2.43), i.e. fixing
the demand speed. The strict limitationms (within 5%) normally
imposed on speed regulation in constant speed applications, |
e.g. clectric power generation, justify further simplification.
By putting Qe=§%;+w and neglecting second order terms, the
following form is obtained:

'(2ma2+b2M)i4-b%Kki-bzksx-(ZmazQi)x = Amabﬁgaig%w
A ==

T

(2.46)
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2.5.3 Variable speed governor

The variable speed governor under consideration,

Fig. 2.7, varies from that in Fig. 2.4 in the following two

aspects:
1. The speeder spring stiffness is variable.
2. The relationship of the radial motion of the

flyweights to that of the speeder rod is exactly linear.

The governor spring is of the leaf typé, mounted on & fulcrum
pin and loaded via a roller assembly, bearing against an
inclined plane, Fig. 2.7. This arrangement results in aA
variable spring stiffness which increases with the downward

motion (y) of the roller (demand speed).

The spring stiffness was considered to be adequately
represented by a linear dependence on governor setting (y):

ko= Kk +kyy (2.45)

By substituting into equation (2.43), and rearranging, the

governor differential equation takes the form:
2
CL -+ C2% + (1 + C3y) (x+ Chy) = €5 x = €6 Q%)

(2.46)
Values of the constants Cl to C6 were obtained experimentally

(Chapter 5).

2.6 FUEL INJECTION SYSTEM

This system includes the fuel pump, delivery vélve,
fuel pipes and injectors. A thorough analysis (6,47,63,127,126) of
the fuel pump and injection system, taking into account wave‘
‘action in the fuel pipes, was not considered to be justified
for this work. The computational time needed for the |

solution of the differential equations is excessively long.
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Furthermore, a highly accurate prediction of the injection
rate diagram preceding each firing is not essential, as
combustion 1s represented by an apparent rate of burning

diagram.

Fuel injection can be visualised as a fuel pulse
introduced into the cylinder each cycle. This pulse is both
modulated in amplitude and duration according to engine speed
and rack position. Also, the point of dynamic injection

(start of injection) varies with engine speed.

This system was adequately modelled by a dynamic
gain element coupled with a sampler; The mass of fuel
injected per cycle was correlated (Chapter 5) with rack
position (r) and engine speed (Q%): _

Mg o= Me(x, ) (2.47)
The sampling instant was taken to coincide with the point of

dynamic injection:

O4; = ©O.5 T OESY | (2.48)
where: Mf = mass of fuel injected per cycle per cylinder,
edi,e‘. = crank position at points of dynmamic and
static injection, ‘
At = injection delay, i.e. time lapsing between
esi and edi'

‘Since the engine speed and rack position were un-
likely to alter appreciably during this extremcly short
period (injection duration), this assumption seemed justif-

iable, particularly in a case of a simple mechanical governor.

2.7 "HEAT TRANSFER

The heat loss to the cylinder walls is important

for two reasons:



1. The effect on the thermodynamic cycle and its
efficiency.
2. - The influence on the metal temperatures and

thermal loading of the components.

It was mentioned earlier that the instantaneous rate
of heat transfer between the gases and enclosing walls is
evaluated using equation (2.10): |

Q = hA(Tw—Tg) |
A brief assessment of a number of widely used correlations
(Table 2.1) for the coefficient of heat transfer'follows, but
for a detailed analysis of the subject the reader is rcferred
to Apvnand (4 ) and Lefeuvre (69). The method used for
computing the mean cycle temperatures of the gas exposed
surfaces is also described. A simplified model for the

exhaust manifold heat losses is given.

2,7.1 Coefficient of heat tramsfer in the cylinder

The complexity of the problem of heat tranmsfer
between the cylinder gases and gas-exposed surfaces is best
illustrated by the fact that despite the numerous investig-
ations that have been carried out in the last four decades,
the dependence on many possible parameters is not fully agreed.
" Within one engine cycle heat transfer occurs by convection in
addition to gas and flame radiation. Thus, most of the
-published correlations describing heat flow in engine
cylinders, comprise either one convective term only; or one

convective term in conjunction with one or two radiative terms.

Eichelberg's correlation (38) was developed in the
late 1930's but is still used due to its simplicity. = To

~achieve greater flexibility, Pflaum (85) introduced a factor



SOURCE

FORMULA

REMARKS - -~

Eichelberg (38)

- L A
ho= 2,43 x 1073 (vp)ﬁ(pT)z

Vp = mean plston speed

P, T = pressure and temperature of the '
gas inside the cylinder

Pflaum (85)

= £(p, )£V, y(p1)*

f(P ) = 20.44a (P /1 013)

1.8
£(V) = 6.9-5.9x (4. 5)=(0-3215V )

Psc = scavenging pressure

For piston and cylinder head,
a=2.3and b = 0,25

For liner,-

= 0.8 and b = 0.25

~Nusselt (80)

a/A=1.071x1073(1+1. 247v )[(?/1 013) Tj’j(r T)
+ &.201 x 107t ¥

'

Erilling (25)

a/A=1.071x107° (2.45+0.184v ) [{0/1. 013)*17% (7-1,)
+ 4.211 x 1071211

q = heat transfer rate.

Tw = wall temperature.

A = heat transfer area.

o As = increase in specific entropy
Elser (39) Nu=6.5(1+0. 5 4 )LBQ Prj C, = specific heat at constant pressure
Re = Reynolds number
i Pr = Prandtl numberx
Oguri (83) Nu=6. 5(1+ )E{e Prj [2+°°S(g_ 20 ):] ¢ = crank angle from top dead centre
k = thermal conductivity

Anrand (4 )

q/A = 20.44 [a%(RQ)O'I(T-T ) + c-:T'“-T“)—l
w w J

= 0.35 to 0.8
durlnb compression ¢ = 0
during combustion and expansion
¢ = 1.6 x 10712 for diesel engines
c

2,1 x 10713 for spark ignition engines|,

Woschni (124)

v.T
_0.12793 ,° P ,0.8 Lo
h= ) l:clvp+c‘2 {» Po)] .

{
D0.2T0.53 0.98067

T1.P1,Vv= temperature, pressure and
- ceylinder volume at a reference
point, e.g. inlet valve closurc
Vs = maximum cylinder volume
Stavenging period: Cl=6,18, C2=0
Cowpression: Cl = 2,28, €2 =0
Combustion and expansion: Cl=2.28,
- . €2 = 3.24 x 10-3

Sitkei (95)

0 7V 0.7
h = 0. Oah(1+b)‘ —————1‘-——- DO 3]

ZDhe
De = [}an
h = he1°nu of cylinder space above piston
b®varies from 0 to O 0,4 according to the
configuraticn of the combustion chamber

»om Gases to

- 26 -



related to the scavenging p%essure and modified the depend-
ence on mean piston speed. Henien (53) reported better
agreement with his measurements when replacing the mean piston
speed in the Eichelberg relationship by a calculated instant~
_aneous gas velocity. However, he gave no experimental
evidence to support the validity of his assumption. Nusselt's
formula (80), later modified by Brilling (25), was based on
hot bomb studies,

Elser (39) applied dimensional apalysis to obtain
his formula, in which he used the mean piston speed as a
" characteristic velocity in the calculation of the Reynolds
number. He reported better agreement with the measurements
obtained on a two~stroke engine in cbmparison with four-
stroke. Ouguri (83) later modified Elser's relationship to
allow for the cyclic variation of the piston speed, verifying
his calculations against experimental data from a four—stfoke

spark ignition engine.

Annand (4 ) reviewed earlier studies of unsteady
heat transfer in the internal combustion engine and concluded
that all the formulae failed to meet basic requirements. He
criticised Eichelberg, Nusselt and Brilling on the grounds
that their formulae were dimensionally incorrect and hence
could not be relied upon in representing conditions greatly
differentiﬁxxnthosetqnn)whiéh their tests were based. Elser
and Ouguri were criticised for incorrectly replacing the
dimensionless group (QC NT> by AS/CP. Annand then re-analysed -
ElseL s experimental data and proposed a correlatjon
comprising a Nusselt~Reynolds convection term in addition to

a flame radiation term.

Although this was an attempt to produce a flexible
and dimensionally correct formula, the inadequate represent-

ation of the gas velocity by the mean piston speed was
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retained. Moreover, the limits specified for the proportion-

ality constant (a), in the convection term, were quite wide.

Sitkei (95) proposed a formula based on the Nusselt-
Reynolds forced convection relationships, and introduced a
constant (b) to cater for the effect of the combustion
chamber configuration. Knight outlined a method for calcul-
ating instantaneous gas velocities and applied pipe flow
heat transfer data but predictions for fixed cycles were
not in good agreement with measurements. Woschni (123) has
also derived a formula using heat transfer data for turbulent
flow im pipes; He related gas veloéities to the mean piston
speed and a term accounting for the additional equivaleht
turbulence introduced by combustion. The advantage of this
formula lies in the distinction between the different rates
of heat transfer duriﬁg compression, combustion and scaven-
ging. This is coupléd with the possibility of adjustment to
any engine (76) via experimentally determinable constants in
the gas velocity expression., In comparisons by Woschni (123)
using area averaged, and by Lefeuvre (69) using local, heat
transfer rates, Woschnifs correlation showed better agreement

with experimental data than other formulae.

Based on these facts and because of the above ment-
ioned advantages, Woschni's correlation is used in the
simulation. No modification to the original constants was
found necessary as the.computation of the fuel mass burning
rates from experimental pressure diagrams (Chapter 6)
showed good agreement with the measured quantity of fuel
_supplied. However, provision was also made to enable the
use of other heat transfer correlations in the simulation,

if required, e.g. Amnand or Eichelberg.



- 55 -

2.7.2 Evaluation of cylinder wall temperatures

A one-dimensional heat balance between the gas and
coolant is applied to compute temperatures of the gas-exposed
surfaces in the cylinder during steady state operation. The
conduction heat transfer model employed here was presented
in detail by. Borman (21) and later used by Streit (99) in a
simulation of a two-stroke turboéharged diesel engine. In
order to assess the influence of the cylinder wall temperat~
ures on the transient performance of the engine, the model

was extended in a simplified way.

Steady state operation:

The cylinder walls are divided into three regicns,
namely: cylinder head, linef-and piston crown. An equiﬁw
alent steady rate of heat transfer was assumed through each
surface with uniform temperatures and heat transfer coeffic-
ients on both sides of each wall. By neglecting the cyclié
variation in wall temperature the steady heat transfer réte

A

can be expressed as:

T =~ T " .
o= & &
Q= TIR R - (2.49)
m _ ‘ :
where: R = the thermal resistance of each heat path,
R = b
- s
& Pegleg
X
Rm T KA
m m
L
Rc T h A
) cc v
‘h = coefficient of heat transfer,
k = thermal Conductivity of wall,
x = wall thickness, ‘
and e, g, w, ¢ stand for effective, gas, wall and

coolant respectively.
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To account for cyclic variation in the gas temperat-
ure, the gas side heat transfer coefficient, and in the case
of the liner the heat transfer area, the following effective

time average quantities are used:

liner effective area:

dA (t)dt
Aeg = —*jﬁzﬁr“— (2.50)
effective heat transfer coefficient:
: @Ag (t)hg(t)dt
By, = NG (2.51)
‘and the effective gas temperature:
$T_(t)a_(t)h (c)dt
T o= BB b s (2.52)
eg @Ag(t)he_(t)dt

where @ denotes the cyclic integral between t and t 4+ At;

t and At being time and the cycle duration respectiively.

Analogous heat transfer resistance networks for
the piston, liner and cylinder head are shown in Fig. 2.8.
The metal thermal resistances RZ’ Ra, RS’ R7 and RlO are
obtained from geometric best estimates. The friction heat flux
(Efr),takcnas 50% of all mechanical losses (98), is added
at the piston/liner interface. In the case of an effectively
oil-cooled piston, the heat path branching off T _is consid-
ered and RS is estimated. An empirical correlation,
suggzested by Howarth (56) is used to evaluate the water side
heat transfer coefficient and hence resistances Rl and RC:

b= 0.12695 Q004 | S (2.53)

W
This assumes that nucleate boiling will occur and accordingly
relates the heat transfer coefficient to the heat flux.

However, any other correlation could be employed.

The temperatures T, , T _amd T  can be obtained

hg’ “pg Lg
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in texrms of the resistances, the effective gas temperatures
and the friction heat flux (Tpg and ng only).
T, (Rg*+R; ) + TR,

T, = - o (2.54)
hg Rg—I—RlO +4 Rll
. (RSTegp+R6Tp) (2.55)
pg  (Rg+Rp) ,
= _R__E? _ENMQE S
T)Zg R4 TR +x R + Tp (2.56)
‘ 576 7 8
where
T -
B o4._esl cw _ﬁ egp CO
fr R R R i—R R +R "R +R
3 8 .
T = (2.57)
P R
_1_+_..J.....+[1 ][ L]
Ry RHR, R R +R R_+ R.-—.‘R8__J

At the end of each calculated cycle, the effective gas temp-
eratures, friction flux and the variable thermal resistances
are computed. Subsequently, new values for the surface

temperatures can be calculated.

Transient operation:

Due to the thermal capacity of the cyiinder walls,
a step change in the effective temperature of the gas does
not result in an instantaneous response in the metal temper-
ature. The time lag experlenced is of a greater order of
magnitude than the response of the engine to rapid changes in
load and/01 speed (mlnutes versus seconds). The
calculation of this lag is a.difficult exercise and cannot be
JuSLlfled-LD this application due to the small error -involved.
HOWever,‘é simplified method was employed in order to

investigate the effect of the thermal capacity of the walls,.

The steady state heat transfer model, mentioned

earlier, is applied once every engine cycle to provide the



value of the wall temperature for a case of zero thermal
capacitance and the actual wall temperature is allowed to

follow in an exponential form as given by Sitkei (94):

- At /o
Tw(tn+l)—'Tx«r(tn).*-[TW(FO(tn-i-l)"‘rl‘w(tn):l(l"e )
S (2.58)
where: -»TW = actual wall temperature,
. T = wall temperature for a case of zero

We=0 thermal capacity, ¢ = 0,

n = cycle number,
At = cycle duration,
x = time constant.

It is important to mention that the steady heat
fiow treatment as proposed by Borman (21) constitutes a cons-
iderable simplification of the actual situation. Nevertheless,
the computed temperatures represent some éverage values
indicative of individual surface temperature level but cannot
be used for applications such as thermal stress analysis. The
treatment postulated for transient operation provides a
simple and useful means of. investigating the'effect of the

wall temperature on the response of the engine.

2.7.3 Heat losses from the exhaust gases

Several attempts have been made to compute heat
~ losses through the walls of the exhaust manifolds. BRorman
(21)used Eichelberg's and Zapf's correlations (38,128) to
represent the heat transfer coefficient from the exhaust
'gases to the manifold walls., Arbitrary constants were used
in this case and no experimental support was given. This
lack of experimental information led Janota (61) to use a
fixed overall heat transfer coeffiicient accounting for the

thermal resistances of the gas, metal and air.
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The latter approach was adopted here. However,
this assumption may be replaced by a correlation (if
available) for the heat transfer coefficient, dependent on

the instantaneous conditions of the gas and manifold geometry.
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CHAPTER 3

NUMERICAL TECHNIQUES AND SIMULATION PROGRAM

3.1 °  INTRODUCTION

This chapter, reviews the governing differential
equations involved in the simulation and describes the
mathematical manipulation necessary for the solution process.
The resulting set of first-order non-Tinear differential
equations is presented in the form of a rate of change of an
individual state variable, expressed in terms of the remaining
variables and their rates. Boundary conditions are also

outlined.

The equations are solved numerically along equal
increments of crank angle. The numerical methods applied
together with'the solution procedure are discussed. The
general framework of the simulation program is outlined; 2
brief description of its individual subroutines being given
in Appendix B. Also the input data requirements are listed

and the resulting output is described.

3.2 REVIEW OF GOVERNING EQUATTIONGS

The theoretical analysis, presented in Chapter 2,
shows that the prediction of the transient performance of a
turbocharged diesel engine necessitates a continuous eval-
uation of the interactions between all its individual
components. It is therefore essential to select the
parameters which define the state of the engine system at
any moment; and to develop the differential equations
goVernihg:their interaction and subsequent variation with

time.

The dynamic state of the engine could be conveni-

ently described by the following variables: the temperature,
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equivalence ratio and mass of the gases inside each compart-
ment, the rotational speeds of the crankshaft and turbocharger,
the linear speed and position of the fuel rack, and the
angular position of the crankshaft. The knowledge of values
of these variables at time s together with the time pattern'
of the loading torque and demand speed is essential and

sufficient to yield the transient response of the engine.

Prior to developing the governing equations, the
operational nature of the diesel engine will be reviewed
briefly. Most of the processes and events involved are
periodib with respect to the crank position, whether the
engine spced is comstant or varying: plston motion, valve
motion, injection and the four basic strokes, The timing of
the dynamic injection point, the ignition point and the
resultant pressure'developed inside each cylinder in relation
to top dead centre (IDC), have an important influence on the
engine torque and the available exhaust energy. Also the
phase diffecrence betwéen the points of static injection and
the application of external disturbance (variation in load

or demand speed) affects the engine response,

To investigate and analyse the interaction between
the different processes, and their influehce on the transient
behaviour of the engine, it was decided to transform the
problem from the time to the crankshaft domain. Such a
transformation, in addition to displaying the periodic
nature of engine events, simplified the structure of the
simulation program, It also reduced the computational

effort in the case of a fully iterative algorithm.

.By using'crank angle as the sole independent

variable, equation (2.11) becomes:



at 1

T - ﬁ; (3.1)

From the definition of the equiﬁaience ratio,
equation (2.1), the mass of burned  fuel, M., present in a
mixture of combustion products of mass M, is:
fSFl.

Me = 7l | | | (3.2)

S

Using equations (3.1) and (3.2), the consetrvation of fuel

species, equation (2.4) takes the form:

de 1 fSF. u de N
L -4 L AR (3.3)
de Q 1+f F i de
e s j,u
J
where: F. a - equivalence ratio of gases flowing;

3> taken equal to the upstream value <Fu)'
de c

dd = apparent rate of burning of fuel;

cylinders only.

Differentiating equation (2.1) with respect to
crank angle and substituting for Mf and de/d@ from equations
(3.2) and (3.3) respectively gives:

1+£ F dM

ar - _ - m_ e fal =
5 = L(]+£ F)(Q =i ) - F J (3.4)
q fSF. "
where: Y, = B, (3.5)
1 ; l-+fSE.’ J

To account for temperature variation, the differential
equation déveloped by Borman (21), for his steady state engine
simulation program, is employed. It is based on the
law of conservation of energy, equation (2.2) and equations

(2.7) to (2.9) after differentiation:

de, dM_ dv 1 E '
M5t elg =P ng ZE:)Q ng _ijhj (3.6)

e s e .
1 J
i@.:g_@.ﬂ;‘g%gg{_g%ig . (3'7>

de
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QR _ QR AT , OR dP , 3R AF
30 " 50 a0 T 3p a8 ' 3F de (3.8)

£=@q}@+1@+1£_;§] (3.9)

6~V |Mde TRI T "V b
By manipulating equations (3.6) to (3. 9) the
dR dP de
terms 16’ a5 @ and ET) are ellanated resulLlng in:
P dv [' . M | De dF
PV L LD s g e S dh et - MO SE L
ar _ M de M_Qe : lQe 1 i737%d0 T 5F de 4
° o Y3 p ae
oT =~ (p, T O (3.10)
| . - 1 - L OR
where: ) 1 - & =5 - (3.11)
A . L OR |
¥, = 14553 (3.12)
P ®e|LlLdM 14dv, 1l 8R dF
b, - , P |Md6 ¥ 6" ¥ or d@J (3.13)

The rate of change of mass is provided with the

aid of equation (2.3):

dM AN
mae o reisem : 1/
6 = o >‘,,_J " | | (3.14)

]
Equations (2.36) aﬁd (2.40) describe the rates of
change of turbocharger and engine speeds with respect to

time. These are transformed into

ds?. c. -¢C |
_,Eg,‘g_ - _,‘g%,_.w..@_ (3.15)
e tc
dQe 9 cesc]ncf
and =2 - e (3.16)
de g% (Je4JL) :

By considering the linear speed of the fuel rack,
u,as an intermediary variable, the governor second-order
.differential equation is resolved into two first-~order

equations. Also applying equation (3.1) gives:

dx

e

- L
5 = Qeu (3.17)



du 1 2 A2 2 )
de«-———-QeCl[(:6(Qe-Qr)+ch2x C2u (1+c3y)(x+cay)

(3.18)

The resulting set of 3n _+5 (nt = total number of
control volumes) first-order ordinary differential ~2quations
(3.1, 3.5, 3.10 and 3.14 to 3.18). must be solwed simult-
aneously in order to obtain the dynamic behaviour of the
system; The evaluation of the right~hand side terms,
essential for the solution, constitute thé major part of
the simulation programme and require the use of all remain-~

ing relations in Chapter 2.

Boundary Conditions:

It is essential to define the initial and boundary
conditions in order to obtain a solution to the set of
differential equations developed. Accordingly the following

information is required:

nd

1. Ambient temperature and pressure; Tamb a
e > e ; e
Pamb for t # 0, plus the turbine back pressure, Pto'
2. The initial crank positicn; @i.
3. Load torque and governor setting; CL(t) and
y(t) for t =2 0.
b. Temperatures of the cooling water and oil;
and .
TCw and TCO‘
5. Values of the state variables at the initial

crank position; TK’

FK’ MK’g?e’g?tc’ u and x at t =-O;
. v

i=l, 2, ,‘.e,n

6., o Wall temperatures and combustion constants

for the initial steady state condition.

However, in the case of items 5 and 6, only

reasonable estimates are required. This is achieved by
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programming the computation to proceed for a number of cycles
using fixed values of load and governor setting until the

solution converges to an initial steady state point.

3.3 NUMERICAL METHODS

The governing equations presented in the previous
section constitute an initial value problem comprising m

simultaneous first-order differential equations of the form:

de '

s = )

dg(e) fk(zl’ ZZ’ ceos Zm, Q) ' (3.19)
where: zk(90> = ZO

k=1, 2, ..., m; m being equal to 3n_+5.

t

It appears essential at this stage to consider
the nature of the variables involved, pfior to selecting the
numerical technique. It is mentioned earlier thalk conditions
inside the cylinders (charge mass, temperature and equivalehce
ratio) varied periodically in relation to crank angle, even
at fixed engine speeds. Moreover, the rates of variation
of these thermodynamic conditions are several orders of
magnitude faster than the steepest rates of acceleration/
deceleration of the engine and turbocharger (the response
times of the engine and turbocharger are of. the order of
one second, whilst large changes in equivalence ratio and
temperature occurred in a few ms). Therefore, the numerical
solution and the integration step size primarily should

satisfy the requirements of equations (3.4), (3.10) and (3.14).

The literature describes several techniques forx
integrating differential equations, the two most common
methods éfe the Runge-Kutta and the predictor corrector
(iterative) techniques. Although neither of the two are

superior in all problems (29) , Annand ( 2 ) indicated that
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iterative techniques were more suited to engine simulation
(steady state operation). He showed that a fourth order
Runge-Kutta method was less efficient than an iterative
scheme of the same order of accuracy. Annand also eported
that the former method could dispiay numerical instability
during the gas exchange process. Furthermore, predictor
corrector methods provide an automatic estimate of the trunc-
ation error (a property lacked by Runge-Kutta methods),

allowing step size optimisation for a fixed accuracy.

Based on the above considerations and experience
resulting from simulation of engine steady staté performance
(21,61,99), a second order predictor corrector method was
adopted for the integration of equatibns (3.5), (3.11) and
(3.16). This was of the Euler open type formula for
prediction:

-

2,(0,) = 2,(8, ;) + 0e.1, [z (@j-l)”“"" @jmlj
- (3.20)

and the modified Euler closed type integration formula fox

correction:

n - 0ol
2, (850 = Zk(@jm1)+'2'%ktgl<ej~1)""’ej-1]
" -1
E fklél (ej),.,.,ej_1]} (3.21)

The predictor formula (3.20) provided a first
approximation ZE(Gj), which was essential for the evaluation
of a better estimate via the corrector formula. An iterative
sequence was evolved by the alternate application of equation
(3.21) and subsequent testing for con?ergence, The difference
between two successive iterations, n and n-1, had to be |

within a specified tolerance Ek:

fa) ’ n~1 < '
y - £
zk(@j) Zy (ej) SEL ) (3.22)
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An integration step length of 1°CA was selected,
to cater for the nature of the thermodynamic variables.
Streit (99) reported that employing smaller steps did not

yield significant improvement in accuracy.

As the chosen step length was very small in comp=-
arison with the requirements of equations (3.15) and (3.16),
iteration was not essential in this case. Accordingly the

Adams Bashforth open type integration formula (51) was used:
2(0.)=2(6. ;) -QQEESf(@ }—59f(G )37£(6 )
j j=17 " 24 j=1 j=2 j=37
-9f(@j_4}:] ) (3.23)

Equations (3.17) and (3.18) were integrated using
the predictor corrector pair (3.20) and (3.21). This was
done to provide an accurate description of the governor
behaviour during rapid changes in demand speed, particularly

close to the end points of the fuel rack travel.

3.4 GENERAL SOLUTTION PROCEDURE

The solution procedure consisted of integrating the
differential equations (Section 3.2) in parallel along equal
increments of crank angle. A computational scheme, based on
the numerical integration formulae (3.20), (3.21) and (3.23)
was employed to compute values of the engine state variables
at any crank angle @j, using information generated at previous
crank positioms. This, presented in the form of a flow chart,

(Fig. 3.1) comprises the following basic steps:

1. b Engine and turbocharger speeds are evaluated

using formula (3.23).

2. L ‘The current time t, is calculated by inte-
grating equation (3.1) using formula (3.21); the load

torque and governor setting are determined accordingly.
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Values of the geometric parameters and fuel

burning rates are determined for all cylinders.

The predictor formula (3.20) is applied to

provide estimates of Mk, Fk and Tk in all compartments.

Properties of the fluids are evaluated in all

compartments.

Rates of mass flow of gases and burned fuel
species together with the accompanying rates of

enthalpy transfer through all flow sections are calc-

" ulated. Compressor and turbine torques are also evaluated.

All rates of heat transfer from the gases

are calculated.

The rates of change of M{, Fk and Tk in all
control volumes are determined using equations (3.14;,

(3.4) and (3.10) in order.

Corrected estimates of M, , F. and T, are
k” "k Ik
then evaluated using equation (3.21), and inequality
(3.22) is applied to check convergence. A compromise
between accuracy and computing time is normally sought
when selecting convergence tolerances. Suiltable values

4

- - -l .
are 2x10 7, 5x10 4 and 9x 10 " of the maximum steady

state values of Mk, Tk and F. respectively. The thermo-

, k
dynamic iteration 1s restarted from step 5 if the

specified tolerances are exceeded in any control volume.

The torques developed by the engine and imposed
by friction are evajuated. Rates of change of turbo-
charger and engine speeds are determined using equations

(3.15) and (3.16).

The governor response (fuel rack position) is

evaluated using the predictor-corrector pair, equations
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(3.20) and (3.21). An accuracy tolerance of 1:»:10"Z+
of the fuel rack travel is employed.

12, The current crank position is checked against
the static injection timing of all cylinders. When
necessary, the mass of fuel to be injected is
evaluated using equation (2.47).

13. The crank position is then incremented and

the sequence is repeated from step 1.

3.5 COMPUTER PROGRAM

A computer program  has been written to pfedict
the transient response of turbocharged diesel engines to
variations in external conditions, i.e. load, demand speed
and atmospheric conditions. The program evaluates a
number of important aspects of the dynamic and steady state
performance of turbocharged and naturally aspirated direct
injection diesel engines. Particular reference is given to
the influence of the permainently transient thermcdynamic
conditions within the cylinders and manifolds. The general
structure of the program is sufficiently flexible to
enable adaptation to different engine types and configurat-
ions, such as: indirect injection, 2~stroke, 2-stage
turbocharging, etc. The computer code is subdivided into
12 independent subroutines; details of which are described
in Appendix B. Each subroutine is assigned one or more
tasks; e.g. modelling of engine thermodynamics, simulation

of governor behaviour, reading of input data, etc.

The simulation program is based on the theoretical
analysis given in Chapter 2 and employs the quasi-steady
approach in the treatment of the engine thefmodynamics and
gas flow. The governing differential equations (Section

3.2) are solved as an initial value problem in conjunction
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with the additiomnal algebraic equations in Chapter 2. The

general solution procedure is described in Section 3.4.

.There are three basic modes of programme operation:
1.  NATASP:

In this mode, a naturally aspirated engine with
one inlet manifold and a single~ or twin-branch exhaust
manifold is simulated under steady state or transient

running conditions.
2. TURBO:

This mode considers steady state and transient
operation of a turbocharged, direct injection diesel engine.
Complete turbine and compressor characteristics have Lo be
specified by the user. Since the programme determines its
matching point, only an initial estimate of the turbocharger
speed is required., Variations in turbocharger speed at a
fixed engine speed are computed. Again a common inlet
manifold and a single- or twin-~entry turbine may be used in

this mode.
3. NOZZLE (steady state only):

This mode represents an engline operating undex
simulated turbocharged conditions; boost conditions are
specified and the turbine is replaced by an exhaust nozzle.
It is normally used in early design stages to provide approx-
imate turbocharger matching when the turbocharger character-

istics are not available.

3.5.1 Input data
The following input data is required:

1. Operational mode: NATASP, TURBO or NOZZLE.
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2. Integration step size.

3. Required number of steady state and transient

cycles (see Appendix B).

4. A detailed geometric specification of the

engine.

5. Valve timing and effective valve area against

crank angle (or geometric area plus discharge coefficient).

6. Complete compressor and turbine characteristics
for the turbocharged mode, together with wheel diameters.
Conversely, effective area of exhaust nozzle and bcost

pressure for nozzle mode.

7. - Equivalent polar moment of inertia for engine
-and turbocharger.

8. Injection timing (static).

9. Values of thermal resistance for the heat flow
paths through the cylinder walls (Section 2.7.2) together

with estimates of wall temperatures.

10. ' Ambient pressure and temperature.

11. Initial estimate of fuel injected per cylinder
per cycle.

12, Initial crank position in relation to T.D.C.
for cylinder number (1), together with estimates of
conditions inside all cylinders and manifolds, i.e.

temperature, pressure and equivalence ratio.

13. - Initial estimates of engine and turbocharger

speeds.

14, Time schedule of external disturbances, i.e.

load and governor setting (demand speed).



3.5.2 Program  Output

For steady state operation, the program (3 modes)
prints out instantaneous values of  pressure, mean gas
temperature and equivalence ratio in each cylinder, mass flow
rates through the valves, efficiency, torque and mass flow of
the turbine and compressor (at specified intervals around the
cycle). Cumulative values (complete cycle) of total mass
flow and heat transfer for each compartment, plus total work
done, trapped mass, trapped equivalence ratio, timing of
dynamic injection and ignition, peak pressure and IMEP for
cach cylinder are printed out at the end of each cycle. Im
addition, the turbocharger speed, cylindex wall temperatures
and overall valﬁes of IMEP, ISFC, ISAC, FMEP, BMEP, BSFC,

BSAC and turbocharger efficiency are printed.

' The above mentioned values are also generatzd
during transient operation (TURBO and NATASP), with the
exception of the overall steady state performance parameters,
e.g. IMEP, ISFC, etc. Values of engine speed, rack position,
fuelling per cylinder per cycle, turbocharger speed, boost
pressure, air flow and exhaust temperatures are printed once

every injectilon.

Special plotting subroutines were written to

permit a graphical presentation of the data.

3.5.3 Computing Requirvements apd Geperal Remarks

The program has been developed in FORTRAN iV oD
a CDC 6400 computer. Storage requirement is 22 to 25 k
words and the running time is approximately 30 seconds per
engine cycle (dependent upon opevational mode, step size
and engine speed). A typical transient run of 60 engine

cycles consumes about 1900 seconds. If reasonable initial
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values are given, 4 to 6 cycles'will be sufficient for
convergence to the initial steady state condition. This
process is speeded up by reducing the turbocharger inmertia
during the steady state computations. Convergence of _
cylinder wall temperatures mormally occurs in 2 to 3 cycles.
The initial estimate of engine speed is of particular
importance due to the relatively large inertia of the engine

and the high gain of the governor.

One of the useful applicaticns of the simulation
program is in assessing the effects of design changes on the
steady state and transient performance of the engine (examples
are given in Section 7.3). The steady state version of the
program was made available for teaching and reseaxrch
applications in the Department of Mechanical Engineering at
Imperial College. The program is also currently being
used (after modification) to predict the steady state

performance of a two~stage turbocharged diesel engine.
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CHAPTER &

EXPERIMENTAL TECHNIQUES

4.1 INTRODUCTION

Difficulties involved in runmning an engine under
controlled transient éonditions and handling the measurements
required, has limited experimental information on the transient
response of a turbocharged diesel engine. English Electric
Diesels Ltd. (41) subjected a 1000 hp engine to rapid leoads
and recorded the following variables with time: brake borque,
engine and turbocharger speeds, fuel rack position, bcosti
pressure, exhaust temperature and air flow. TFuel flow was
calculated using a relationship between fﬁelling/cycle/

cylinder and rack position based on steady state measurements.

. In view of the mneed for & detailed understanding
of the engine thermodynamics and fluid flow during transient
operation (a requirement of the simulation), a different
experimental approach was employed. Complete cycle diagrams
of: cyliunder pressure, fuel line pressure, needle 1lift, boost
and exhaust pressures,had te be recorded in addition to the
variables mentioned above. It was necessary to record data
over a period of 200 engine revelutions following the

~

application of the input signal (rapid change in load and/on

demand speed).

The basic requirements of the test programme were

as follows:

1. variable control of engine speed and loading torque

with time;

2. multichannel (simultaneous) data-logging of sixteen

variables;

3. - control of the test sequence to ensure repeatability;
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4. checking data for effects of faulty instrumentation;
5. data processing and storagé.

The advent of computer-controlled engine test beds
and the use of computers for data handling made this a
feasible programme. In such systems the computer is the
nerve centre which directs the sequence of all operatioms:
engine control, data acquisition, on-~line data processing and
fault detection. The degree of dirept‘digital control (d.d.c.)
- of the engine depends on the speed and core size of the
computer, software capabilities and the data requiréments,
A compromise design (19) was employéd in this work. This
consisted of local control of the secondary variables
(coolant and oil temperature) and d.d.c. for engine speed

and brake torque.

| This chapter provides a descripticn of the computer-
controlled test bed, built to carry out the transient and
steady state tests. Details of the instrumentation used and
signal adaptetion hardware are given. The digital computer
togéther with the specially built control and data acquisiticn
electronic interfaces are also described. The computer

ftware wrkitten to carry out the data~logging and control

ey

SO

operations involved in the test procedures developed are

The engivie test bed was basically a developed
version of the Tmperial College computer~controlled test rig
(19,62,73). The general arraugenent, Figs. 4.1 and 4.2,
consisted of the engine coupled to an eddy-current brake,
an electrical stepping motor for demand speed variation and

-an external oil and watex cooling system. The engine and
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FIG., {4.1) Photograph of Test-Bed Showing Instrumented Engine
and Dynamometer.

i

F1G, (4.2) Photosraph of Computer-Based Control and Data-fequisition
System.

8 -
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brake were rigidly fixed to a fabricated steel frame, which
was flexibly mounted to a.large concrete base. A schematic
diagram of the test bed and the control and data lines

connectiﬁg it to the‘pomputerubased control and date

acquisition system issshown in Fig. 4.3.

4,2, 1 Engine

frsnrioitel 4 Ruotviniimst

The experiments were performed on a Leyland 520
series direct injection, turbocharged automotive diesel
engine. This was a six cylinder 4-stroke high speed engine
built in accordance with the fixed head concept (96).
Elimination of the cylinder head high-pressure joint was a
radicel depaviure fxom current deéign'practice, aiming at
higher ratings, improved cooling,‘reduced thermal stress and
freedom from restrictions in the cylinder head porting

arrangeimnen te

The cngine was equipped with an overhead camshaft
and directional inlet ports to create air swirl via
tangential discharge into the cylinders. The fuel injeetion
system ccmprised a Simms in-line pump with Leyqud t-hole

Fas

injectors connected by pipes of equal length. A leal spring

type mechanical governor was included as an integral part of

the fuel pump bOd'y'u

Pulse turbechavging up to delivery pressure rabtioc
of 2,11 was effected by a Holsel 4LE Lurb }eharger compris
a centrifugal compressor and a dual entry radial exhaust

turbine., Two exhaust manifolds separated the gases leaving

the two cylinder groups {(connecting cylinders 1, 2, 3 and’

£

4 boost pressure-sensing fuel contrel was provided

to limit smoke particulaxly during vepid increases in fuel
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injection at low speeds, However, all tests were carried
out without the controller, hence no limit, other than the

fixed maximum fuelling point, was imposed on the fuel input.

The principal engine data together with other

particulars are given'in Appendix C.

4,2,2 Load

The engine was loaded by a Vibro~meter eddy current
dynamometer (type 3WD/25) capable of a maximum torque of
1520 NM at 1800 rev/min. The low inertia of the brake's
cylindrical rotor together with its thyristor drive unit

ensured a rapid overall response.

The braking power rose progressively with speed
according to the degree of excitation (Fig. 4.4). The
nominal power of the brake was fixed for thermal nreasons,
this being reached at 100% excitation and speed Q% (1800
rev/min.). A thermal safety switch was imcluded to intervene

if this was exceeded. At speeds above (} , maximum excitation

was reduced and the torque characterisitic was determined by .
the brake power and speed; nominal (maximum) torque was

obtained at 100% excitation and.ng

The size of the brake was selected such that its
maximum torque envelope completely enclosed the engine
operational range. Power dissipation in the form of
gencrated heat was carried away by cooling water which flowed

inside the .stator jacket. o

The brake‘excitation unit, a thyristor-controlled.
voltage‘stabilizer, supplied the stator coil with a highly
‘stable direcl current to maintain a {ixed field strength.
Manual control of the output was possible via a ten-turn

potentiometer whilst an externally fed d.c. veltage permitted
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an alternative remote control. Continuous monitoring of the
brake torque was achieved by a load cell, embodied in the

dynamometer, together with an appropriate meter.

4.2.3 Speed adjustment

A digital stepping motor was used to drive the
governor control via a reduction gear box, combining fast
adjustment‘ofithe engine demand speed with a fine resolution.
The permanent magnet motor (Sigma 3437 D200-FO75) was of
the dual angle type, capable of rotating at two step sizes
(1.8° and 0.9°) at speeds uﬁ to 3850 step/s (O°9O). A gear
reduction ratio of 56.25:1 was sclected to give a goverpor
set point resolution of 1/2000 of full range. This allowed
a change from minimum to maximum demand speeds in less thawv

0.6 second.

4,24 - Cooling and temperature control

Both the oil and cooling water were passed through
external heat exchangers. The temperatures were controlled
via a bympéss system using Sarco TW3 diversion valves. Thase
fully modulated valves responded to the teﬁperature of a
sensor via oil-filled capillary tubing. Thus a proportion
of the flow was cooled to maintain the temperature within

tloC of the sét value.

4,3 INSTRUMENTATION

.

The measuring requirements of the experimental

programme were as follows:
a) External variables: engine speed, brake
torque, fuel flow, air flow, exhaust smoke, crank angle

and real time.
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b) Internal variables: cylinder pressure, boost
pressure, exhaust pressure, fuel line pressure, needle
lift, turbocharger speed, inlet air temperature
(manifold), turbine entry temperatures, and fuel rack

position. -

c) Safety variables: oil pressure and temperature,

plus cooling water inlet and exit temperatures.

A description of the measuring téchniques, trans-
~ducers and signal adaptation equipment follows. This is
limited to variables recorded by the computer-based data
acquisition system. Simple conventional. instruments, e.g.

temperature gauges, are not discusscd.,

A e i O W

4.,3.1 - Pressures

Cylinder pressure:

Brown (26) reported that water-cooled piezoelectric
pressure transducers are superior tc other types with resgpect
to thermal shock, vibration sensitivity, limearity and
natural frequency. Strain gaugé transducers have excellent
performance but can suffer from temperature and vibration
effects and have poor linearity. In the case of the
balanced disc type, the cylinder pressure diagram is built
up point by poipt over a large number of cycles; a lengthy

procedure suitable only for steady state operaibian.

In view of the above, a water-cooled piezoeclectric
pressure transducer (AVL 12QP.500C) was used, Errors due Lo
drift,of_thé transducer output were minimised by keeping all
electrical comnections spotlessly clean (to reduce charge
leakage) and by limiting the test duration to a few scconds.
The staundard deviation of the pressure during the intake

stroke was used as a criterion for checking drift during
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steady state tests. This was computed for fifty engine cycles
and if it exceeded 7 KN/m2 the test was abandoned and repeated.
The datum of the cylinder pressure diagram was obtained by
relating it to boost pressure measured at the bottom dead

centre (BDC) following the intake process.

The effects of thermal shock were reduced (26) by
recessing the transducer by 4 mm. Static calibration diff-
iculties were overcome by connecting the transducer to‘a
high impedance charge amplifier (Kistler E568) and using the
on~line data logger and computer to record the output
continuously for five seconds foilowing a pressure applic-
ation. The amplifier gain>was selected to permit maximum
signal resolution (most of the 10 V range of the data logger)
with sufficient positive zero offset to prevent the occurr-

ence of negative values.

Manifold pressures: (exhaust and intake)

Water=-cooled strain gauge pressure transducers
were used for measuring transient pressures in the exhaust
and intake manifolds. The pilezoelectric type was not chosen
as drift could cause serious error in proportion to the
relatively low pressures involved. A Philips (PR9370 series)
transducer was used. It consisted of a water-cooled pressure
diaphragm, which was mechanically linked to a rosette type
strain gauge (4 arm bridge). Pressure on
the flush-mounted diaphragm caused the bridge to become
unbalanced and gave an output proportional to the applied

pressure,

Bridge amplifier units (Bryans Southern Instruments,
type MO 4/900) were used to supply the bridge with the

exciting voltage (4 V), amplify the output.and balance the
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bridge. The transducer had a measuring range of 0 to 5 bar
and a natural frequency of 7 KHz. Static calibration was
carried out for each transducer together with its corresponding

amplifier.

Injection pressure:

It was intended to measure the injection pressure
at the bottom of the injector gallery. _The nozzle holder
body was drilled and fitted with an Intersonde VT series
miniature strain gauge pressure transducer, capable of
measuring pressures up to 700 bar with reasonable linearity
(i 1.0%4). Excellent injection pressure records were obtained

using this transducer but unfortunately its life was too short,

As an altermative, but less satisfactory, technique
the pressure was measured in the fuel line prior to the
injector, using a standard AVL strain gauge transducer
(type 31DPS00 E.2). The major drawback of the method resulted
from the distance (about 25 cm) separating the measuring
point from the injector seat. Subsequently the output signal
could not always be comsidered a truthful picture of the
actual valve pressure due to pressure wave effects. FErrors
were found to increase atb part loads; very low pressures

were observed immediately following valve opening.

4,3.2 Angular and linear displacements

The technique employed for measuring érank angle
was first presented by Bloxham et al (19). This constituted
a significant improvement in accuracy in comparison with
earlier methods (magnetic and photo~electric, etc.). A
commercial, heavy duty, optical position,encoder (Ferranti,
type 28 H2/M4) was used. This was coupled directly to the

front of the engine crank shaft by a miniature carden shalt
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with flexible (but torsionally stiff) couplings. The device
was based on aMoire~fringed glass disc with a solid state '
light source and light sensiti&e pick-up on either side. As
the disc rotated, the resulting pattern (aiternate illuminated
and dark lines) produced an'approximately sinusoidal output.
Processing logic transformed the signal into a square-~wave
output (digitizer pulse) having a period of %°.  An additional
track gave a "once per revolution' marker pulse for absolute

position indication.

Determination of the position of T.D.C. in relation
to the marker pulse under dynamic conditions was carried out
as follows: the engine was run alb various speeds with
number (1) cylinder motored (zero fuelling). Mean cylinder
pressure diagrams were obtained by recording and averaging
fifty conseciitive cycles and the maximum points were itaken
as the dymamic positions of the T.D.C. This showed a maximum
variation of %O over the total speed range lOOOwZEOO rev/min.
Potential error caused by the lack of firing conditions
(e.g. lower heat transfer) was investigated using the cycle

simulation program and was found to be insignificant.

Injector needle 1ift:

Needle 1lift was measured using an inductive nozzle
pin displacement transducer (Vibrometer type NHL-100/B).
This consisted of a pin core moving inside an inductive coll
in the form of a half bridge circuit with a separating air
gap ol approximately 0.2 mm. bA carrier frequency (100 KHZ)
measuring bfidge (AVL type lOO;TRl/A) was used in conjunction
with the transducer, permittihg‘méasurement of high frequency
signals (up to 20 KHz). Because of the extremely low weight
of the pin core, the mass of the nozzle pin was practically

unchanged. An operational amplifier was included to magnify
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the transducer output to span most of the data logger

voltage range (0~10 V).

The transducer was calibrated statically using a
micrometer and digital voltmeter. This was checked dymam-
ically at running conditions when the nozzle pin meved from

stop to stop (full 1ift); linearity was within +1%.

Tuel pump rack position:

A Penn§ and Giies displaéement sensor'tYpe LVDT=-1315
was used for measuring the instantaneous fuel rack position.
. This robust inductive transducer was selected in preference
to potentiometers to ensure high resolution together with
longer life (no sliding electrical contacks), It was
totally self~-contained with integral solid state oscillator
and demodhiator, and gave a d.c. voltagé output directly
proportional to shaft displacement. An cutput of 0.10 V was
available over a stroke of 2.5 cm with a linearity within

;};O ° 50/00

The transducer was mounted adjacent to the fuel
pump, with its axis parallel to the fuel rack. A small
opening was made in the pump casing to link the transducer
shaft to the fuel rack. The output signal was fed divectly

to the off~line data logger (Section &.4.3).

4.3.3 §peeds

Engine speed was measured byvtwo devices., The
dynamometer was fitted with & 60 tooth gear wheel, a magnetic
pick-up and an analogue r.p.m. incficatore This was used for
visual indication purposes only. A more accurate means of
speed measurement was achieved by electronic processing of
the shaft encoder marker pulse together with a 25 KHz pulsed

wave sourcce. This method (described in Section 4.4.3) was



used during all the steady state and transient tests.

The turbocharger speed was also measured using the
second technique. A Cussoné—Ricardo magnetic pick-up was
installed to monitor the rotation of a magnetized nut fitted
to the compressor end of the turbocharger shaft., This
produced an approximately sinusoidal signal with a frequency
proportional to the turbocharger speed. A Schmidt trigger
circuit was used to.transform the sighal into a square~wave
prior to its processing in conjunction with 500 KHz pulsed

wave,

4,3.4 Tempera Lures

-

Steady state temperature measurcments were carried
out using sheathed thermocouples: chromel/alumel for exhaust
gases at the two turbine entries, and copper/constantin for
the inlet manifold and cylinder bleck water tcmporatu““
(around number (1) cylinder). For the transicnt tests, fast
response chromel/alumel thermécouples were inserted in the
exhaust and inlet manifolds. Wires having a dismeter of 0.12

mm and no outer sheaths were used.

The thermocouples were comnected to cold junctions
placed in a thermostatically-controlled 'fridge. The output
leads were connected permanently to specially~built, f{ixed
gain amplifiers feeding the on-line data logger (Section
4.4.3), Since no corrections for radiation cffects were
made, the accuracy of the exhaust temperature measurements

was limited.

e e

4.3.5 Air flow

It was oriWinally planned to use an ultrasonic
flow meter to measure air flow. A unit was built, in

collaboration with Thompson (101), This was calibrated on a



- 90 -

steady flow rig, and installed upstream of the compressorb
entry. Bésically two pairs of ultrasonic transducers were
employed, one of which transmitted/received upstream of the
flow and the other downstream. The upstream signal was
retarded by a flow velocity component, while the downstream
one was accelerated (Fig. 4.5). The two transmitters were

excited by a highly stable 40 KHz sinusoidal wave source.

By considering the time (t) taken by the signal to

cross the flow:

22 emererme /
t C +ucosB (4.1)
where: L. = acoustic path length,

C = velocity of propagation of wave in air,
u = mean flow velocity,

8 = angle enclosed between the wave and flow.

the time lag between the two signals could be obtained:

ZULCOSQ

il

At (4.2)

C2~u2c082@
The unit: design combined low flow velocities and a large
angle (0). Hence uzcosz@ was neglected in comparison with 02
and the mean flow velocity (u) took the form:

u = K.\ (4.3)
where: K = CZ/ZLfcose; obtained by calibration,

A% = resulting phase lag between two signals,

f = wave frequency empldyedc

Therefore, by measuring the phase lag (A®)
between the two signals, the mean flow velocity could be
obtained.

The resulting two signals - were squared using
high speed operational amplifiers to miwvimize errors caused

by amplitude variations. The outpuls were fod to a flip/flop
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which yielded a constant amplitude pulsed wave with identical
frequency (40 KHz) but of a width proportional to the
aforementioned phase lag. This was integrated, amplified and

filtered prior to data logging.

The flow meter required extreﬁe care in setting up,
in addition to repeated checking for signal drift, Unfort-
unately time did not allow further development work to
improve méasuring repeatability and hence an alternative
method of flow measurement was later used. Air flow measure-
ment during transient tests was achieved using a hot-wire
anemometer. A short intake pipe with a venturi (B.S.
726/1957) £1low straightener and hot-wire probe was fitted
at the compressor inlet. The venturi flow meter was included
to check the calibration of the hot-wire anemomeiex under
actual flow conditions (steady state operation). TFull
calibration tests were conducted in-the same manner, but
with a large damping chambewr ?rededing the compressor.

4.3,6 Tuel flow

Steady state measurements‘of the engine's overall
fuel consumption were carried out uéing conventional mass
balarce system. A check was made on the distribution of fuel
between individual cylinders. Each injector was allowed to
discharge in turn into a measuring vessel (at ambient
pressure), at the same rumning condition. Variation was

found to be within 1.5%.

The measurement of fuel £low during transient
operation was achieved indirectly. It was originally intended
“to compute and integrate injection rate diagrams during a
transient run (using needle 1ift, injection and cylinder

pressure diagrams). Steady flow test data for the injector
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(35) was used to obtain a relationship between the nozzle
coefficient of discharge, needle lift and injection pressuré
difference, Fig. 4.6, This technique, though ideal for the
application, was abandoned when the winiature pressure trans-
ducer fitted into the nozzle holder failed, and an accurate

fuel pressure diagram was no longer available.

Ledger (67) used an experimental relationship.
between the quantity of fuel injected and pump rack position
(based on steady state measurements) to evaluate fuel flow
under tramsient conditions. The same method was used but was

extended to include the effects of engine speed variatiom.

4.3,7 Brake torque

The loading torque (brake) was measured via a sirain
gauge load cell resisting rotation of the dynamometer staton,
A torque metering unit energized the bridge and amplified
the output signal prior to its indication. The resulting
output was also available for recording or as a feedback
signal for closed loop torque control of the dynamometerx.

This output was filtered prior to recording to eliminate the
effects of torque variation during an engine cycle and

vibration.

The torque transducer and the meter were standard
devices supplied by the dynamometer manufacturer. The
complete torque measurement system was calibrated statically

using a torque arm and static weights.,

Lob CONTROL_AND DATA ACQUISITION SYSTEM

bhobh,1 . Computer

The digital computer used was a 16 K word PDP15

produéed by Digital Equipment Cerporation, It had a 18-bit
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word length, 0.8 ps cycle time and a 256 K word fixed disc.
Peripherals. included three dectape units, a paper tape punch
and a reader, a teleprinter, a serial printer and a visual
display unit. Languages, such as FORTRAN IV, could be used
but the majority of the software was written in low-level

language, MACROLS.

The computer communicated with the engine via a
complex package of electronics, known as the interface,
Fig. 4.3. This handled analogue and digital signals and
performed all necessary conversion and information transfers
for control, supervision and the input/output of experimental
data. All interface control operatioms were carried out
using programme controlled transfers (34). These were.
input /output instructions which selected the device and

specified the exact nature of the function to be executed.

bob,2 Contreol interface

Fngine speed demand:

The governor stepping motor (Section 4.2.3) was
used in conjunction with a drive unit (Unimatic, model USDS53)

issuing control pulses at the following rates:

?888812§n$?23 Mode Control
80 inching | manual
1087 low speed computer (<256 steps)
3850 high speed | computer (>256 steps)

The acceleration and deceleration.periods necessary in the
case of the high speed mode, were controlled by logic
‘circuitry in the drive unit. The variation of the mean
stepping specd with the input mimber of steps wag established

experimentally (Fig. 4.7).
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The drive unit was fed command words from the
computer via a digital buffer, Each word was programmed to
contain two instructions: the required number of 0.9° steps
and the direction of motor rotation. This was transferred
to a binary downcounter where the logic circuitry determined
the Pperational mode ¥pulse frequency and direction of
rotation}. Stepping pulses going to the motor were also fed
back to the downcounter enabling it to record the number of
steps executed. An electronic flag, which was set only when
the counter was cleared, was included to prevent computer
intervention before the completion of the previously

instructed change in governor set point.

Brake torque:

Control of the brake torque was achieved via a
locally~closed analogue loop. A control and linearisation
unit (three?tcrm controller) was used to close the loop
forimed by the brake excitatidn unit, the brake itself and
its torque meter (Fig. 4.8). This was a transistorized
control amplifier which minimized variations in brake torque
due to thermal influences or engine speed changes, and
compénéated for the non-linear relationship between the
excitation current and braking torque. Computer control was
achieved by programming the set point-voltage (equivalent to
a certain torque demand) of the three~term controller. A
L0-bik digital to analogue convertor (DAC) was used to
convert the computer word (representing torque) into the set

oint voltage required.
2 q

-Optimal values of the controller gain together
with differential and integral correction terms were estab-
lished via a systemalic series of step changes in torque.

These were determined to compromise between maximum set
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point resolution, minimal torque rise time with stability and

freedom from oscillations.

Calibration of the torque control loop, Fig. 4.9,
yielded an input/output relationship which was practically
lineér (95% of full range) and independent of speed., This
allowed any torque~time schedule to be programmed independent

of speed.

4.4.3 Data acquisition interface

Engine speed:

A 12-bit counter registered the number of pulses,
from a 25 KHz crystal clock, between. successive crankshatt
revolution marker pulses (Séction 4,3,2). This was 1 updated
automatically once per revolution. Thus engine speed
(reciprocal of measured interval) was continuously available
to the computer, and was not susceptible Lo common errors |
1ntlodvced by conventional techniques; e.g. tachometex
rlpple, |

Logic circuitry, including a digital buffer to
store the counter contents following the arrival of a new
marker pulse, eliminated the possibility of the computer
reading an incomplete interval. DMeasurement of speed variation
within a cycle would have. been possible if a higher clock
frequency was used in covjunction with the digitizer pulses

(Section 4.3.2).

Revolution ‘counting:

A digital counter incremented by the marker pulses
was included to allow serial counting of the number of
crankshaft revolutions (two Limec number of cycles) following

any specified instant. This was es sential for checking the
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synchronization of data logging with the firing revolution,

particularly during transient tests.

Turbochareer speed:

Turbocharger- speed was measured via an electrohic
package identical to that for engine speed. A 500 KHz clock
frequency was used to ensure a reasonable resolution at
high speeds (1/350 at 80,000 rev/min. and 1/2800 at 10,000

rev/min. ).

On-line data logger:

This data logger was basically a medium speed
analogue to digital convertor (ADC) which converted analogue
signalé varying between -5 to +5 volts into 10-bit binary
digits. The unit was capable of servicing up to 32 different
input variables one by one. Input channel multiplexing
(selection) was controlled by the computer via an addressable
sequence generator and analogue switches AS8 and AS4 (Fig.
4.10). A sample and hold amplifier (SHA) sampled the signal
and maintained its voltage'level dufing the duration of

conversion (normally about 10 {s).

Sampling was timed by an external pulse train
whose period was a multiple of that of the digitizer pulse.
When a timing pulse was recelved, the SHA tracked the
multiplexed variable fov 2.5 us (acquisition time), after
which conversion started. The ADC conmtents resulting from
conversion were then shifted to a digital buffer raising a
flég to indicateba state of readiness for computer reading.
_Tﬁé comp&tex w&s‘programmed to await this flag to ensure
.rapid data transfer. Tollowing this, the data logger was
reset Lo enable the repetitien of the same sequence at the

next timing pulse. The same variable would be continuocusly
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accessed unless a different input channel was selected by

the computer.

Experience with this system confirmed that reliable
data acquisition could be effected at rates up to 59 KHz;

faster rates resulted in synchronization problems.

Off-line data logger:

A schematic block diagram of the off-line data
logger is presented in Fig. 4.11. The unit was similar in
éoncept to the on-line data Iogger previously described, but
it was equipped with its own 8 K word memory to allow

temporary data storage.

Thé system featured a fast ADC (1.2 Us), used in
conjunction with a sample and hold amplifier and an 8 input
multiplexer, all compatible with the ADC speed. An address-
~able sequence generator controlled the following:multiplexing
sequence, sampling, conversion and subsequent storage into
thé 8 K word store. Timing pulses were supplied by the
data logging control unit, described in the foilowing
séction, Data transfer from the ADC to the & K store was
executed automatically and the number of conversions stored
was determined by a programmed indexing counter. Access
to the memory was disabled when the reQuired word count was
achieved. The multiplexing facility enabled the repetitive
selection of a single channel or the sequential selection

of either two, four or eight channels of data.

The 8 K store was a rotating memoxry system,
preceded by a first in first out 256 word buffer. The"
buffer (analagdus to an accumulator in hydraulic applications)
enabled varying data fransfer rates to be handled by the

memory. Data acquisition at rates up to 700 KHz was
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possible. The recording mode was initiated by the computer
via an instruction wﬁich cleared the memory and downcounter.
This was followed by selection of the multiplexing sequence,
enabling the recording mode and setting of the downcounter.
The data logger was then left to record the data whilst the
computer was completely free to execute other operations

(such as dynamometer control). The computer was programmed
to interrogate the data logger flag for completion- of
recording, after which play_babk started., Data transfer

from the 8 K store to the computer memory was carried out

on a word by word basis.

Data logging control upit (DLCU):

This package was built primarily to emable the
computer to synchronize control and data acquisition with
the angular position of the engine crankshaft (an essential
requirement of data logging during transient operation).

By manipulating the marker and digitizer pulse trains (oncc
and 1440 times per crankshaft revolution), the two dala
loggers were forced to sample enalogue signals in intex-
mittent batches. This intermittency gave the computer
sufficient time to execute its diverse control and data
handling operations., It also reduced the data storage

requlrements.

Sufficient operational flexibility was ensured

by designing the unit to allow:

1. variation of sampling rates of analogue signals

(e.g. cylinder pressure) in relation to engine speed;

2, sampling a batch from one engine cycle, then

missing a preset number of cycles (N);

3. recording discrete parts of individual cycles.
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Fig. 4.12 shows a schematic block diagram of the
basic control circuits of the unit. By dividing the marker
pulse by 2 (D1), a '"once per cycle' pulse was obtained. Further
division of this new pulse train by N wusing the variable
divider D2 yielded a master timing pulse once every N engine
cycles (i.e. missing N-1 cycles). N was manually preset

from 1 to 99 according to the requirements and complexity of

the teét.

A 4 decade manually presettable counter (DEL)
delayed data logging by a predetermined crank angle increment
from the master pulse, thus allowing the repetitive
recording ofiany specified portion of the cycle, e.g.
injection duration etc. The effective data~logging frequency
(at any engine speed) was adjusted by D3 which enabled the
sampling interval to be increased by up to 99 times the

digitizer pulse period (%° ca).

The outputs from the DLCU were in the form of Lwo
intermittent pulse batches timing the sawpling and conversion
of the two data loggers. An clectronic flag (set once every
N engine cycles) was continuously interrogated by the
computer and hence it timed all the data logging and control
operations. Accordingly, a transient test could be

repeatedly initiated from the same crank position.

The number of timing pulses per sequence issued
to the off-~line data logger was controlled by initial setting
of C2, The master counter (Cl) limited the maximum numbex
of digitizer pulses processed per data logging sequence,
i.e. every N engine cycles, This was never to exceed N
times number of digitizer pulses pér cycle. By setting C2
to a nmumber larger than that of Cl a longef batch of
sampling pulses could be provided to the on-line data

logger.
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The sequence of operations of the DLCU, illustrated
by the time diagram in Fig. 4.13, was directed by the master
controller MC. This cleared all counters, dividers and
delays in addition to starting the sequence. The DLCU could
be enabled/disabled both by the computer and manually.
Initial synchronisation with the firing TDC of No. (1)
cylinder was enabiedAby a push button.

A pulse multiplier was also included to provide
four or eight pulses (2.5 Ws apart) for each pulse emitted on
the off-line data logger chammel. This option permitted the
off-line data logger (at each crank position) to samplé four

or eight different variables practically simultaneously.

4ob PROGRAMMED TEST PROCEDURES

. The basic requirements of the programmed test

procedures compirised:

1. Controlling engine operaLlon (speed and lcad).

2. Logical sequencing of test events.

3. Data~acquisition, sorting, processing and/or recording.
A, Safelty monitering, e.g. overspeed,

5. Providing the operator with ove 9 riding avthority.

To maximize the utilization of the computer-
controlled system,; the software was written in accordance
with the following guidelines:

1. - Core requirements and execution time being
minimal,

2o Simplicity and logical segmenting to reduce

develapmenii elforts.

3. Flexibility and ease of expansion to accommodate

:

other possible testing regqulvements,
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4, Maximal usage of the conversational mode to provide

computer~-operator interaction.

Based on the above considerations and the fact that
the majority of the operations were executed in rea’ time
(on-line), a fast and efficient symbolic assembler language
(MACRO 15) was extensively employed. The use of higher level
languages (FORTRAN 1V) was limited to off-line data processing

and analysis.,

4.5.1 ~  Control and data logging software

General f{ramework:

~ Bloxham et al (19) reported a software structural
framework to reconcile the diverse programming objectives

of a computerwbased engine test facility. This was accepted
as a basié strategy and a modular aréhitecture, Fig. 4.14,
was developed in five levels. Each separately compiled
module incorporated a common data transfer link accessible

to modules of higher levels only.

Fach subroutine in the first level (lowest) was
assigned.a specific and frequently requestéd task, e.g.
incrementing the governor stepping motor,; adjusting the brake
torque etc, The second level sub-programs pre~processed
measured data or messages sent from level 1 to higher levels.
Control of engine operation was carried out by subroutines
in level 3. These received input information from level 5
together with feed-back measurements or fault messages from
level 2 and accordingly issued corrective instructicns to

the device actuating modulus (level 1).

Modules controlling data logging during steady
state and bransiont operation were positionad in level 4.

lemporary and permanent recording onto disc or dectapes
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‘was effected via routines embodied in the same level. The

top level contained managerial programs for the execution
of the steady state and transient test procedures. Level 5
~also included programs for the calibration of the

instrumentation and for data processing.

| In essence, this framework permitted an upward
transfer (level 1 to 5) of measured data and device state
messages, whilst instructions and interrogations moved down-
wards. Higher level modules called lower level ones with
the exception of the top two levels where communication on
the same level was possible in some cases. The independence
of each module and the simplicity of simulating its inter-
action with the scftware and hardwarc systems was very
beneficial, particularly dﬁring the development stages and
in cases of fault detectiomn.

Device actuation and bandling:

LT T R A M S WA

Device identification was possible with the aid of
unique device selection codes; appropriate input/cutput
pulses (34) were generated by the central processor in order
to initiate specific operations. TFor an "out" transfer the
program read a data word from the computer memory,
selected a device and transmitted the data to it. The
process was reversed in the case of an "in" transfer.
Separate modules were written for the actuation and handling

of the various devices interiaced to the computer.

5

Module 1.1 was written to actuate the off-line
data logger, by executing all the stcps pecessary for
‘starting either of its two operational modes (recording and
play~back)., Transferring the recorded measurements from

the logger memory to the computer was carried out by M2.1,
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as this involved sorting and exclusion of redundant data,
e.g. needle lift and fuel line pressure prior to or after
injection., M2.1l catered for the two multiplexing sequenceﬁ
employed during the work (four and eight input channels).
Actuation of the on-line data logger and the transfer and
pre-processing of the measurements were carried out by ML.2

and M2.2 respectively.

The contents of the following registers: engine
speed, turbocharger speed and crankshaft revolutions, were
read by ML.3. These were convcrLed into speeds and serial

cycle number via M2, 3.

MlL.4 and Ml.5 were written to adjust the demand
speed and brake torque respectively. The former transmitted
the number of steps and direction of rotation of the stepping
motor into the digital buffer of the drive unit (Section
4.4,2). The latter varied the value of the set point to the

dynamometer control loop.

Control of enegine coperation:

Control of the steédy state and transient operation
of the engine was made possible via sub-pregre ams  M3.1 and
M3.2, which were originally developed by Willis (118) and the
author (73) during earlier work on a naturally aspirated
diesel engine. The two modules were adapted to the test bed
used in the present work after establishing the necessary

control characteristic experimentally (Section 5.2.7).

Basically M3.1 adjusted the running cendition of
the engine by imposing one change in brake torque preceded
and followed by a series of alternate. speed correctlons and
time delays. By employing proportional cont rol coupled with
damping (attenuating the corrective action), fast adjustment

rains or instaebilitv.

was achieved without inducing violent
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M3.2 was available for the execution of various
rates of linearly increasing or decreasing combinations of
speed and load under closed loop control. This module was
not used as the present study was primarily directed towards
the investigation of the engine résponse to rapid changes in
load and/or demand speed under open loop control. Input
signals were limited to step changes in the set point values
of the brake torque and governor setting with no computer
corrective action. Intervention of the computer was only

allowed in emergency cases, e.g. engine overspeed.

Data storage:

M4, 3 was written to provide a sufficiently fast
means of transferring data from the computer memory to the
disc. This was essential for data acquisition during transiont
tests when the storage capacity of the computer memory was
limited to 6K words against a requirement of about 40K
measurements. The use of magnetic tapes was pot feasible,
due to their relatively slow data handling characteristics

N
.

(duration of a transient test varied between 6 and 12 seconds)

The DOS-15 scftware package (33), supplied by the
computer manufacturer, simplificd the task of programming
input/output operations by providing an interface between the
user progranms and the physical devices. Data transfer
between the computer memcry and disc was mormally carried out
by D0OS~15 macros (recursive instrucﬁion sequences) which
automatically catered for file structuring and addressing
functions. By measﬁring the time duration necessary to record
a block of 4K words on to the disc, the data’transfer rate
was found not to exceed 4 KHz. This was due to the time
consumed by the numerous interrogations and searching
operations imposed by the wide range of facilities offered

in the DOS-15 package.
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To speed up the process, total freedom in data
structuring of the disc was essential. Hence a macro-which'
permitted non-directoried input/output capability at' the
device level (independent of the DOS-15 file structuring
facility) had to be used. The macro "TRAN" (33) allowed
user-designed file structuring via addressing of the indi-

vidual blocks on the disc by their‘physical locations.

Very limited information about the use of "TRAN"
was available, since in this case the burden of data
structuring, interpretatiom, checking and packing lay with
the user. Subsequently the devélopment of M4.3 involved a
great deal of experimemtation; The final version used was
capable of transferring data in batches of 4K words each at
a rate of 45 KHz. The use of this module necessitated
specifying the direction of data transfer (memory to disc ox
reverse), the address of the memory block set to accommodate
the data and batch length in 18 bit binary words. The
batch sewial number was also essential to determine the

corresponding physical location on the disc,

Magnetic tapes were enployed for permanent mass
storage of data for future analysis. Mi.4 was written to
strobe and record the contents of a specific block in the
computer memory, on to dectape unit 2. Data from different
test runs were reccrded under unique file names, addressable

via the tape directory.

_ Recording was effected in a binary form employing a
sequentisel format, thus ensuring efficiency and compatability
with the Fortran IV analysis programmes M5.3 and 5.4. DBy
considering cach physical data block on the tape (251 words)
as a separate record, segmented retrieval of the date was

possible. This was necessary for the processing and analysis
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of long data files which exceeded the core size of the
computer (transient measurements). M4.3 was programmed to
compute the file length according to the amount of data to

be recorded.

Data processing:

Two Fortran IV programmes (M5.3 and 5.4) were written
to process the experimental data and reduce them to a form
suitable for either further analysis (e,g. computation of
burning rate curves from steady state cylinder pressure
records), or for comparison with predictions of the simulation
programne. Raw data recorded on dectapes were retrieved

sequentially and the following operations were carried outs
1. Data scaling: raw measurements were scaled from
volls to physical units using appropriate transducer

calibration constants.
2. Data offsectting.

Readings from the straln gauge pressure transducers

were transicrmed to absclute pressures by adding atmospheric

a9
o
o

pressure. The absolute pressurc inside the cylin

s
obtained by assuming equal instantanecus pressures inside the
cylinder and inlet manifcld at the BDC, following the intake
stroke. In the case of ncedle 1lift, a dypamic datum was
evaluated by averaging 20 readings prlor to the start of

fuel injection.
3. Computation of mean values and standard deviations.

This was undertaken in the case of steady state
‘data to obtain averaged values, Standard deviations were
used in the smocthing procedure appiied to the cylinder
pressure diagram, prior to evaluating the fuel burning rate

curve.
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4,5.2 Steady state test procedure

Steady'state engine data was essential to achieve

the following objectives:

L. Modelling the combustion process via the fuel

burning rate approach (Chapter 6).

2. Determination of the fuel injection system

characteristics.

3. Validation of the steady state predictions of the

simulation program  (Chapter 7).

A test procedure, comprising two operatiocnal modes, was

programmed and employed to conduct all the steady state

s
3
3

experiments. This is shown in the form of a flow chart

Fig. 4.15.

Mode (1) catered for the requirements of the first
two objectives. It provided recerds of the cylinder pressure,
fuel line pressure, needle 1lift and position of the fuel pump

rack. These were logged simultaneously (i.e. from the same

{

cycles) at a sampling interval of 3°CA. Mode (2) met the
requirements of the thbird objective by yielding crank angle
records of air flow and pressures in the inlet and two
exhaust manifolds in additiom to those obtained via Mode (1) .
A sampling interval of 1°CA was used. The two modes also
provided averaged‘values of brake torque, engine and turbo-
charger specds and temperatures of: (a) exhaust gases at the
two turbine entries, (b) air in the inlet manifold, and

(c) cooling water around the instrumented cylinder,

In both data logging modes, measurements were
obtained along a complete engime cycle and averaged over 50
cycles. Standard deviaticns were computed. at each crank

position in Wode(2)(necessary for the computation of a fuel
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burning rate). Data logging was enabled once every four
cycles to allow sufficient time for inter~cycle operations.
These consisted of data transfer to computer memory, sorting
of different variables and exclusion of redundant information,
adding and squaring ofi values measured at the same crank
position. Such operations were essential to cut down the
A and L in
2N N

the case of Modes(l)a1d(2)respect1vely, N bolng the number

requirement of computer memory by a factor of

of cycles logged.

The testing procedure began'by requesting (from the

operator) values of the engine speed and brake torque. This

information was input via a tele-type and accoxdingly the

computer adjusted the engine operating point using M3.1l., A

time delay, normally lasting five minutes, was enforced to

ensure settling to a steady state condition. Meanwhile

messages appeared oo the visual d15p1dy unit (VDU) screen

.

to check the tape recording unit and to set the DLCU

sampling parameters according to the required data logging

mode:

were

o Mode 1 P Mode 2]
i . . O,.. b -
Sampling interval ~CA % f
“Number of - o o o
1440 /20

| samples/variable ] i o
Number of variables at / 8

each crank position i

ywﬁc intermittency L in 4 1 in &

Measurement of

inside the

Following the settling delay,

initialized,

and temperature together

fuel flow

with manometer re

rate,

amblent pressure

engine manifolds were also taken in this period.

all data arvays

the DLCU and off~line data logger were

adings of pressures
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set and started. The computer then awaited the DLCU flag,
emitted at the arrival of the first crank position marker
pulse which started the data logging sequence. This was
followed by clearing the revolution counter and reading the
variables comnected to.the on-lineé data ‘logger together with
engine speed, revolution counter and:turbocharger speed. The
computer then paused until the end of the engine cycle,
awaiting the completion of the high speed data acquisition
of the crank angle records (8K memory downcounter flag).
Subsequently contents of the off-line data logger were read
and sorted by the computer on a word by word basis and the

following summations were evaluated:
for the two modes:
VAR (1 J) = = VAR (I J) + Ver(L J) (4.4)

for Mode(l)only:

ne . 2
VAR (l,J) VARS (1,J) 4 varo(1,J) (4.5)
N1 N
where: var(J,J) = recorded variable,
N = cycle n umHGJ,
I = '“r)qbln number, e.g. 1,2, denoting
cylindew pressure, fuel line pressure etc.,
J = crank position.
The off-~line data logger was set and started and

the same sequence was repeated at the following markex pulse
until fifty engine cycles had been acquired. Subroutine
M4.3 was then emploved to write the resulting data on to a
dectape under a unique file name specifying the test run

executed.
The data nmessured was displayed on the VDU to

check for freedom from errors caused by JaUlLy instrumenitation.

Fortran sub-programs were used to calibrate the raw data
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(in the form of volts) and computer mean values and standard

deviations:

VAR(I,J) = VAR/I,J)/N (4.6)
o(1,9) = BRALD) - N (yar(r,a))? (4.7)

The cylinder pressure diagram was checked for drift with the
aid of its standard deviation during the compression stroke;
values exceeding 7 KN/M2 were considered unacceptable.
Synchronization of data logging with crank pcsition was

checked by the readings of the revolution counter.

Any defective set of data was deleted and the test
run repeated after correcting the fault. Data collected from
a number of test points was laber output in the form of

punched paper tape for further use on a larger computern.

4.5,3 Transient response test procedure
The transient test basically consisted of applying
a rapid change in load and/or demand speed followed by

detailed recording of the engine response, namelye
A & 4 J

1. Data logeine complete cycle traces of the pressures
OO o
in:  cylinder ne. (1), induction and exhaust manifolds,
fuel line pressure, needle 1ift, fuel rack position and
1 2 b -

alr flow,

2. Méasﬁring the following variables once every five
cycles: engine and tur)OChérger speeds, brake tewque,
temperatures of the exhaust gases at both entxies of
the turbine, the air in the induction manifold and
cooling water around the instrumental cylinder,

Fig, 4.16 presents a flow chart of the test proced-
ure, in which all operations were carried out under compulelr

coptrol. The main driving programme M5.2 started Lhe seqguences
o o i
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by requesting the operator to type in the test specification;

- initial speed and load,

- change in brake torque (magnitude and direction),
- change in demand speed (magnitude and directio.),
- 'number of cycles’to be recorded,

- file name selected to identify the data recorded.

Having received the necessary information, M3.l1 was used to
adjust the engine to the specified initial condition. This
was followed by a settling delay (73), to ensure starting
the tramsient from & true steady state. Meanwhile reminding
messages were cutput to the opﬂj tor (via the visual display
unit) to set the sampling parameters of the DLCU (Section
4.4,3) and to check dectape unit 2 (used for permepant

recording of the measured data).

e

At the end of the settling delay, control. was

~

transferred to M4.2 to initiate the data logging sequence.
to

MA.2 reset the LS and called actuate the off-iine

data leogger (Section 4.4.3). The 1 to 8 input channel
multiplexing sequence was selected and the memory downocounter

set Lo control the number of measurcments sampled per batch

e O
chiannmels x 720

07CA)., M4.2 divected the computer to

—~
co

activate the DLCU and awzit the assertion of its flag, i.e

1

indicating the arrival of the divided crank narvker pulse.
The mement the DLCU flag came up (once every five cycles),
beth off~line and on~line data loggers were automatically
activated and the DLCU controlled the flow of the sampling
pulﬁés-according to the preset values of the sampling para-
meters (samp]rwo intevval, batch length, delay in relation

to marker pulse and cycle intermittency).

~

In tha case of the fir@t cyele of the test, the

. .

revoelution and real-time registers were cleared, reacitivaied
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and control was then transferred to the main program M5.2
to execute the initially specified step changes in brake
torque and governor setting (using ML.5 and 1.4 respectively).

Mi,2 was then recalled to direct the data logging onerations:

1. Reading the)digital registers containing real time,

engine speed, turbocharger spéed and revolution count;

2. ~ Reading the variables sampled by the on-line data

logger; brake torque and temperatures;

3. Transferring the contents of the 8K store of the

off-line data logger to the computet'memory.

After executing the first two items, the computer
paused until the end of the current engine cycle to allow
the off~line data logger to acquire the necessary cycle
records. M2.1 was employed to transfer the contents of thea
8K store to the computer memory after sorting the measure-
ments and excluding the redundant parts of the cycle. The
data collected was rapidly transferred to the disc (at a

rate of 45 Klz) using M.k

The same sequence of data logging operations was
repeated every five engine cycles. The contents of the 8K
store were considered only at the following cycles: 1, 6, 11,
16, 31, 51, 71, 91, 111 and 131; permitting a longer intexval
at the later stages of the transient response test in order
to cover a longer duration within a preset maximum amount of
data (40K). At the end of the test M4.3 Qas cmployed to
transfer the data accumulated on the disc to a magnétic tape
for permanent storage (this being too slow an operation to

conduct concurrently with data logging).

The complete test sequence covering 135 engine

cycles was achieved in approximately 30 seconds, excluding



the initial settling delay. A Fortran program was later
used to process the data recorded and to punch it out on -
standard paper tape for further analysis and plotting using

a CDC 6400 computer.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 INTRODUCTION

This chapter reports the experimental progiamme
carried out during the present work, including the tests
conducted and results obtained. Preliminary tests
were executed to establish the control characteristics of
the engine-dynamometer combination and to evaluate the

numeric ‘parameters of the governor model.

Steady state tests covering the entire operational

range were then conducted. The objectives were:

1. " To obtain basic data for modelling the

combustion process (Chapter 6).

2. To determine the characteristics of the fusl

injection system.

3. To provide measurements to validate the steady

state predictions.

Finally, three types of twansient tests wewe
carried out at various initial conditions. The data recorded
during the resulting unsteady running conditions was regulred

for comparisons with predictions of the simulation program.

5.2

A series of 138 preliminary transicini Cests were
conducted to cstablish the control characteristics of the
engine and govervor. These tests covered the entire operai-~

ional range &and comprised:

1. Equal step changes in governor setting (0.1

full range) at constant lead levels.
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2, Step changes in load (starting from zero), at

constant demand speeds.

Brake torque, engine speed, fuel rack position and
turbocharger speed were recorded at intervals of 0.1
second during the transient response period.
Fifty measurements were taken at  the
initial and final steady state conditions, in oxrder to yield

mean values and standard deviations.

5.2.1 Variation of engine speed with
load and governor setting

Computer control of the engine during steady state
and transient operation (Section 4.2.2) was based on a
quasi-linear approach (73), in which a change in engine
speed consisted of a linear sum of partial changes caused by

increments in brake torque and governor setting:

ase, s
o e i e emrmanie R ta © L
dg% =5 ) dC; 55 Jo B (5.1)
L/y 4L
The measured variation of engine speed with load (C,) and

L.
governor setting (y), Fig. 5.1, was used to establish values

of the partial rates of change, averaged over the entire

cperational range:

of2
Tmm) = =~0.278 (5.2)
ol,
L7y
aQe>
- = 42 o3
57 )¢ 2.142 (5.3)
L
where: Yep © full range change in governor setting.

Anv deviations from the above-mentioned representatiocn were
I
catered for by the corrective actlon of the control softwarc
2).

(M3.1 and M3.2 in Section 4.2.
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5.2.2 Evaluation of parameters in governor model

The mathematical representation of the governor
system has been established in Section 2.5.3, but the
numerical values of the parameters involved were no! known.
However, Garg et al (43) have shown that in similar dynamic
problems, unknown parameters can be estimated from observed
input€output data for the system. The estimation problem was
posed in terms of a criterion function (36), the minimisation

of which yielded the best estimate.

This concept was applied in two stages. First the

steady state form of equation (2,48):
(1+€3y) (x +Chy) = C3x = C6(Y - %) (5.4)

was fitted to the measured steady state charactcristics of

the governor, Fig. 5.2. A non~-linear curve fitting procedure
(79), which minimised the sum of the squares of deviations in
rack position, was applied to yield values of C3, C4, C5 and

C6.

Thus only the dypamic parameters remained unknown,
i.e. coefficients of the inertia and viscous damping terms,
ClL and C2 respectively., These were evaluated by curve-
fitting the full mathematical representation, equation (2.48),
to a number of measured transient responses and averaging
the resultant values. Subsequently the final form of the

governor mathematical representation was:

X + 81% 4 (1383.4 + 379.9y + 527¢SQZ>X

+ (8385 + 2302.5y) y = 7946.5(22 +Q2)  (5.5)
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5.3 STEADY STATE MEASUREMENTS

5.3.1 Basic data

A series of 22 steady state tests was undertaken to
cover the load and speed range of the engine. These were run
at four engine speeds (1000, 1500, 2000 and 2500 rev/min.) and
loads from O to 11.26 bar (bmep). Details of the test points
are listed in Table 5.1 undér unique case numbers.

The instrumentation, data~logging system and techniqués
employed during the tests, are described in detail in

Chapter 4.

Standard production test data were obtained at each
operating condition together with supplementary measurements.
These included crankangle records (averaged over 50 cycles)

for the needle lift and the pressures inside the chhw. er,

air chest, exhaust manifold and fuel line pressure. Typical
sets of the records obtained are shown in Figs. 5.3-5.6.

The cylinder pressure diagram is plotted together
with its standsrd deviation curve. 'Itris interesting to note
the variation in the latter in relation to the different
processes occurrying inside the cylinder. It maintains very
low values along suction and ccmpression until the ignition
point,when it rises rapidly to high values during thlie premixec
combustion period, This is followed by a gradual descent
during the remaining part of the combustion duration, attain-
ing low values in the second half of the expansion and

exhaust strokes.

- The relatively high standard deviations shown by
R [ i
the cylinder pressure during combustion, are caused wmainly by
pressure waves generated as a wesult of the heterogeneous

burning of the fuel dvoplets. Another miner cause is the



STEADY STATE T

Case No. %;iiif B'%2E$P° TurE;;iifger pgzzgi;e Air/?uel
rev/min arl © rev/min KN /m2 ratio

SS1l 1000 0.0 10,336.68 100.0 132.58
SS12 1000 224;62 13,856.36 102.0 55.38
SS13 1000 450.0 18,957.24 106.96 34,87
SS14 1000 668.061 24,231.16 112.8 24,82
SS15 1000 901.50 30,620.62 121.3 17.57
SS21 1500 0.0 18,120.78 99.9 106.36
S522 1500 225.38 19,752.14 101.0 49.45
SS23 1500 453,76 26,076.02 109.9 - 32.66
SS24 1500 691.15 33,931,774 122.3 25.93
SS25 1500 909.0% 41,524, 34 133.5 21.00
SS26 1500 1104. 34 48,248.38 150.0 18,82
SS3l 2000 0.0 24,426,26 100.4 80 .50
SS32 2000 225.38 28,615.64 106.9 45.65
$533 2000 450.75 37,753.46 122.2 33.86
SS34 2000 676.13 | 45,154.34 139.0 27.79
SS35 2000 901.50 53,134.70 158.8 20041
S5 36 2000 1126.88 60,163.24 179.7 21.83
SS4l 2500 0.0 31,470,50 102?3 63.39
5542 2500 214,85 38,466.08 115.1 41,57
4 SS43 2500 450,75 49,849,868 129.9 32.95
SS 44y 2500 676.13 58,486.00 164,5 26.09
SS545 2500 901. 5¢( 66,356,606 195.3 24,49

TABLE 2.1




" BUOST PRESS. o EXAUST PRESS.

4+ CYL. PRESS.

x ST. DEV.wiO o FUEL L.

- 126 -

PRESS .- NEEDLE LIFT

220.00

1715.00

PRESSURES [KN/MxM)

150.00

0
125.00

i X\/\/\! “ Py

il

Qyﬁ»\«q

0.45

0

Zo .
PR :
>+7°-240.00
o

NN

B

\%\«u‘

e

i
%

018 0.3
MM}

f a

©.20.00

0.00 30.00 65700
CR (D)

=

~133.00 -50.C0 0.00

FIG.(5.3,2) ME

CRi

ASURED

ENGINE SPEED=1000.0 RPM,

> RONST PRFSS. & FYAUAT PRFRS.

: £yt . PRFSS .

129.09
K RNGLE (DEG
-~

O

B

MEP=

180.56
REE)

TEADY STATE DHTR
450.0

A P T
240.C0 38s.c0 3La.00 20,

mrmctbrenasd

KN/ (M=)

PRESY . WL NEEDLE L IFT

~ ST. NFVY.ul ~ FUFL L.
= e > .
©
<) -
&
=
1)
£g
;U’
=0 .
w,
wS
L '
2
0
w
o /A \
=g Q |
(=N i H e !
w A .,.‘.’r:\‘A“A;f,qw Fms «‘i‘,“'s"fu.“,f,; A
= I RN
T g
a< f R /
o L DRI
© A SAEP I )
= A (EREURCWY X
=] =)
(=]
B8 vc') f | B
Qo v“—ﬁf‘ o
" 1
o | Il
(=]
—~a -3 o
I:l-.l ® I J -
L3 < e
Zw ™ 1 Qo
- ES
s 2N
o ) \ .
uz 99 llli pag]
w21 2 N
3 o
wy ‘ f
] = { \
lﬁ‘:‘(? w3 , \.
a»ﬂ. . g
~ o T
o -30.00 .CC 230.00
§ R (D)
o




n1pt

MANIFOLD PRESSURES [KN/MaM3

182.70

w10°

URE

- V12‘7 -

o. B00ST PRESS. 4 EXRUST PRESS. 4 CVL. PRESS. ¥ ST. BEV.m10 o FUEL L. PRESS.__NEEDLE LIFT

200.00

175.00

150.00

125.60
.
P4
>

MANIFOLD PRESSURES (KN/MuM) -

100.C0

| . N
J *,ﬁ “‘}‘n_ \1 ' . ‘l\-k.. \u.\ \
,f;;kmlfg@}}ﬁ ;{,/w\,j%\\?ﬁ ” j U‘M M@M w}”m v\ﬁj\e@mﬂ;\ _ ,/{/ At

{KN/M=M)

CYLCINDER PRESSURE

© (=]
D. o w
I » i N
w ES 4 [=]
o g ll
[=) = o l o
S o T
3 © © oy
—_ { IR
o —
«Q G"‘—.
8 = 2
b ot t o
< i t oy
o | I.\
. ) ‘\§
o u_(’ \ N 3
: s - .
// ] ~30.00 0.C4 39.00 5700
// , LA (0}
i \ -
o
¢ plrmmm gt v "“"-’,’LA'—’MJ X ’!r \”\""—K = x—%:&
©.240,00 -180.0 -120.00 -50.3@  ©.0D £3.03 120,09
CRANK ANGLE (DEGH

FIG.(5.4,a) MERSURED STERDY STATE
ENGINE SPEED=1500.0 RPM. BMEP=z 453.8 - KN/(Mx!)

@ B0OST PRESS. 4 EXAUST PRESS. 4 CYL. PRESS. s ST. DEV.»10 o FUEL L. PRESS ..o MEEDLE LIFT

Z00.10

17500

0.00

©

1

125.00

(HKN/M=H)

=]
it
o~
w
o
=] .
I
w !
€3 -o B ' .
«© S0 ‘i )
(=] [ A : B Py R -
- (R (=54
o i
[ ~! }
> wo J 5 23
o 3 &
g T = [ Eae o
-3C.00 g.0a 3¢ Seil)
R D)
IRV U} - oy e a -
o e < T T e T o S e e
-G0.L0 Lun o 24000 300.00 3:0.00 #2093 2EQ.C0

g f
CRANK ANGLE (DEG

FIG.(5.%.0) MEASURED STEADY STATE DATA

ENGINE SPEED= 1G00.0 RPHL BHEP=z Q01.5 KN/ MeH)



- 128 -

© B00ST PRESS . . & EXRUST PRESS. 4 CvyL. PRESS. x ST. DEY.»10 & FUEL L. PRESS....NEEDLE LIFTY

200.00

175.00

150.00

T

‘_,ij
<
3

/\’\ PRI S Ny A

A VAR

125.00

=

AT

MANIFOLD PRESSURES (HN/MmM}

150.62

83.00
45.090
49

=107

—_—
)

n.33

£0.00
L. MMy

N/MaM)
40.00
{BRR)
e

A E S

=C240.00  -180.C0

FIG.[B-S,aJ MEHSUM.D STEQ”)Y STFHE DHTH
ENGINE SPEED=2000.0 RPM, BMEP= 450.8 KN/(NsxM)

I o BLOST PRESS. 4 EYAUST PRESS. 4 CYL. PRESS. x S$T. DEV.eID o FUEL L. PRESS.  NEFDLE LIFT

PR
320.00

2r
i

175.09

n

150.0¢
:

LAY

"’1""|<:L. by
¥y \/‘V‘w\r».-}‘ ‘
B, 4

PRESSURES (MM/MatM)

gr
5.0

12¢

MRNTFOL

.
t
10C.00

45,00
~
7
45

Ly Qe

| , g
\ o

G.5,b) M 18!;<LD

ENGINE SPEED=2000.0 RFH,



- 129 -

© BOOST PRESS. a EXAUST PRESS. 4 CYL. PRESS. x ST. DEV.=I10 & FUEL L. PRESS..  NEEDLE LIFT

*
200.00

175.00

lh
_ T‘ ‘l
m‘“'“h <1 ,!J"N\N An. A I’[ ”“lu

T T N A T T

\ AW

lEO oo
Ry

125.00

MANIFOLD PRESSURES [KN/M=M]

Pre, b
iy A
‘ﬁﬂ.
g |
?
a
g
o o
2 2 ] 2
ot w | =
Pt ~ Y o
s
® N l
g = o
g R | S
ro b H 3z
3 = | =
= <
- oo 3 ‘ .
— 2 ‘_,L-: i s} )
= N 1 =
wie ,— =33
£ & vl
w A
g, = \0\
Lo © (g o
k=t wg ﬁA\ g
(R AT L It T
@ -30.090 00 36.00 ELTCD
« CA (D)
E
() —t
—_ Nt N g S
RS e ..—_:.._\_.TZ‘_S:',“I::. i S =5 > ety R
>C.250.00  -183.00  -120.00  -E2.63 0. 00 120.00  240.C0 303.00  3we.Gd 420-eh 253.0D

A A
CRH%( RWGLL {GEGREE )

FIG.(5-6,a) MEASURED STEADY STATE DATA
ENGINE SPEED=2500.0 RPM. BMEP= 450.8 KN/ (MxH)

£

© BOOST PRESS. 4 ExfY PRESS. 4 CYL. PRESS.  x ST. DEV.=10 ¢ FUEL L. PRESS-..,_NEEF\J‘E,MLIFT

6n.Co

(NN
-29

40

[+

RESSUR

[
23.C0

NOER

FIG.(5.6,b) Mcqw 0 STEEDY STATE 0ATA

ENGINE SPFED: 2500.0 BPM, BHMEPz 901.5 KM/ M=M)



.,1:3()_

cyclic variation in cylinder pressure (120). Since, for any
crank position, the degree of variation in cylinder pressure
is described by the corresponding value of standard deviation,
the latter was employed to govern the local smoothing of the
cylinder pressure curve. This was essential for the
computation of fuel burning rates {Chapter 6 and Appendix'D)a
Also, the value of the standard deviation at B.D.C. (prior

to compression) was used to check drift in the pressure signal

(Chapter 4).

Transient pressures in the exhaust manifold were
measured close to the exhaust port of the instrumented
cylinder (no. 1l). All pressure records basically exhibited
three pairs of pulses every two revolutions of the crankshaft,
Clearly, each palr corresponded to the exhaust stroke of ong

of

the three cylinders commected to the exhaust manifcid uvnder
conslideration. An individual pair of pulses could be seen to
comprise a blowdown pulse whichwas followed by a secondary
pulse. The former, as suggested by its name, was a voesuli

of the sudden release of gases from the cylinder at the
apening of the exhaust valve. On the other hand, the

.
1

secondary pulse was caused by the piston motion during the

oxhaust stroke.

At low loads, the secondary pulse exhibited a

higher amplitude and became more deminant with increase 1n
engine speed. As load was increcsed, blowdown pulses of
high peaks wore gencrated, due to the wise in cylindexr

K Pk ] -

pressurcs, Also with increase in {iow rates (Lowards maximun

power), the two pulses tended to merge.
The boost pressure trace displayed oscillations
vhich increased with engine speed. At low speeds,; sin

ind vidual bands of coscillations were observed to coincide



with the opening of the inlet valves of the individual
'cylinders. This indicated that the fluctuations recorded
were probably true rarefaction and pressure waves which were
initiated by opening and closure of the inlet valves. A
further support was the increase in émplitude seen to occur

t higher engine speeds (21). On the other hand, engine
vibration might have introduced a small part of the fluctua-
tions observed. However, the mean values of the boost pressure
(integrated over 7200CA for 50 engine cycles) showed close

agreement with manometer readings.

Very low boost pressures were observed during part
load operation at all engine speeds; mnegative gauge values
being obtained at no load (cases SS11, S$S21, SS31 and SS&4L).

In order to run the simulation prcgrami(Chapter 3Y wikh such
operating conditions, it was necessary Lo extend the compresgsor
flow characteristics to similar levels of pressure ratio

below unity. This was carried out using measurements of air
flow, boosi pressure and turbocharger speed which were

1

obtained during the same engine tesits

ies of the fuel intection gvstem

TN SN L ST 0 ks LA A AL 808

5.3.2 Character!

B vt e 2B P

If the fuel injection system (jerk pump) were Lo
operate sufficiently slowly, the pamp delivery period would
coincide with the injection valve opening. Also, the fuel
pressure during delivery would be the same as the nozzle
opening pressure. In general, the time available for injeci-
ion, in relation to the length of the pipe between the fuel
punp aud nozzle seat, is so short that the process is
deminzted by wave action. This is caused by the finit
of propagation of pressure waves (speed of scund). It

follovs that the length of the fuel pipe bebween the pumnp and
& I ;



injector causes a delay between an impulse leaving the pump
and that reaching the injector. This delay, represented by
the period of time between the points of static and dynamic
injection, was evaluatpd from the experimental data. Figure
5.7a displays values 6f the injection delay which were
obtained at all the test points. These can be seen to be best
represented by a fixed delay of 0.9 ms. Hence, the timing of
the start of injection was related to the static injection

point as follows:

= @ . - 54 .
o @Si + QOOb+Qe (5.6)

0
I

where: engine speed in rev/min.

e ,ng = crank positions of the static and

injecticon points respectively.

~

dymamic
‘ Regarding the amount of fuel injected pew cycle,

it was originally planpned to corvelate the area unden the

fuel injection rate curves (steady state) wit

o

and cngine speed. This was considexred as a usceful means of
measuring fuel flow during. transient operation. However, 1l
was menticned in Section 4.3.7 that this technligue was

abandoned due to ivaccuracies in the injection pressure

measurements,

As an alternative, the fuelling per cycle pev

cylinder was evaluated from overall fuel consumptlon measuwe-

3

ments. The resultant varistion in fuelling with rack positis
cand engine speed is shown in Fig. 5.7b. This was wepresented

matheratically by:

- ) - 2

M_ = ~1.949 + 0.1279 % 10 ZQ@ - 0.2525x 107
- (4.513 - 0.28723 10 'Qe 4 0.6312 % L( ““%i}-(r 0.5
‘pr:‘r \
(1.9915 - 0.2084 % 10~ Q 20,5156 x 107°0%) (2 - 0. 5)
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5.4 DETAILED BEHAVIOUR DURING TRANSIENT OPERATION

A series of 24 transient tests were carried out to
obtain detailed information about the engine behaviour under
unsteady running conditions. These tests are listed in
Table 5.2, giving the -applied input changes in load and/or
governor setting and the resultant Variations in engine
speed. Also a schematic representation in relation to the
torque speed envelope of the engine is given in Fig. 5.8.

The test procedure employed is described in Section 5.2.4.

Fourteen of the tests were later repeated using

improved instrumentation, namely:
L. fast response thermocouples, and
2, hot wire anemometer for alr flow measurzments.

An optical smoke meter was empleyed in the tests repesited o
measure the smoke density in the exheust. Also & magnelic
pickup was isounted close to the flywheel to check the praitlion

of the dypnamic T.D.C,

The new thermocouples showed a marked inprovemsub
4 B . - £t ey et PP SOUE SR ~mn ey o]
in response and the use of the hot-wire tochnlique proved
more veliable and consistent than the ultrasonic alir Llow-
meker (Section 4.3.5). The exhaust smoke messurenculs
demonztrated the feasibility of the method, but Lurither
developrent work and calibraition tests ave nceded. In the
case of T.D,C. shifi, this was found to be very small; less

v - : O el Ty ..
interval used (1L7CA)Y., The repeat tests
\ ¢

alsc revealed some inaccuvacy in the torgue measurements
which could be atbributed to fluctuations in the output of
the measuring load cell (Section 4.2.2), These fluctuastions
were caused by tovque pulscs generated by the firing of
individual cylinders in additicn to lateral vibrations brans-

mitted from the eneine to the dynamometoer base.
& 2



e e

R Y ey

Initial Condition Final Condition
Case No. (%I?{%g) Gover‘nor E:pgei;de (Eiig) Govel‘.no? E:pgei;;
BAR setting rev/min| BAR setting rev/min

TR1 0.05 | -0.391 | 999 |6.30 | -0.391 | 816
TR2 0.04 -0.391 997 7.36 -0.391 772
TR3 0.09 -0.200 | 1501 | 6.50 -0.200 | 1368
TR4 0.16 -0.201 | 1498 110.09 | -0.201 | 1242
TR5 0.05 0.046 | 1997 | 6.79 0.046 | 1875
TRG 0.20 0.045 | 1995 [11.30 0.045 | 1777
TR7 0.02 0.320 | 2483 | 6.86 0.320 | 2362
TR 0.02 0.317 | 2479 |11.32 0.317 | 2092
TRO 0.02 -0.390 | 1004 ¥0.112 0.110 | 2112

CmRi0 | 0.02 | -0.390 | 998 | o0.04 | o0.312 | 2471 |
TRLL 4o 49 ~0.360 | 1001 | 4.62 0.138 | 2082 |
TR12 b 46 ~0. 360 999 4. 64 0.340 | 2442
TR13 9.28 ~0. 300 998 9.55 | 0.200 | 2109
TRL4 1.32 ~0.322 | 2467 | 1.44 ~0.173 § 1529
TRLS 0.04 ~0.391 | 1000 | 6.79 0.106 | 1089
TRLG 0.04 ~0.391 998  }11.32 0.110 | 1882
TRL7 0.04 ~0.390 | 1006 |[11.32 0.112 | 2230
TRL8 0.04 | =0.200 | 1498 1| 6,50 0.295 ! 2325
119 0.07 ~0.200 | 1497 | 8.65 0.290 | 2286
TR20 0.99 ~0.384 | 999 5,40 0.310 | 2340
TR21L 0.18 ~0.050 | 2000 | 5.74 0. 460 547
TR22 0.22 0.050 | 1997 | 5.27 -0.210 | 1353
TR23 | 0.02 0.310 | 2463 }11.28 0,052 | 1775
TR24 0.74 0.338 | 2495 | 4.35 ~0.365 886

IABLE 5.2
TRANSTENT TLSTS
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The amount of data collected during the tests was
formidable and it is impossible to présent all but examples:
the data obtained from tests TR6, TR8, TR1l, TR13 and TR1S8
are displayed graphically in Figs. 5.9 - 5.13. More

experimental transient data is given in Chapter 7.

The overall response curves comprise variations in
engine speed, turbocharger speed, fuel rack position, exhaust
temperature (at one turbine entry sector), maximum cylinder
pressure, air flow and boost pressure. These are plotted
against time, in conjunction with the imposed changes in load

.

and governor setting. A curve showing cycle number from the

start of the transient period is also included.

The crank angle traces obtained frem the saine tesis
included pressures in cylinder mo. 1 and in the exhaust
manifold connected to it, plus the corresponding fuel line
pressure and ncedle 1lift. Similar records of boost pressure,
air flow and'fuel rack position weve also recorded, but are
not shown, The working Lline of the engine during the transieanl

L

period is also displayed on the compressor perioimance map.

It would appear that this was the first time in
& dats was messured during engine trensient
operation. Apart from asserting the viability of the data
logoing techuiques developed, it provided & useful fund of
information (which was not previously available) akout the
behaviour of the engine internal variables. Clearly this
enables further insight into the interrelationchipe between
the various parameters and the resultant influence on the

-respouse of the engine.

Cases TE6 and TR8 show the transient response of
the engine to & load increase of 11.3 ban (bmep) at two

1e o0

diffevent initial spceds., It may be observed that the load
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took about 11 engine cycles to show an appreciable rise.
Follbwing the resultant decrease in engine speed, the

governor quite rapidly moved the fuel rack to the maximum
fuelling position (no boost controlled rack limiter was
fitted). Case TR8 (higher engine.speed) exhibited faster
governor response, hence maximum fuelling was attainéd eaflier.
This was also shown in the form of a higher overshoot in
exhaust temperature. The turbocharger speed also responded
much faster; showing a rise time of 2,65 comparedwith 4.05 in
case TR6. Clearly this was reflected in the response of air

flow and boost pressure.

Case TR8 displayed a continuous decrease in engine
speed without any undershoot and recovery. The final steady
state speed showed a large drop in comparison with case TRO
(15.6% and 10.9% respectively). This was caused by the fact
that the load in case TR8 was slightly in excess of the maximum

brake torque of the engine at the initial speed (sece Fig. 5.8).

Cases TRil and TR13 are examples of the response of
the engine to a sudden increase in demand speed (0,5 full
range) at two load levels (4.5 and 9.3 bars respectively).
Again the governor showed very quick response in varying the
rack position. As expected, case TR1L produced a faster’
engine responsew, ‘the rise time of engine speed was 2.0 s
comparedwith 7.0 s for TRL3. The percentage overshoot in
turbocharger speced was also larger in the former case., This
also applied to the exheaust temperature, peak cylinder
pressure, air flow and boost pressure, and resulted from the

larger percentage increase in fuelling shown in case TRLL.

* . Similar behaviour was reported by the author ip
an earlier work (73) on a naturally aspirated diesel

engine.
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Case TR18 shows the engine response to a combined
increase in load and demand speed. Since the change in
demand speed was executed faster than load, the initial

stages of the transient responsewere similar to case TR11.

The variation in exhaust temperature during
transient operation was controlled mainly by the rack motion
and air flow. The quick initial rises in temperature were
caused by the rapid increases in fuelling. Whilst sharp
drops (TRL1, TR13 and TR18) were brought about by the quick
response of the governor, gradual reductions were due to

the increase in air flow (TR6 and TRS).

In general, the peak cylinder pressure followed
the quick response of the governor (reflected in the needle
1ift diagrams). In other words, the air supply appeafed to
have a less dominant role than fuelling. This was more
obvious in the cases where large increases in fuelling were
achieved very rapidly whilst air flow lagged behind (cases
TR11 and TR18). Despite the resultant development of very
rich fuel~air mixtures, this'appeared to have very little
effect on the initial phases of combustion which controlled
the peak cylindex pressure, i.e. premixed buxning. However,
in éase TR13, the peak pressure rose mainly due to the »
increase in trapped mass, which followed the vrise in air

flow; fuelling was fixed at the maximum value.



CHAPTER 6

COMBUST1ON

6.1 INTRODUCTION

The reliable prediction of the consequences of any
changes in design or operational conditions on the perform-
ance of a diesel engine, would be an invaluable aid to
engine manufacturers. In general, diesel combustion and the
associated thermo~fluid dynamic processes are at present too
complex for anmalytical prediction. Whilst progress is being
made towards achieving this long term objective, the
simplifying concept of an overall rate of heat release {(due
to combustion) is widely applied in engine performance

prediction programs.

The present chapter describes a model developed o
simulate the overall effects of the compression ignition
combustion process and its dependence on the operational
conditions cof the engine. The model, which is tailored
primarily for engine simulation applications, employs the
fuel burning rate and thermodynamic equilibrium concepts to
The

characteristics of the apparent burning rate of the fuel are

“

determine the heat released inside the cylinden

correlated with the major controlling parameters; values of
which are determined at the ignition point. The corxrelations
established, together with the ignition delay formula, are
based on experimental data obtained from steady state tests
(Section 5.3). The proposed model is necessary to describe
the non-linear effects of combustion on the instantaneous
engine torque, particularly during transient operation when

excessively over-rich fuel/sir mixturecs are developed.

The processes involved in diesel combustion are

outlined briefly to illustrate the complexity of the problem
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of detailed modelling. The fuel burning rate approach (heat
release) and the technique employed to obtain a fuel burning
rate curve from an experimental cylinder pressure record are
also described.

.,

6.2 THE COMPRESSION IGNITION COMBUSTION PROCESS

Combustion inside a diesel engine cylinder is
normally considered to commence at the dynamic injection
point and to comprise an ignition lag followed by a period
of heat release. The length of the ignition delay period is
of considerable importance, since it affects the development
of the processes following ignition and hence the rate of
heat release and pressure rise. This peried is usually sub-
divided into 'physical' and ‘chemical' parts. The former
part represents the time between the start of injection and
attainment of preflame reactions. It is known to involve the
following processes: fuel-jet breakup, air entrainment, fuel
evaporation and partial mixing of fuel vapour and air. The
chemical delay follows, encompassing pre-ignition reactions
which oxidise the hydrocarbon fucl-air mixture at a

continuously increasing rate until full ignition occurs.

The duration of ignition delay is influenced by
the chemical and physical properties of the fuel, the temp-
erature and pressure of the compressed air, the degree of |
fuel atomisation, the nature and degree of swirl, combustion
wall tempersature, etc. Due to the highly hetexogeneous
state of the fuel-air mixture, and the fact that injection
takes a finite time, the physical and chemical delays over-
"lap from onme point’ to another within the cylindex. It
follows that mno clear distinction bétween the parameters

influencing the two compounds is possible (125). However,



chemical delay does reduce greatly with increasing temperature

and slightly with pressure. The physical delay period is also

reduced by employing high injection pressures, high turbu-
lence (72) in addition to higher compression temperatures
(84), However, the change due to reduced physical delay may
be bffset by an increase in the amount of combustible
(prepared) fuel-air mixture accompanying increased injection

pressures and turbulence.

Once ignition takes place, the combustion mech-
anisms accelerate swiftly, resulting in a rapid rate of
pressure rise. Clearly, the combustion rate will depend on
the amount of_fuel.available in the cylinder at the time of
ignition, which in turn is governed by .the delay period.
The first appearance of a flame following ignition is (as
was noted by many workers) of the non-luminous, premixed
type and the highest rate of heat release 1s normally assoc-
jated with this relatively short period of uncontrolled
premixed combustion. Lyn (70) reported that this phase of
premixed burning is very rapid and normally lasts only > to
7 crankangle degrees. This initial period is followed by
the main period of heat release which usually extends more
than 30 degrees. The nature of the flame changes (1,5)
and fuel-air reactions are governed by turbulent diff-
usion. The burning rate will be controlled by the mixing
pattern, which is dependdnt on purely mephanicalland
physical processes (viscous and turbulent shear, pressure
and temperature gradients, diffusion, etc,). Some further
heat releasc can be observed beyond this main diffusion=
coﬁtrolled period, but its effect is mormally relatively

small.

From the above brief discussion, it is clear that
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the combustion of fuel sprays. in an engine cylinder is a
very complex phenomenon in which the processes of fuel
atomisation, evaporation, mixing and chemical kinetics are
interrelated in a relatively unknown manner (44), Simul-~
ation of this phenomenon requires the development of
sophisticated models for: air motion, fuel spray penetr-
ation, atomisation, evaporation, air entrainment, chemical
kinetics, turbulent diffusion, etc, To caﬁer for the
spatial and temporal variations in ccmposition, burning rate,
pressure and temperature, such a simulation should be three-
dimensional and unsteady. All attempts (to date) in this
direction have yielded qualitative rather than quantitative
explanations of combustion (l25). Furthermore, if such a
procedure was available, the computaticns involved would
certainly be too lengthy to justify their inclusion in a

transient response simulation programne.

It is inevitable, therefore, that major simplific-
ations must be made, to arrive at some general workable
relationship for an analytical model of heterogeneous burning
in diesel engines. A relativély successful approach (serving
engine performance prediction programmes primarily) has been
the representation of the overall thermal effects of the
combustion processes by an apparent rate of heat release

(or fuel burning) pattern (99).

6.3 THE APPARINT BURNING RATE APPROACH

. A simple single-zone combustion model has been
widely applied in cycle analysis programs (99,115). This
considers the Cylinder.contents to be a homogeneous mixture
of ideal gases which are always at thermodynamic equilibxrium

and are free of any property gradiernts. Combustion is



modelled by a uniformly distributed source which emits
instantly burning fuel at a rate equivalent to a specified
time-varying pattern, known as the apparent rate of

burning (AROB).

.

Provided that a suitable AROB curve is used, good
agreement between computed and measured engine performance
can be achieved, At the present time, estimation of the
AROB curve is a matter of experience (with the type of
engine under consideration). Consequently a serious limit-
ation is imposed on the predictive capability of cycle

analysls programs,

6.3.1 Analvtical burning rate functions

Analytical functions describing the pattern of the
AROB (e.g. triangular (71) and more complex alternatives)
have been used by many researchers. The Wiebe function (117)

is the most widely used expression:

M

W2 | _

“EE(I) = 1 - expfFCWI T “:] : (6.1)
M - -

ft

where: Mft = total mass of fuel injected per cycle,

M., = mass of fuel burned up tol,

b _ .

T = normalised crank angle, T = Gh - GoIE

v o om CAEB~CAIP’
CA = current crank angle referred to firing TDC,
CAIP = CA at ignition,
CAER = CA at which buzning ends,

CWl,CW2 = chape constants,

The resulting AROB (the first derivative of equation (6.1))
is represented by a smooth contimuous curve which is similar

to the Arrhenius function:



| M |
_ . _ ft N (CwW2-1)

AROB(T) = Mgy (T) = TeaEp-cATpy "L W2 T .

exp [-cw1 TV4] (6.2)

This expression was originally (117) based on the burning of
homogeneous mixtures; a condition closer to spark igniticn

engines rather than diesel.

Nevertheless, it is considered uéeful as a basic
shape for the substitute heat release diagram in diesel
engines. It is also simple to handle mathematically, using
the two shape parameters CWl and CW2, which control the
percentage of fuel injected that burns and the initial rate
of rise respectively. Virtually complete burning (99.9%) is
achieved if CWl = 10, whilst CW2 normally varies between l.4
and 2.6. |

The influence of the shape of the amalytical AROB
functions on the characteristics of the simulated combustion

process was studied by Lyn (71) and Lange (65).

6.3.2 Burning rates from injection rates

'Lyn (70) was one of the first to relate the AROB
to injection characteristics. He proposed a graphical
method which subdivided the injection rate diagram into
elements of equal duration. Fuel elements were assumed to
enter the combustion chamber and mix with air subcessively,
ecach becoming ready for burning according to a specified
(triangular) pattern. Fuel mixing during the (specified)‘
ignition deiay period was added to the total rate of mixture
préparatibn diagram, thus leading to a high initial burning
rate. The high degree of empiricism involved greatly

Limited the applicability of the method.



In order to account for the later decrease in
burning rate, Austen and Lyn (5 ) used a modified model
based on the burning of single fuel droplets in free air.
The burning time of each fuel element injected was ellowed
to increase progressively. ~This model appears to be an

analytical extension of Lyn's method (70).

Nagao et al (78) used the same incremental injec-
tion approach and assumed that each element burned completely
within 1° CA following its ignition delay period. The
vaporisation rate and ignition delay were computed for each
fuel element injected, using single droplet theory and
Wolfer's formula (121) respectively. The model, gave no
explicit consideration to droplet size distribution or
droplet mean diameter and it is doubtful if it could be

applied to predict realistic burning rate curves.,

Shipinski et al (91) attempted to correlate heat
release with fuel injection by fitting the Wiebe fumction
to experimentally-obtained heat release curves. The
resultant Wiebe constants Qere related to the fraction of
fuel injected during the ignition delay pefiod and the
overall air/fuel ratio. Ignition delay was represented by
a modified version of Wolfer's formula. The poor results
of this correlation attempt prevented its use in engine

simulation programs.

, A spray droplet burning model based onm single
.droplet tﬁeory was presented by Shipinski et al (91,92),>ih
~which the Sauter mean diameter and droplet size distribution
were calculated according to the proposals of Knight (63)
and Tanasawa (100) respectively. The ignition delay for each
element was determined by a Wolfer type formula and a single

~droplet burning was introduced. Fairly reasomnable
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agreement with experimental data was shown if this coefficient

was related to either fuel/air ratio or gas temperature.

A simple empirical model, linking the cumulative
fuel injection and burning histories, was reported by
Whitehouse et al (116). The rate of mixture preparation was
related to the surface area of fuel droplets and the partial
pressure of oxygen. An Arrhenius type expression was used
to describe the heat release pattern during the initial
premixed combustion phase (starting from the injection point).
This model was developed primarily to suit the requirements
‘of steady state cycle analysis programs, but it had to be
tailored to yield reasonable results over a limited working

range.

6.3.3 Burning rates from experimental pressure diagrams

The first attempt to obtain an apparent burning
rate from a pressure-crank angle diagram was probably that
of Schweitzer (90). The fact that the resultant burning
rate curves were used for comparisons only, reduced the
significance of the very crude simplifications that he

employed;

Austen and Lyn ( 5,70,71) carried out an extensive
experimental study of heat release in diesel engines,
employing a balanced pressure indicator for cylinder pressure
measurement. They neglected the molar change in the cylinder
contents due to combustion and computed'the internal energy
of the charge according to Gilchrist's data (50). The total.
heat transferred to the walls was taken as the diffevence:
between the calorific content of the fuel input, the heat
recovered as work, and the change in internal energy of the

gas, In fact, this process concealed errors in the heat
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release calculations. An additional error resultéd from

the assumption that heat was transferred at a uniform rate,
even though it actually indréased;'during combustion in
particular. Whitehouse et al (116) indicated that an irregular
ARCHR could be obtained from the cylinder pressure diagram

due to insufficient measurement accuracy.

With the introduction of detailed mathematical
simulations of engine cycles (21,115), methods of obtaining
more accurate burning rate curves have improved. Descriptions
of the assumptions, equations and solution procedures are
given in the literature (21,64,124). The method reported by
Krieger and Borman (64) employs probably the most refined
- mathematical formulation., Further development of the proc=
edure, particularly relating-to smoothing and numerical
differentiation of the pressure diagram, was reported by

Streit and Borman (99).

Basically, the Krieger~-Borman method (64) conducts
an instantaneous encrgy balance of the cylinder contents
during the closed cycle period. In this, the equations for
conservation of energy and mass (air and fuel) are solved in
conjunction with the equation of state and mathematical
expressions for the gas properties, to yield the fuel

burning rate as a function of crank angle (or time):

dv _dp . de, 1 )
M -p - MO - b b, ,
= (6.3)
de q 3
e ~ ho+{ ge (l ---~E
£ 3 5F R
| : _ 4,1 10R.dP  1dV -
wbere. ydi = (P--Ra )d@+Vde (6.4)
- e
2 N 5
Y T TOE (6:3)
T "RoT
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(1 + fs'Fo)M

by = £ .M (6.6)
aM s o '
Tﬂg = mass fuel burning rate; Kg/OCA.

Qi = instantaneous heat transfer rate through

surface i; KW.

MO,FO= chargé mass and equivalents ratio prior
to injection.
hf = absolute fuel enthalpy.

In addition to the experimental cylinder pressure
diagram and its first derivative, the following data are
required for the solution: engine geometry, an estimate of
charge mass and composition prior to injection, and an
estimate of the cylinder wall temperatures. In oxder to
aéhieve optimal accuracy when applying the method, the input
data together with other factors must be carefully examined
for possible errors. Appendix D presents an analysis of

the influence of individual factors on accuracy.

6.4 COMBUSTION MODEL

An empirical model was developed to simulate the
combustion process during steady state conditions and a
succession of engine cycles during transient operation
(including cases of over-rich fuel/air mixtures). Basically
a relatively simple hypothesis of the process was introduced
. in order to obtain a reasonable simulation of its major

characteristics via manageable analytical expressions.

The combustion process was considered to start at
the dypnamic injection point and to comprise two distinct
phases; ignition delay and heat generation. The evaluation
of the injection delay period, which relates the dynamic and
static injection points, was described in Sections 2.6 and

5.3.2. The total length of the ignition delay. period was
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related to the mean cylinder gas temperature and pressure
during delay, by the following semi-empirical expression (44):

a
I.D. =

EXP(a,/T) | (6.7)

2
Py

where: P, T

arithmetic mean cylinder gas pressure and
temperature during delay,

a,,a.,a., = irical constants.
1289783 emp c c t s

The heat emission period encompassed two different
modes of burning; ''premixed" and "diffusion" burning. The
two mechanisms were assumed to begin at the ignition point
and to proceed concurrently for a small portion of the heat
emission period during which the amount of fuel/air
mixture prepared prior to ignition was exhausted. Following
this point, burning'was considered to progress in accordance

with a rate stipulated solely by diffusion burning.

Accordingly, the instantaneous rate of burning was

expressed mathematically as the sum of two components:

I .
Mee  Mep Ped (6.8
de de de )
-de
where: v fuel mass burning rate with respect
to crank angle,
0 = crank angle,

t,p,d= total, premixed and diffusion respectively.

In order to quantify the share of fuel burned by
either mechanism, a mode of burning proﬁortionality factor.
(MBPF) was introduced. This expressed the cumulative fuel

consumed by premixed burning as a fraction of the total

‘amount of fuel injected per cycle (Mf t):
Pt 4
Mf .
B: _-:-IM' o ’ (6'9)
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M

where: £,p + Mf,d

Mf,t = _(6.10)

Consequently, a non-dimensional form of fuel burning rate

was obtained using equations (6.8) to (6.10):

FBRt(I) = B.FBRP(I) + (1—B).FBRd(1:) (6.11)
where: FBR(T) is the non-dimensional burning rate distrib-
Mg ¢
-7ﬁ§~(1).(6e-91)
ution, FBRk(I) = v ; k= t,p or d.
£,k

ei,ee = crank position at ignition and end

of burning.

T = normalised crank position; T =

In doing so, the rate of burning was'expressed as the sum of
two component dimensionless distributions, weighted by the
MBPF (Fig. 6.1). This weighting factor (the proportion of
total fuel per cycle burned after being premixed) was consid-
ered to be mainly controlled by the length of the ignition
delay period and the trapped equivalence ratio (i.e. the

overall equivalence ratio of charge at the end of combustion).

The relationship between the fuel burning rate and
the resultant heat release rate was based on the assumption
that thermodynamic and chemical equilibrium existed. All the
fuel injected into the cylinder was assumed to react (mot
necessarily comﬁletely),'irrespective of the equivalence
ratio. For lean mixtures (F<1), and in the absence of
dissociation effects, the two rates were directly proport-
jonal. 1In the case of richer fuel mixtures, this linear
relationship was considered to hold until either dissociation
started'or‘the'charge equivalence ratio exceeded unity.
Beyond the stoichiometric fuel/air ratio,vany increase in the

amount of reacting fuel would lead to a reduction in the
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cumulative heat release (Fig. 6.2). Dissociation affects
the above-mentioned relationship in regions of high temper-
atures, low pressures, and when the equivalence watio is

close to unity, i.e. stoichiometric conditions.

..

The variation of absolute internal energy and gas
constant for combustion products of diesel fuel are shown
diagrammatically in Appendix A . The sudden alteration in
the rates of change of the two variables with respect to
equivalence ratio (occurring around F = 1) explains the
change in the relationship between the mass of fuel burned
and the resultant heat release. Fufthermore, it can be seen
that the application of the concept of absolute internal
energy (Section 2.2) is most useful in simplifying the

problem.

The shapes of the component burning rate distrib-
utions were selected in the light of the actual burning rate
curves (Section 6.5). The objective was to achieve a
reliable correlation between the important characteristics
of the total rate of burning pattern and the engine operating
parameters. Subsequently, extensive trials were carried out
employing different mathematical expressions. The best
representation of the experimental curves was achieved using

the following two functions:

' - 2
FIR () = cpl.cp2. TPTL (1 _goplyepa-l (6.12)
FER (1) = cdl.cd2. i axp(-ca1r®®)  (6.13)
where: cpl, cp2, cdl and cd2 are shape factors,

With large values of cp2, the first function
" (equation (6.12)) is capable of producing very steep rates of

rise and decay which result in a sharp peak similar to that
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brought about by actual premixed burning. In addition to the
possibility of controlling the timing of the peak via cpl,
the area under the first distribution (equation 6.12) is, as

required, equal to unity:

1
| j FBR (T) =1 - (1-1oPhyep? (1) =1 (6.14)

The characteristics of the Weibe function, which was selected
to represent diffusion burning (equation 6.13),were discussed

in Section 6.2.1.

It is appropriate to mention that the formulation
of the combustion model, as given by equations (6.11) to
(6.13),provided a high degree of flexibility. Burning rate
curves varying between the two extremes of zeroand 100%
premixed combustion could belrepresented by simply altering
the value of 3. Furthermore, changes in burning rate with
engine running conditions could be described by correlating the

constants (3, cpl, cp2, cdl and cd2 with engine operating parameters.

The following section presents an analysis of the
steady state experimental combustion data with the objective
of evaluating the model constants and correlating them with

the engine operating parameters.

6.5 ANALYSIS AND CORRELATION OF EXPERIMENTAL DATA

The basic combustion data considered here Qas
obtained through processing steady state‘engine measurements
(described in Section 5.3). A Fortran program was written
to compute the rates of fuel injection and burning from
experimental records of fuel line pressure, needle lift and
cyiindef.pressure. It also yielded a first derivative of
the needle lift diagram to enable an accurate determination

of the point of dynamic injection.
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Fuel burning rates were computed from smoothed
cylinder pressure diagrams according to the Krieger-Borman
method (64), which was described in Section 6.3.3. The
smoothing and numerical differentiation of the pres.ure
diagrams was carried out by a spline function subroutine
which was adapted from an original version used by Streit
(98). The degree of smoothing was varied with crank angle
according to the recorded standard deviation of the cylindér

pressure curve.

By processing all the experimental data obtained,
a reliable set of 21 burning rate diagrams was established.
This gave a complete picture of the variations in the
combustion process over the entire engine operating range
(the operating points chosen covered speeds from 1000 to
2500 rev./min. and loads from zero toll.27 har bmep). A
typical set of the results, as obtained at each running

condition, is shown diagrammatically in Fig. 6.3.

6.5.1 Ienition delay

" The ignition delay data is presented graphically
in Fig. 6.4. The length of the delay period (ms) together
with the arithmetic mean values of the charge pressure

(measured) and temperature (computed), during the delay,

" are plotted versus bmep for different engine speeds. Clearly

delay reduces with increased pressure and temperature.

Since the requirement was an ignition delay
correlation for prediction applications (to be used in an
eﬁgine simulation program), it was decided to take thé
starting point of the burning rate diagram as an indication
of the ignition point. Other definitions of the ignition

point (40,89,24) were unsuitable since they are based on

p)
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either flame visibility, reaction temperature, or changes in
the shape of the pressure diagram. The dynamic injection
point, which initiates the ignition delay period, was
considered to be the moment when the injector needle siarted

to rise. This was determined via the first derivative of the

needle lift diagram (56).

Correlations developed by several researchers,
Table 6.1, were checked against experimental data. In
Fig. 6.5, Ilmari's formula (56) shows significant deviation
as it was based on a swirl chamber type engine, in which the
swirl rate and fuel impingement weré relatively high. The
overestimation shown by Sitkei's (93) representation, Fig.
6.5, appears to be partly due to the constant value of 0.5 ms
taken to represent physical delay. Wolfer (121), Schmidt (89)
and Zimmerman (129) used the same basic formula to represent
bomb test data and reported different values for the cceflf-
icients. Fairly close agreement is obtained by Wolfer's
formula with the exception of some overestimatiorn at low
speed conditions, Fig. 6.5. Lyn (72) suggests that over-
estimation is due to the fact tﬁat bomb tests are carried
out at relatively low temperature. He reported that the
effects of air velocity on the fuel evaporation rate become
noticeable at lower compression temperatures. Hence, at
low temperatures, the low air velocity in thé bomb results

in a longer delay than would be normal in an engine.

'By fitting the Wolfer type of formula to the
experimental data, a better representation was achieved, as
shown in Fig. 6.5. Ignition delay was found to be best

described by:
EXP(2100.8/T)

ID = 3.52 P1.0218

ms | -~ (6.15)
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Investigator Correlation ‘ Notation and Units

1.p. = Q156 18T 11
. 2

. e 10000 )
Ilmari (57) 10000 B I.D. = i:nition delay;
. ,pExp( ) ms.
/
=0, 5-+0(}%fExp(37§$+8)
Sitkei (93) P T = %Ean temperature;
+ 4.63 . (37564.§ )
1.8 “*PA\TTRT
p
_0.0646 .. 6330 P = mean pressure;
Schmidt (89) | T-D-= 108 Exp(—7 bar.
0.429 4650
: I.D. = === Exp(~)
Wolfer (121) ple19 T_,P, - temperature
and pressure
. _0.392 4050 - at start of
Zl?ng?an I'D'".pl.OS Exp( ) injection.

1.0. = (28840, 415)[_—_(--?-9-l—7~
Py R = universal gas

26361.1 constant = 8.314

Tsao (103) 0. OZZZ)N-F( T. KJ/kmole®K.
~26.66)+(0.0018T,
]000 N = engine speed;
~1.45) (== )J rev./min.

TABLE 6.1

A Number of Published Igrition Delay
Correlations
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6.5.2 Burning rate

The resulting experimental fuel burning rate curves
are presented in Figs. 6.6(2) and (b), in the form of
normalised rates versus crank angle, at five engine loads
and four speeds (covering the whole operating range of the

engine).
The following observations can be made:

1. Burning appears to proceed in two distinct

patterns, supporting the discussion of Section 6.4.

2. The initial peak appears to increase with
reduced load and/or speed, suggesting a relationship

with ignition delay and equivalence ratio.

- 3. Burning duration appears to increase with

BMEP at a constant engine speed,

b Determination of the ignition point is rela-
tively simple but an exact definition of the crank
position at which burning ceases is not possible in
most cases, particulafly at high load. This is due to
the almost asymptotic shapé of the curve towards the

end of burning in addition to the ripples superimposed.

To quantify these trends, the coefficients imn
equation (6.11) were evaluated for each of the above curves,
using non-linear curve fitting techmiques. A special
minimization computer program (79) was used after being
‘specificaily adapted for this application. Input data |
consisted of initial estimates of the coefficients (repres-
enting a hypothetical minimum sum of deviations) in addition
to the experimental burning rate curves in numerical form.

The program  then proceeded to improve the fit by modifying
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values of the coefficients in an iterative manner, according

to the algorithm developed by Powell (87).

It was decided to allow the actual burning duration
to be determined by the values of coefficients obta‘ned by
'curve.fitting. Thus a" relatively long nominal duration of
125° (starting from ignition and covering most of the
expansion stroke) was used as a datum. This was essential

to enable crank angle (or time) to be non-dimensionalised.

Experiment showed that the representation of the
initial peék improved with high values of cp2 (in equation
6.12), up toa limit of cp2 = 5000, with marginal benefit
thereafter. The value of coefficient cp2 was then fixed, and
the curve fitting process repeated'tbvobtain the mode of
burning proportionality factor 3 and the remaining cocffic-

ients cpl, cdl and cd2.

By cross-plotting the resulting values of the coeff-
icients of the diffusion burning distribution cdl and cd2, a
clear dependence was observed, Fig. 6.7. This was represented
by the following relationship: '

0.2477

cd2 = 0.791(cdl) (6.16)

It followed that the development of the burning rate pattern
across the engine 6perating range was now controlled by
only three parameters. These were  the mode of burhing
- proportionality factor aﬁd one shape factor for each of

the two modes, i.e. cpl and cdl.

The variation of the MBPF with load and engine
speed is presented graphically in Fig. 6.8. A clear trend
of decrease in the pr0po£tion of premixed burning with
increase in load and speed may be seen to exist. This was

later considered in conjunction with the variation of trapped
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eduivalencé ratio and ignition delay, as depicted in Figs.
6.9 and 6.4 respectively. In doing so, it was established
that the MBPF decreased with reducing ignition delay and '
increasing equivalence ratio (as was suggested earlier in
Section 6.4). This relationship, "Fig. 6.10, was determined |
by curve fitting: |

F0.3708 -
B = 1.0 - 0.9259 - 0 2613 (6.17)

The shape factors cpl and cdl were found to be best

represented as follows:

epl = 2.0 + 1.25 x 10°°(I.D. x Gg)2°4 (6.18)
= la.2 \
cdl - i | (6.19)

The first correlation, Fig. 6.11, indicates that in the case
of premixed burning, the position of the peak retards in
relation to the ignition point with increases in ignition
delay and/or speed. This seems to indicate that the resultant
increase in the amount of combustible mixture prepared during
ignition delay lengthens the-duration of premixed burning.

On the other hand, equation (6.19), depicted graphically in
Fig. 6.12, shows the diffusion burning coefficient cdl to
decfease with increase in équivalence ratio. This can be
seen to provide a means of relating the actual duration of
combustion to equivalence ratio; richrer fuel-air mixture
results in longer burning durations. An attempt has been
made to relatecdl toother relevant parameters such as engine
speed and density ratio; however, scatter in the data
prevented the identification of any positive trends. ‘
Tortunately this had very little effect on the accuracy of

the predictions made by the correlations.
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Figs. 6.13(a) and (&) display predicted and actual
burning rate curves at 20 different rumning conditions. The
comparisons show a favourable agreement over the entire

operating range of the engine.

. r
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CHAPTER 7

EVALUATION.OF SITMULATION RESULTS

7.1 INTRODUCTION

Any mathematical simulation of an actual system
must be representative of the major processes involved and
should be evaluated according to the accuracy with which it
reproduces the behaviour of the system. This chapter demo-
nstrates the validity of the simulation program  developed
via comparisons between predicted and measured data. The
usefulness of the program in studying the effects of
various design parameters on the transient performance of
the engine, and in understanding the interactions between the
engine and tﬁrbocharger is also discussed. This is of
particular interest to engine maﬁﬁfacturérs, as large savings
in time and cost can be achieved if such a simulation

program were to be employed early in the design stage.

The work reported here is basically divided into

three parts, namely:

1. '~ Evaluation of the steady state predictions

with the aid of experimental data.

2. N _ Validation of the predictions of engine

transient response against measured data.

3. . ~ Parametric studies to demonstrate the capab-
‘ilities of the model in ascertaining the effect of
| various design changes on the engine's transient

performance.
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7.2 EVALUATION OF STEADY STATE PREDICTIONS
WITH THE AID OF EXPERIMENTAL MEASUREMENTS

An extensive series of program  runs has been
carried out in order to assess the ability of the simulation
to predict the steady. .state performancé of a turbocharged
diesel engine. Initially 22 runs wgrevexecuted to compute
perférmance data at those running conditions at which
experimental measurements had been taken. These covered a
range of engine tests from 1000-2500 rev./min. and zero to
full load (11.27 bar bmep). The experimental data obtained for
comparison wifh the predictions is described in detail in

Chapter 5.

In these tests the simulation program was run in
the steady state mode, in which the models for the engine-
load dynamics, governor and fuel injection system were
disabled. At each running condition, the measured engine
speed and fuelling rate (amount of fuel injected/cylinder/
cycle) were entered as input data and were held constant.
The program  then proceeded'to.solve the thermo~gas dynamic
equationé in conjunction with the dynamics of the turbo- .
charger until convergence was achieved. This normally took
five engine cycles, after which detailed information of the

engine steady state performance was printed out.

A typical set of predicted steady state data is
shown in Fig. 7.1 a=-c. Predicted crankangle histories of
. the cylinder pressure, exhaust pressure (in the manifold
connected to the instrumented cylinder) and boost pressure
are given in Fig. 7.la for a complete cycle. The exhaust
pressure exhibits three basic pulses (240°CA apart) which
are produced by the cyclic discharge of exhaust gases from

the three cylinders comnected to the same manifold. - The
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crankangle distributions of the available exhaust energy

and turbine speed are presented. The smaller manifold,

which collects gases from the three cylinders close to the
turbine, exhibits power pulses of greater amplitude due to

the larger fluctuation in pressure and temperature, The
normalised fuel burning rate curve generated'by the combustion
model and the distribution of charge equlvalence ratio is

also plotted

Fig. 7.1b shows crankangle distributions 6f
cylinder and manifold pressures during the induction and
exhaust . strokes, gas flow rates through the valves, cyiinder
temperature, heat transfer rate to the cylinder walls and
indicated torque for one cylinder. 1In this particular
runniing condition, the flow of the gases through the exhaust
valve exhibits an initially high peak which is followed by a
duration of nearly constant flow. The inward flow of fresh
air (tﬁrough the inlet valve) shows a wider and lower peak
with gradual rates of acceleration and deceleration. A short

period of backflow is shown immediately before valve closure.

It can be seen that the effects of the different
processes occurring inside the cylinder are clearly reflected
on the shape of the temperature and heat flow distributions.
The heat transfer rate shows a shafp rise following the
increase in gas velocities at exhaust valve opening. The
reversal of the direction of heat flow during the induction
étroke (the charge is heated by the cylihder walls) is due
to the negative temperature differential between the walls
and incbmingjair. This limits the mass of air trapped at

inlet valve closure.

Fig. 7.lc depicts the crankangle dlstrlbutlons of

ekhaust temperature, turbine expan81on ratLo, turbine



velocity ratio and efficiency, plus the available and net
turbine power. These are presented for the two turbine

sectors along a complete engine cycle.

Comparisons Petween the computed and measured
steady state performaﬁcescﬁfthe engine are shown in Figs.
7.2 to 7.5. The variables compared include: indicated and
brake mean effective pressures (imep and bmep), indicated and
brake specific fuel consumptions (isfc and bsfc), fuel/air
ratio, peak cylinder pressure, mean pressures and temperatures
inside the induction and exhaust manifolds and turbocharger
spéed. Measured and computed quantities are plotted against
. fuelling rate for four engine speeds, namely: 1000, 1500,
12000 and 2500 rev./min. o |

In this representation, the fuelling rate was taken

as the abscissa in preference to bmep for two reasons:

1) If the bmep was used, deviations between the
computed and measured values would be seen in both the
vertical and horizontal directions, thus complicating
the analysis. Deviations in the horizontal direction

.are introduced by possible errors in the evaluation of

engine friction.

2) During transient operation, the bmep devel-
oped by the engine cannot be considered as an independent

variable as in the case of the fuelling rate.

It may be seen that despite considering the entire
operétional range of the engine, agreement between prediction
and experiment is generally good. While small discrepancies
exist bétween the predicted and experimental values, the
effects of changes in the engine Operating“conditions are

accurately represented in the'predictions,' Agreement between
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FIG. (7.3) Comparison of Experimental and Computed Steady State Data.
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the computed and measured quantities can be seen to improve
with increase in loéd; most of the deviations occurring at
low loads (below 0.2 full load). This is understandable as
the percentage errors in the measurement of most variables
increase with reduction in load (fixed data logging
resolution). Other errors are‘introduced.at low loads due
to fluctuation in engine speed and cyclic variations,
Computational inaccuracies are also Possible at such condit=~
ions due to the extension of the compressor and turbine
performance characteristics to very low pressure ratios
(data normally supplied by the turbocharger manufacturer

does not cover this range ), plus exrors in engine friction.

The general trend is predicted correctly for both
the indicated and brake mean effective pressures at all
speeds, with the latter showing closer agreement with
experiment. The maximum deviation in imep is 5.3%, occurring
at no load and an engine speed of 1500 rev./min, Obviously
this accounts for the increased discrepancy in the isfc
curve at the same running conditiom, At a constant speed,
both the predicted and measured specific fuel consumption
depict a reducing trend with increase in fuelling rate.

This is due to the rise in the maximum bressures'and temper~
atures inside the cylinders. Predictions of the isfc and
bsfc are in good agreement with measuréménts at above 20%
- full load. . The variation of the sfc with engine speed (at

constant fuelling) is also predicted correctly.

The  simulation results underestimate the fuel/air
ratio by 0-5.3% due to overestimating air flow. This could
~be caused by inaccuracies introduced by one or more of the
féllowing factors: compréssor flow characteristics, .

swallowing capacity of turbine, effective flow areas of
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inlet and exhaust valves, systematic error in the measurement
of air flow and the approximation of gas flow by a quasi-
Steady treatment., An overestimate of air flow could result
in predicting a low exhaust temperature, e.g. at lov engine
speeds (1000 and lSOO'rev./min.).- Howeﬁer, the fact that
predicted mean exhaust temperatures exceed the measured

values, suggests that other factors must be considered.

The computed exhaust temperatures show two values
at-.each running condition with a difference increasing with
load. The higher and lower values are the mass and time-
averaged temperatures respectively. Borman (21) indicated
that the measured exhaust temperatures should be enclosed by
the two predicted values. Measurements of exhaust gas temp-
eratures (described in Chapter 5) were taken by sheathed
thermocouples placed at the two entries of the turbine and no
compensation for radiation effects was considered. Thus the
values recorded are below the true stagnation temperatures.
Furthermore, these values are a function of the thermal
capacity of tﬁe thermocouplé; the;therﬁai resistance of the
shéath, the flow velocity Of the exhaust gases (the heat
transfer ceefficient varies with gas‘ﬁelocity) and the

frequency and shape of the exhaust temperature pulse.

The computed and measured temperatures of the air
inside the induction menifold, plotted in Figs. 7.2-7.5,
exhibit the same trends. The computed values show a small
overestimate at high speeds, which is pbssibly caused by
the prediction of a very short period of backflow through
the inlet valve immediately after opening (i.e. flow frdm‘
the cylinder into the induction manifold). The predicted.
and measured boost pressures show a close agreement in most

cases. An even closer agreement is to be noted in the
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comparison between the measured and the computed turbocharger

speeds.

The variation of turbine power with load at the
four engine speeds, as computed by the program, 1is also
shown. The turbine power (expressed as a percentage of
engine brake power) increases with engine output, up to a

maximum of 19.5% at full power.

Computed and measured average exhaust pressures
also show good agreement. However, it should be borme in
mind that the measured and computed values do not always
represent the same quantJLv. Measurements under pulsating
flow, using a normal U-tube manometer, may not mecessarily
give the correct mean pressures. Also geV1at10ns between
the predicted and actual pulsating pressure traces introduce
errors in the mean pressures'computed. Hence comparisons

between the pressure records are necessary.

Figures 7.6-7.9 show comparisons of computed and
measured pressure records inside number (1) cylinder and
the exhaust manifold commected to it, at four engine speeds
(1000, 1500, 2000 and 2500 rev./min.) and two loads. The
agreemént'is excellent in the case of the cylinder pressure
with the exception of the no-load conditions at the two
higher speeds, at which lower and retarded peak pressures
are predicted. The underestimation of peak pressures at
vlow loads for the two high speeds was previously seen in
Figs. 7.4 and 7.5. Apparently this is caused by an‘over;\
estimation of ignition delay and to a lesser extent, the
injpction lag. The former results mainly from low compression
pressures and temperatures which are caused by the predlctlon

of Low boost pressures.
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_ Measured cylinder pressures exhibit faster rates
of decay at the beginning of the exhaﬁst valve opening
period due to pressure wave phenomena. As pressﬁre waves
are not considered in the present simulation, the cmputed
pressure during the géé exchange bnly abproximates to the
actual conditions. It may also be observed that the differ~
ence between the computed and measured rates of pressﬁre decay
iﬁcreases with load. This is caused by the rise in release

pressures.

. Although good agreement between the computed and

.. measured exhaust pressures exists at low loads, the results
are not as good at higher loads. This appears to be a result
of pressure Wave action (not included in the simulation).

Note that the measured exhaust pressures display threc ?airs
of pulses every 720%cA (Chapter 5). Each pair consists of

a blow down pulse and a secoﬁdary pulse (caused by piston
displacement). The relative importance of blow down increases

with load due Lo the rise in release pressures.

The phase difference between predicted and measured
exhaust pressures should have no direct effect on turbine
performance, but would probably slightly affect the engine
airflow and imep. On the other hand, discrepancies in
absolute value (e,g° the reduced prediction of the secondary
pulse at low engine speeds) could have some influence on the
turbine flow, hence power. This is probably offset paftially

by‘the prediétion of relatively wider biowdown pulses.

The negafive.pressure diffefence across the engine,
.which was observed,experimentglly at low loads (Chapter 5),
is reproduced by the model. This is seen to reverse with
increasé in load, giving boost pressures which are higher

than exhaust pressures during the gas exchange period. It
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may also be observed that the predicted boost pressure
shows six small pulsations e&ery 7200CA, which result from
the suction strokes of the six cylinders. The amplitudes
of these pulsations appear to increase with load and engine

speed.

Illustrations of the effect of load and engine
speed on the scavenging pressure and the rates of gas flow
through the inlet and exhaust valves dre presented in Figs.
7.10 and 7.11. It is obvious that the time history of the
pressures upstream and downstream of a valve, and the
instantaneous rate of flow through it, are interactive.

‘This is particularly apparent in the case of the exhaust
valve. The instantaneous rate of flow of gas through the
exhaust valve exhibits two distinct peaks at most running
conditions. The first peak (blowdown) is initiated by high
release pressures in the cylindef and relatively low exhaust
pressures at the instant of valve opening. On the other
hand, the second peak is due to the piston displacement
during the-exhaust stroke. The magnitude of the blowdown flow
increases with both load and speed,'following the increase in
cylinder pressure. The second peak increases with load and,
to a larger extent, with speed (because of the increase in

piston velocity).

"The time distribution of the rate of flow of air
ﬁhrough the inlet valve exhibits a single peak at all
operating conditions. The magnitude of this peak increases
with engine output whilst the fates of acceleration/ -
deceleration of the flow rise with engine speed. During the
intake prbcess; the pressure iﬁside the cylinder is norm-
ally below that of the induction manifold, thus causing ffesh

air to flow into the cylinder. However, in practice, the
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cylinder pressure may exceed the air receiver pressure at
the beginning or towards the end of the inlet valve opening
period. Under such conditions backflow (from the éylinder
into the air chest) will occur. This pollutes and heats the
contents of the air chest, shortens the effective intake
process, reduces the trapped mass of the charge (at inlet
valve closure) and increases the charge temperature. If
backflow occurs at the beginning of the inlet valve opening,
its effect on the fresh air will be worse; the cylinder

“being full of hot residual gases from the previous firing.

Reversed intake flow prior to valve closure was
found to occur in all running conditiomns, thus indicating a
late closure timing (50°ABDC). The more -serious type of
reversed flow (occurring at inlet valve opening) was only
predicted at high speeds. This probably explains the small
overestimation in the predictions of the air temperatures in
the induction manifold. Early backflow appears to be
reduced with increase -in load, but this might not necessarily
apply to its effect on the incoming fresh air (temperature of

the residual gases rises with load).

Figures 7.12 and 7.13 show variations in the shape:
of the cémputed fuel burning rate and charge equivalence
ratio with the operating conditions of the engine; The
shape of the fuel burning rate curve is seen to follow the
experimental observations very closely. It'was shown in the
previous chapter that if the injection and ignition points
are determined accurately, good agreement between the

predicted and experimental fuel burning rates is obtained.

The distribution of the indicated torque developed
by cylinder no. () is presented in Fig. 7.14 for zero and 9.0
bar bmep at engine speeds of 1000 and-2500 rev./min.

1
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The variation in the instantaneous performance of
the exhaust turbine is shown in Fig. 7.15 for a complete
engine cycle. Two representative cases wefe selected, namely
9.0 bar bmep at 1000 and 2500 rev./min. These are illus-
trated fbf the same turbine sector through which gases
released by the no. () cylinder flow. The pulsations in the
exhaust temperature and turbine expansion ratio are shown
together with the resulting distributions of turbine flow,
velocity ratio and efficiency. The instantaneous available
exhaust gas energy and the net power, thaf'is extracted by

the turbine, are also depicted.

]

The windmilling periods shown in the low speed
case should be observed. The reduced exhaust pressures
pccurrihg in such periods cause the gas flow and the available
exhaust energy to diminish considerably (reaching zero moment-
arily). At low engine speeds the reduced air flow coupled
with the low frequency of the exhaust pulses constitute the
major cause of the low exhaust pressure periods. This is also
accompanied by a considerable variation in the velocity ratio
and subsequently the instantaneous turbine efficiency.
Fortunately, in such cases, the turbine efficiency reaches a
minimum when the available power at the turbine is also at

its lowest wvalue,

The variation of the overall and component mean
efficiencies of the turbocharger with fuelling (load) is
depicted in Fig. 7.16, for four different engine speeds. It
can be seen that the turbine efficiency increases with
engine speed with a small variation in load. This is
basically caused by the dependence of the mean turbine effic-
iency on the level of the exhaust pressure and the pulse'

frequency. On the other hand, the compressor efficiency
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shows a clear dependence on load. The overall efficiency
of the turbocharger (the product of the two component
efficiencies) increases with both load and engine speed
(excluding the lowest speed at low loads). This indicates
that the optimal engine-turbocharger matching point is close

to maximum power.

The ability of the program to predict surface
temperature trends corréctly is demonstrated in Fig. 7.17.
Calculated values of the mean temperatures of the liner,
pistbn,and cylinder head surfaces exposed to the gases are
plotted for four engine speeds and various fuel inputs
(loads). Although no experimental data was available for
comparison, the surface temperatures follow a uniform trend
without any irregularities. Temperatures are seen to increase
with fuel input and to a lesser extent with engine speed.

The rise in metal temperatures with fuelling rate, at a
fixed speed, is due to the increase in the mean heat flux
from the gases to the walls, This is a result of increases
in the mean values of the gaé temperature and gas/wall
coefficient of heat transfer which are brought about by
higher rates of heat liberation. Engine speed influences
the coefficient of heat transfer via the degree of turbulence
it imposes on air motion within the cylinder; this being
described by the characteristic velocity term in the heat
transfer correlation (Section 2.7). A minor effect of incr-
easing engine speed is also the increase in inlet air

temperature.

The calculated surface temperatures are relatively
low in comparisonwith other turbocharged diesel engines (94),
which suggests underestimation of the thermal resistances of

the different flow paths in the heat conduction model
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(Section 2.7). This can be caused by an overestimation of
the heat transfer coefficient on the coolant side, particularly
at low loads,and the assumption of a clean metal coolant

surface, i.e. no deposits or rust.

No modifications were made to the thermal fesist-
ances as no measured surface temperatures were available for
validation purposes. However, it is acknowledged that lower
wall temperatures result in higher air consumptioh due to

improved volumetric efficiency.

Heat losses from the exhaust gases have been
computed using a constant overall coefficient of heat transfer
between the gases and ambient air (Section 2.7). 1In order to
assess the effect of this assumption on the simulation results,
the coefficient of heat transfer was increased by 50% and the
program was re-run for a number of operating conditions.
Comparisons of the original and new predictions are pres-
ented in Fig. 7.18. A very slight reduction in the computed
mean exhaust temperatures and pressufes together with very
small changes in the boost and peak cylinder preséures can
be observed. However, the effect on the computed overall
performance figures of the engine is insignificantly small.
Although this supports the assumption employed, it is
believed that the deve10pmeht of a heat transfer correlation

for pulsating flows in exhaust manifolds would be most useful.

7.3 COMPARISON OF PREDICTED AND MEASURED TRANSIENT DATA

Before drawing comparisons between predicted and
measured transient data, it is appropriate to consider the
output characteristics of the simulation. Figures 7.19a-b
display the predicted engine‘transient response to a rapid

increase in load. The input signals to the model are shown
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at the top left of Fig. 7.19a., The resulting response of
engine and turbocharger speeds, fuel rack position (govermnor
(output), boost pressure, air flow, trapped equivalence
ratio (overall), maximum cylinder pressure and exhaust temp-
erature are also plotted in the same figuré: The exhaust
temperature exhibits a wide trace at high load due to the

pulsation.

In this particular case, the model shows clearly
the lag of the turbocharger due to its inertia. The governor
response can be seen to be very rapid up to the point when the
fuel rack hits the maximum fuelling stop. As a result of the
large phase difference between responses of fuelling |
(governor) and the turbocharger, the overall equivalence
ratio of the cylinder charge increases very quickly, approa-
ching the stoichiometric ratio (F = 1). The mixture strength
becomes over-rich in fuel momentarily, after which it becomes
leaner (the increase in fuel supplied is limited by the
maximum fuelling stop whilst the air flow continues to
increase gradually). The relatively rapid drop in equivalence
ratio, which occurs 2.3 seconds from the start, follows the
decrease in fuelling. This results from the departure of
the fuel rack from its end position, due to the recovery in
engine speed. The trapped equivalence ratio gradually
attains a new steady state value with all the other variables

following suit.

The variation of mean exhaust temperature with
time seems very similar to that of the equivalence ratio.
However, the availability of the exhaust emergy (for trans-
formationbinto useful turbine work) is heavily dependent on
pressure levels in the exhaust manifolds. This in turn is

influenced by events occurring inside the cylinder (mass of
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charge trapped at valve closure, combustion and heat tranfer)

via the release pressures.

The response of the maximum cylinder pressure curve
is rapid during the early stages, due to the quick increase
in fuelling. The rate of increase is later reduced as the
equivalence ratio attains its peak value. The pressufe cont-
inues to rise and the rate is further reduced when the fuel

rack moves away from the maximum fuelling position.

Figure 7.19b shows (diagrammatically) the working
line of the engine during transient operation, superimposed
on the compressor characteristic. The initial steady state
operating point is identical to the no-load steady state
case at 2500 rev./min. shown in Section 7.2. The boost
pressure is initially below the ambient pressure and builds
up with air flow. As expected, the gradient of the working
line exceeds that of the steady state operational line at
the same initial speed. Obviously this results from the
reduction in engine speed as load is applied. The variation
of turbine velocity ratio and efficiency within one engine
cycle is shoﬁn (in the same figure) for five individual

cycles along the tramsient period.

Predicted crankangle diagrams of pressures inside
the cylinder and exhaust manifold (connected to the same
cylinder) are presented in Fig. 7.19b for a succession of
cycles during the transient period. A comparison of such
pressure records with measured ones (Chapter 5) would
illustrate the validity and power of the simulation. This
would also yield useful information for performance develop-

ment and improvement.

- The fuel burning rate and equivalence ratio

predicted during the same cycles are also shown. Note the
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changes in the timing, shape and duration of combustion.
The ignition point can be seen to be advancing gradually,
following the reduction in engine speed and the increase in
boost pressure and temperature. The increase in fuelling
per cycle, hence overall equivalence ratio, leads to a rise
in the proportion of diffusion-controlled burning and an

increase in combustion duration (Chapter 6).

The variation of instantaneous engine (developed)
torque, in comparison with the load torque is shown for the
same cyclés selected during the transient period. The shape
and ampiitude of the torque pulsations are dependent on the
cylinder pressures and engine geometry (equation 2.21).
Accordingly, all the interactions and non-linearities
involved in the thermodynamics of t+- _,gine and gas flow
have a bearing on the torque developed, e.g. trapped mass
of charge, engine speed, injéction point, cylinder temper-
ature and pressure prior to injectioﬁ, overall equivalence
ratio, gas flow through the valves, etc. In the case -
considered, the engine torque rises (amplitude and mean
cyclic value) with cylinder pressure, following the increase
in fuelling; the equivalence ratio always being below unity.
The disCrepancy between the torque developed and the load,

~determines the change in engine speed.

Other variables such as exhaust equivalence ratio,
instantaneous torques of the turbine and compressor, mass
flow rates through the valves, etc. can also be plotted if-

required.

A further illustration of the capabilities of
the simulation program is the prediction of frequency
response (a typical application in diesel engines is stability

studies for speed governing). Frequency response testing
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is one of the conventional methods available for analysis
and design of control systems. The dynamic characteristics
of any system are mormally determined by varying the
frequency of a sinusoidal input signal over a certain‘range,
and studying the resulting response. Althoﬁgh the frequency
response of a syStem represents a qualitative picture of the
transient response, an indirect correlation between the two

exists (82).

Figure 7.20 displays the predicted frequency
response data, in which the engine model is subjected to

the following sinusoidal load:
_ (20
CL(t) = al(l+a2) s1n(a3t) (7.1)

where constants al, a2 and a3 represent the mean load,
amplitude/mean load ratio and the period of the sinusoidal
input. These were taken as 6.76 bar (bmep), 60% and 0.5
-second respectively. It is important to note the differences
in the ratio between the percentage change in the individual
parameters, and that of the inmput signal. In the example
considered, these ratios were 0.037, 0.782, 0.284, 0.028,
0.036 and 0.018 for engine speed, rack position, exhaust
temperature, turbocharger speed, air. flow and boost pressure
respectively. The rack motion and the exhaust temperature
show very high ratios relative to the other parameters.

This indicates that the governor gain,.which is defined as
the ratio of the percentage changes in rack motion and
engine speed, is very large relative to other components of
the engine system. As a result, the transient response in
fuelling and hence exhaust témperatu;e is always much

faster than that of air flow.

As mentioned in Chapter 5, the experimental
transient response program included three basic types of

tests, namely:
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1. A step input to thedeDamometer.

2. A rapid change in the governor setting

(demand speed).

3. ' A simultaneous combination of the inputs

1 and 2 above.

Since the actual ﬂyhaﬁometer output was not suffic~
iently rapid to constitute an ideal step, it was decided to
employ the measured‘load torque as an input signal to the
model. Errors in the torque measurements (mainly due to
vibrations transmitted to the torque transducer) were found
to be of the order of 4%. Obviously this introduced
discrepancies between predictions and experimental data;

however, the resulting discrepancies were small in most cases.

The variation in demand speed with time, that is,
the exact shape of the input signal to the governor, depended
‘on the magnitude of the input charge (Section 4.4.2).

' Subsequently the duration of the change in demand speed was
determined from the calibration of the stepping motor drive
unit, Fig. 4.7; The input signal to the model was considered
to be an ideal ramp which had a gradient equal to the mean
rate of change (i.e. mean angular speed of the stepping
motor). This assumption constitﬁted a minor approximation

of the variation in demand speed, particularly in the first
30 milliseconds during which the motor accelerated to the

high speed mode.

Table 5.2 gives the details of the transient tests
carried out experimentally; Eleven of these transient cases
have beén predicted and compared.with the measured data.
Comparisoné'are shown in Figs. 7.21 to-7.31. Mostly tests

involving large changes of input signals (load or demand
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speed) were selected, because it was felt that if good agree-
ment could be achieved under such conditions, then the
response to smaller inputs should also be predicted reasonably
accurately. The cases selected comprise: four load changes,
three cases of changes in demand speed,and four of combined

inputs.

It should be noted that the comparisons comprise
a representative number of transient situations, each of
which covers almost the entire load or speed range of the
engine. Bearing in mind the accuracy constraints imposed
by the data used (e.g. turbocharger characteristics, governor
representation, inertias of engine and turbocharger and the
load meésurements, etc.), the agreement between predictions
and measurements is considered to be satisfactory. It
can also be observed, that despite minor discrepancies in
.some cases, the basic trends of the different parameters are

reproduced by the model.

Figures 7.21 to 7.24 show cases of engine transient
response to a load increase at four fixed demand speeds.
Good agreement can be seen; however, the model shows a
slightly slower response in engine speed and subsequently
rack ﬁravel._ Agreement in the final steady state values of
‘thé two variables is satisfactory with the exception of
case TR4 where engine speed is overestimated. In this
barticular case the maximum torque measured was found to be

underestimated by about 4%.

Moving from the case of lowest demand speed
(TR2) to the highest (TR8), it is easy to observe that the
rise time of the turbocharger speed is reduced by a factor

of four. In other words, the turbocharger accelerates
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faster at higher engine speeds. This can be seen to be
true in both the experimental and predicted responses. The
same observation applies to the boost pressure in the four
cases and to air flow in cases TR6 and TR8. Measured air
flow during the two low demand speed tests does not show a
noticeable rise, which is probably a result of the counter-
action of the effects of increased fuelling.(hence
turbocharger speed) and reduced engine speed; The model
produces a small reduction in air flow in case TR2.
Regarding the end point values of the turbocharger speed,
boost pressure and air flow, it is seen that the predictions
and measurements are very close. Case TR8 is an exception;

the model predicts slightly higher values.

The variation with time of the overall equivalence
ratio of the air/fuel mixture inside the cylinder, is a
resultant of the rates of change of fuelling and air flow.
Despite the relatively fast response of the turbocharger in
case TR8, the simulation predicts an équiyalence ratio above
unity,'i;e. over~-rich mixture. Apparently this is brought
about by the fast response of the governor at high engine
speeds. This can be understood by referring to equation
(2.46) (Chapter 2) which indicates that the natural frequency
of the‘gOQernor increases with governor setting, i.e. demand

speed.

The measured and predicted responsesof the exhaust
temperature are very similar and the timing of the peak
value shows very close agreement. Nevertheless, the final
steady state values are underestimated at low speeds. The
same trend was observed in the comparisons of the steady

state results and was discussed in the previous sectiomn.
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Comparisons of the cylinder pressures, in particular
peak values, show a large dependence on governor response,
i.e. the fuelling per cycle. This also applies, but to a
lesser extent, to exhaust pressures. If we consider case TR2
as an example, it can be seen that, at cycle 11, the
predicted governor response lags behind the experimental
curve whilst a slight lead is shown at cycle 31. The
subsequent effect on fuelling results in an early underestim=-
ation of the cylinder and exhaust pressures, followed by a

small overestimation at cycle 31.

With changes in demand speed at fixed loads, the
experimental and model responsesagree favourably, e.g. see
engine speed curves. The model responds slightly faster,
particularly in case TR1l. The computed turbocharger speed
folldws the experimental curve very closely in cases TR10
and TR11l, showing a similar overshoot. The model predicts
a faster deceleration of the turbocharger in case TR14.

The response of the governor model (fuel rack position) is
very similar to the measured data, but the former exhibits

a faster rate of change. This causes a quick change in
fueiling aﬁd subsequently rapid changes in the thermodynamic

conditions of the cylinders and exhaust manifolds.

A sudden increase in the trapped equivalence ratio,
coupled with a rapid rise in the peak cylinder pressure,
- occurs in cases TR10 and TR1l. This is also accompanied by
a rapid1rise in temperatures and pressures of the exhaust
gases. The model predicts the same trends but shows steeper
rises in the maximum cylinder pressure and exhaust temperature.
The former reaches a peak value, only two cycles from the
start of the transient. It then drops faster than the

measured pressures (cycles 2 to 16). On the other hand,
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the computed exhaust temperature continues to rise but with
a reduced rate in comparison with the first two cycles. A
further steep drop in peak pressure and exhaust temperature
occurs in both the experimental and computed curves between
cycles 17 and 21. This is caused by the reduction in
fuelling imposed by the response of the governor to the rise
in engine Speed. The :esulting reduction in exhaust energy
reverses the initial acceleration of the turbocharger and so
its speed begins to fall. Subsequently aif flow and boost
pressure are reduced after an initial.fise. The computed
and measured curves agree favourably and hence a close agree-
~ment caﬁ be seen in the engine working lines on the compressor

‘map.

The underestimation of the maximum cylinder
pressures and the overestimation of exhaust temperatures
between cycles number 2 and 16 can}be explained as follows:
‘the computed and experimental cylinder pressure diagrams
show very good agreement during the compression stroke. Also,
the ignition point, which is seen to retard with engine
. speed, is predicted correctly. On the other hand, the fuel
burning rate-diagrams generated by the combustioh model
during the cycles considered exhibit a rapid decay in pre-
mixed burning and hence a simultanebus increase in diffusion
burning. In other words, the mode of burning proportionality
factor (Chabter 6) which governs the percentage of fuel burnt
by each of the two mechanisms is reducing rapidly. This
suggests that, in the case of over rich fuel/air ratios‘
(F>1), equation (6.17) probably overestimates the depend-
ence of_thé mode of burning proportionality factor on
equivalenée ratio. The response in trapped equivalence

ratio in case TR1l shows a lower peak in comparison with
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case TR10. Following from the above argument this results
in the reduced discrepancy in cylinder pressures, exhaust
temperatures and pressures shown in the former case. Richet
fuel/air mixtures are produced in case TR10 because it
starts from an initially low load and achieves a maximum

fuelling condition in almost the same time as case TR11, -

The sudden reduction of demand speed (case TR14)
simulates a situation of engine shutoff, in which the governor
responds.quickly to reduce the input fuel. The rack attains
the zero fuelling position after only one cycle duration,
hence the spill valve opens very early and prevents the fuei
line pressure from building up to the injector opening
pressure. 1t follows that the needle does not 1ift and no
fuel is injected. As a result no combustion occurs inside
the cylinders up to cycle number 53 and motored cylinder
pressure diagrams are produced. Obviously exhaust temperat-

ures and pressures fall and the turbocharger speed reduces.

A relatively faster deceleration of the turbo-
charger is predicted due to an underestimation of the
turbine power. This is brought about mainly by the simplif-
ication of the turbine flow characteristics, due-to the
limited data available. A single swallowing capacity curve
was employed. This in effect overestimates the effective
area of the turbine, when running at very low pressure

ratios and medium speeds.

Comparisons -of predicted and measured response
data for combined changes in load and demand speed are shown
in Figs. 7.28 to 7.31. The first three cases (TR15, TR16,
TR19) consider the engine transient fesponse to increases in
the two inputs, whilst case TR23 depicts the response to a

reduction in demand speed with an increase in load.
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Good agreement between the computed and measured
engine speed curves can be observed. Of particular interest
is the response of all the parameters during the early
_stages of the transient (first 16 cycles). This shows a
very similar behaviour to a situation where a rapid change
in demand speed is imposed at a constant load. This simil-
arity arises from the fact that the load increases very

slowly relative to the input variation in governor setting.

For the later stages of the transient period, A
the computed response of the turbocharger lags slightly. In
cases TRlS,{TRlG and TR19 this appears to result from the
fast response of the governor model. As the engine speed
approaches the required value, the dynamics of the governor
attain a new balancing point, hence the fuel rack is forced
to move away from the maximum fuelling position. The
resulting decrease in engine torque is seen to coincide
with a marked rise in load, and so the engine speed begins
to reduce. Again the decrease in speed feeds back to the
gdvernor. This responds quickly by reversing the direction
of rack travel in order to increase fuelling. The relatively
fast response of the governor, which was mentioned earlier,

. leads to an increased oscillation in rack motion. Subsequ-
ently the momentary reduction in fuelling is overrated and
a larger dip in exhaust temperature is predicted between
cycles 16 and 21. A simultaneous reduction in exhaust

pressure also occurs,

Slightly higher end point engine speeds are
predicted in cases TR16 and TR19. The same applies to the
turbocharger speed and boost pressure. In both cases the
measured rack position is seen to bear continuously against
the maximum fuelling stop whilst the model rack remains clear

off the stop by 3% of its full range travel.
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From the foregoing comparisons it can be concluded
that discrepancies between the transient response of the
model and the actual engine are small and are caused by one

or more of the following factors:

1. o Inaccuracies in the turbocharger characteristics.
2. Errors in torque measurements.

3. '~ Overestimation of maximum fuelling.

4, Overrating of governor response to changes

in demand speed.

5. " Inaccuracies in the calculation of engine

friction.

The steady state characteristics of turbochargers
vary from one unit to another, mainly due to manufacturing
tolerances. This is believed to lead to variatioms in
performance of the order of 5%. Errors are also introduced
by the need to extrapolate the data to regions which are not
normally tested by the manufacturer. A typical example
(which is important to part load operation) is the compressor
characteristics at very low pressure ratios. Other errors
are introduced when approximating the flow characteristics
of the turbine by using one swaliowing capacity curve.
Provided sufficient data is available, the program is
capable of simulating the dependence of turbine flow on its

rotational speed.

It was mentioned earlier, in Chapter 4, that
fluctuations were observed to exist in the recorded torque
signal. This problem was cured during steady state
operation via signal filtering. However, the filtering
was reduced during transient operation in order to minimise

its effect on the signal response. The resulting errors in



torque measurements were found to be less than 4%. An
example of the effects of such an error is case TR4. The
final torque was underestimated, which led to an over-

estimation of the corresponding engine speed.

Figure 7.32 shows the predicted effect of the rate
of loading on the response of the engine. A load of 11.3
bar bmep is applied to the model at the same demand speed,
but ﬁsing two rates of loading. It is obvious that the
fast loading rate produced a higher deceleration in the
-engine speed, followed by a larger speed droop. The result
is a faster movement of the fuel rack and turbocharger
acceleration. However, the rise time of the former is
nearly halved against a reduction of about one-third for the
latter. This is caused by the nature of the links between
the different components of the enginé‘system; mechanical
in the case of the governor against thermodynamic for the
turbocharger. It also follows that the faster loading rate
results in richer fuel/air mixtures and consequently higher

exhaust temperatures.

The amount of fuel introduced into the cylinders

of the model engine when the fuel rack reached maximum
fuelling was checked. This was found to exceed measured

- values of maximum fuelling by 3.1%. The overestimation

was caused by a deviation between the mathematical represent-
ation of the fuel injection system and experimental data.

The efﬁect of such an error is more pronounced at high

loads, particularly when the fuel rack is at the maximum
fuelling position, e.g. case TR8., It results in higher
steady state values of the engine and‘tﬁrbochérger speeds

and hence boost pressure. This can be seen in Fig. 7.33, in
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which the original response predicted in case TR8 is compared
with results obtained after reducing the model maximum fuelling

by 3%.

The dynamic performance of the governor is largely
influenced by the inertia of its moving parts and the amount
of damping involved. It follows that an underestimation of
the dynamic terms in the governor differential equation
would lead to the prediction of faster response of the fuel
rack, in comparison with measurements. This can result from
inaccuracies in the determination of the coefficients Cl and
C2 in equation (2.46). It is to be noted, that no frequency
respbnse data was available for the governor considered,

hence engine test data had to be employed (Section 5.2.2).

In Fig. 7.34 the predicted transient response of
the engine is compared with that resulting from increasing
"friction" by 20% and 50%. The objective of this exercise
was twofold, namely: to show the effect of engine friction
on transient response and to demonstrate the effect of any
inaccuracies in the computation of the friction torque. It
can be seen that increased frictibn at part loads has little
effect on engine speed, as this is counteracted by governor
action; i.e. increasing fuelling. Accordingly this shows
slightly higher turbocharger speeds. At maximum fuelling,

higher friction results in lower engine speed.

During steady state operation at full load (maximum
fuelling), higher friction losses lead to lower engine and
turbocharger speeds. This applies until the sum of the
loading and frictional torquesemérges outside the maximum
indicated torque envelopes of the engine, i.e. the engine

cannot develop the required brake torque. A 50% increase
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in friction seems to provide a suitable illustration on the
Leyland engine; the simulation program predicts engine
stalling (Fig. 7.34). On the other hand, the engine appears
to tolerate a 20% increase in frictiom. Naturally, the rise
in friction imposes a faster deceleration, a larger engine
speed droop and a slower recovery. It also causes a faster
increase in fuelling, hence a slight increase in the initial
~acceleration of the turbocharger. However, a reduction in
the turbocharger acceleration is produced later, due to the
lower engine speed. (A low engine speed results in lower

exhaust energy. )

As expected, the effect of cylinder wall temper-
atures on the transient response of the engine has been
found to be megligible. Figure 7.35 shows the response
curves predicted with two widely different values of the
wall time constants (equation 2.58). These were 100 and 0.1
seconds. According to experimental evidence (94), the former

value is certainly more realistic.

It may be observed that due to the small reduction
of trapped mass in the cylinder (following the rapid rise
in wall temperature) the maximum equivalence ratio rose
slightly (2.76%). The response in engine and turbocharger
speeds was not changed significantly, particularly in the
first 2 seconds. Thus, it may be concluded that despite
the extremely low time constant used, the response in the
cylindef wall temperature has very little influence on the

accuracy of the predictions of the simulation program.
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7.4 PARAMETRIC VARIATIONS

The transient performance of an engine/turbocharger
combination is a result of many interactiné factors (e.g.
match, dynamics of turbocharger and engine, turbocharger
characteristics, exhaust manifold design, governor, etc.).
Consequently, the influence of design changes is difficult to
assess. The present section demonstrates the value of using
the simulation program for this application. The effects of
variations in a number of relevant design parameteré, on the

transient response of the engine, are predicted.

It should be borne in mind that the absolute
Valueé of the predictioné vary with engine and turbocharger
designs, due to their particular componment characteristics.
However, the results are believed to be representative in

general. )

7.4.1 Effect of engine and turbocharger dynamics

Engine~load inertia:

In most applications, probably with the exception
of marine propulsion, the inertia of the load is large in
comparison with that of the engine. Accordingly, variations
in the former have a more pronounced effect on transient
operation., Figure 7.36 illustrates the tramsient response
of the engine to a rapid increase in load, for two values

of engine-load inertia; 5.51 and 9.26 kg.mz.

It can be seen that an increase in total inertia
reduces the droop in engine speed and results in a more
gradual decrease to the final steady state value. Accord-
ingly the governor produces a slower rack travel towards the

maximum fuelling stop. This in turn results in a slightly
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delayed turbocharger response (speed, hence air flow and
boost pressure). However, the net outcome is a more gradual
rise in the equivalence ratio coupled with a lower peak
value. Also the maximum cylinder pressure shows a slower
rate of increase as a result of the delayed responses of

fuelling and charge trapped mass.,

It is concluded that, for a specified maximum
droop in engine speed, an increase in total inertia would
enable a load to be applied faster. Also the system inertia
becomes more important with increase in engine bmep because
of its 'influence on the maximum equivaience ratio., On the
other hand, a reverse effect is to be expected in traction

applications due to acceleration requirements.

Turbocharger inertia:

The response of the turbocharger is a controlling
factor for the transient performance of the engine. 1In
‘general, faster turbochargervacceleration results in an
improvement in transient response, which increases with
engine rating. Accordingly, efforts are directed towards

reducing the polar moment of inertia of the turbocharger.

The use of lighter metals in conjunction with
smaller units is the logical solution, where possible. The
effect of reducing the turbocharger inertia by 21% (which
is equivalent to reducing the wheel tip diameter by 6%) is
shown in Fig. 7.37. No chénges were made to the flow and
efficiency characteristics of the turbocharger components.
However, only a little improvement was shown in the speéd

response of the engine.
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7.4.2 Effect of manifold wvolumes

In a pulse turbocharged diesel engine, pressure
fluctuations are created in the exhaust manifold due to the
intermittent release of high pressure and temperature gases
at the beginning of the exhaust valve opening period. At a
constant engine speed the amplitude of pressure fluctuations
depends on the capacity of the exhaust manifold, the release
pressure and turbine area. A decrease in the manifold volume
may result in higher peak pressures and témperatures and so
augmeht the useful energy available ét,the turbine entry.
Furthermoré,»this effect becomes more pronounced with higher
release pressures and temperatures.  In other words, it
increases with the mass of air trapped inside the cylinder,
and the amount of heat liberated per cycle (i.e. with

fuelling in the case of steady state operation).

The influence of reducing the exhaust manifold
volume on' the transient response of the engine (to sudden
loading) is shown in Fig. 7.38. With a volumetric reduction
of 20%, the turbocharger response exhibits a gradually
increasiﬁg improvement in the later stages of the transient
period. The accompanying rise in boost pressure and air
flow is not sufficient to affect the peak value of the
equivalence ratio curve. However, the maximum cylinder
pressure displays an increase at the later stages of the .
transient périod. Obviously this yields higher release
pressures, which feed back and push the turbine power up.
The resulting increases in final steady state values of the
turbocharger speed, boost pressure, air flow and maximum

cylinder pressure are 1.9%, 1.98%, 1.5% and 1.3% respectively

It is interesting to note that engine speed and,

fuel rack travel show very little change. This results from
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an increase of 0.47% in friction torque and a reduction of
0.3% in fuelling. To achieve an appreciable improvement in
the speed response of the engine, the exhaust manifold must
be further reduced until the peak equivalence ratio is
significantly lowered by the increase in air flow. This can
be visualised from the third set of response curves (Fig.
7.38) in which the exhaust manifold volume is reduced by 50%.
However, care must be taken not to reduce the exhaust pipe
cross-sectional area (hence volume) beyond an optimum value,
since under these circumstances the fluid friction losses
fmight outweigh the gains obtained from a decrease in volume.
(Note that the program would not be able to take account of
pressure wave reflections which may be important for larger
enginesy the effect of wave action being governed by

diameter and length of the exhaust pipe.)

A 50% reductibn in the induction manifold volume
was tried. This resulted in very little change in the
transient response of all the parameters. Nevertheless, it
would appear that the influence of the induction manifold
volume becomes more impdrtant in the case of large, slower

speed and higher bmep engines.

7.4.3 Effect of exhaust valve timing

This exercise shows how the simulaﬁion program
may be used to investigate the effect of exhaust valve timing
on the transient response of an engine. An initial comparison
between the steady state engine performance for three valve
timings is shown in Fig. 7.39. For the particular engine
under considefation (Leyland 520),‘steady state performance
can be seen to deteriorate when the exhaust Valve timing

is advanced by 14°CA. As the valve overlap period 1is very
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short originally, advancing the timing causes the exhaust
valve to close at TDC. This leads to a rise in cylinder
pressure during the exhaust stroke and hence an increase in
pumping work. By maintaining the same timing for valve
closure and advancing opening by 320CA, the maximum bmep

(at the same speed) is decreased by 1.7% and the bsfc is
reduced by 1;5%. However, boost'pressure and air flow (at
maximum torque) are reduced by 3.7% and 1.99%, and turbo-
charger speed falls by 3.8%. The effects of the three timings

on scavenging pressures and valve flow are shown in Fig. 7.40.

Figure 7.41 shows the effect of advancing the
exhaust valve opening by 32°%cA (with a fixed closure timing)
on the transient response of the engine. It should be noted
that the resulting changes in response cannot be generalised
due to their dependence on a host of factofs pertinent to a
particular engine design. It follows that the program
should be used to investigate the effect of exhaust
valve timing in each particulaf case. For example, it is
likely that a mechanism which advances the exhaust valve
timing during transient operation would prove more beneficial
in the case of engines with wide valve overlap. 1In such
situations, the reduction in valve overlap could minimise
backflow into the induction manifold at the initial stages
of the transient (this.results from the fast increase in
exhaust pressure relative to boost). Hence the trapped mass
of air would increase and lead to a reduction in the maximum
equivalence ratio. The resulting reduction in scavenge flow
would increase the mean exhaust temperature and also reduce
the compressor power requirement. Naturally this would be
coupled with the expected increase in blowdown exhaust

pulsations.,
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7404 Effcct of air cooling

Considering constaﬁt engine speed operation only,
Fig. 7.42¢ shows significant advantages for the aftercooled
engine compared with the non-aftercooled version. 1In this
exercise a zero pressure drop 1is assumed through the cooler.
Also the maximum fuelling, plus the total volume %n between
the compressor and inlet valves, are fixed for the two
engines. Of particular importance is the relatively high
air flow with low inlet manifold pressure obtained with
vcooling and the resultant low exhaust temperatures. Also,
the lower heat rejection to the coolant with the aftercooled
engine is quite significant. Fuel consumption also shows a

slight improvement with aftercooling.

The transient response of the two engines, to the
same load application is displayed in Fig. 7.42a. It can be
seen that the speed of the aftercooled engine recovers
earlier even though the turbocharger shows very little
improvement in speed response. This is caused mainly by the
reduction in heat rejection to the cylinder walls and the
decrease in maximum equivalence ratio (following the increase
in air flow). The final steady state values of engine and
turbocharger speeds and peak cylinder pressure are increased
' slightly with aftercooling, whilst boost pressure, fuelling,
equivalence ratio and exhaust temperature are reduced. The.
working line of the aftercooled engine, superimposed on the
compressor map (Fig. 7.42b), can be seen to have a lower
gradient in relation to the non-aftercooled version. This
indicates a higher rate of increase of air flow with boost

pressure.

In this exercise the thermal capacity of the
cooler 1s assumed to have no effect. The cooler effective-

ness is taken to be 70% and a coolant temperature of 300°K
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is assumed. This is representative of an air to water
cooler for stationmary engines or an air to air cooler for
automotive applications. The problem of obtaining cool
inlet air on a vehicle is relatively complex. The simplest
cooler for vehicle use is one using the cooling circuit of
the engine. Such an arrangement can be shown to lead to a
deterioration in the transient response of the aftercooled
engine. This results from the decreased initial air mass
flow caused by the relatively high coolant temperature

(engine water).

7.4.5 | Effect of variable geometry turbine

In most automotive applications it is mnecessary to
develop high torque at low engine speed to ensure hill
climbing power and adequate vehicle acceleration. From the
standpoint of the maximum engine torque, it would be desir=-
able to have a variable geometry exhaust turbine. By varying
the angle of the inlet nozzles, the effective area of the
turbine (and hence energy availability) and its efficiency
characteristics both alter. This provides more than
adequate air supply at maximum power and improves performance
at low engine speeds. A typical design of such a system

édjusts the nozzle area according to boost pressure.

The simulation program was employed to model a
turbocharged diesel engine, equipped with a variable nozzle
turbine. Ideally, the dynamics of the control mechanism
should be represented by a second order differential

equation of the form:

% 4+ Clk + C2x = C3£(P,) (7.2)

where: X instantaneous nozzle area, as a percentage

of the maximum value.

o
I

boost pressure.
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Cl, C2, C3 = constants which depend on the design.

Equation (7.2) describes the dynamic balance between the
force generated by the boost pressure and the opposing
forces due to the spring, inertia and damping.. It can be
resolved into two first order simultaneous differential
equations, to be solved in conjunction with the other

differential equations of the simulation (Section 3.2).

However, the time~dependent terms were not consid-
ered in this exercise, and the percentage change in nozzle

area was related to boost pressure as follows:
x = 0.8 + 22 - 90.0) (7.3)
- 70 -b L] L]

This represented a full range variation of nozzle area of
20% (of the maximun area), within boost éressure limits of:
90.0 <ZPb << 160 KN/mZ. Hence it resulted in a smaller
nozzle area at part loads and also at low engine speeds.
Turbine efficiency was taken as independent of nozzle area
for this simple exercise. Nevertheless, the program can '

consider the influence of a changing efficiency with area,

provided that data is available.

Fig. 7.43 shows that by fitting a variable geometry
turbine>to the engine, a significant improvement in the
turbocharger response is obtained. This is seen to start
very early in the transient period as the maximum reduction
in the turbine swallowing capacity occurs at low boost. A
similar effect is shown in both the boost pressure and air
flow, which results in higher peak cylinder pressures
compared with the normal engine. A small reduction in the
overall equivalence ratio curve is achieved, but only close
to the peak value. The response in engine speed is marginally

better.
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However, this improvement is underestimated by
neglecting the time-dependent terms in equation (7.2) and
by assuming no reduction in turbine size (hence inertia),
This leads to an instantancecous variation of nozzle area with

boost pressure.

If the control system were designed to give a
sufficient lag between the response in nozzle area and boost
pressure, a significant improvement in the transient response
of the engine could be obtained. Naturally this would be

more pronounced with engines of higher bmep.

7.4.6 - Effect of rematching to a smaller
turbochareer with exhaust waste gate

The variable geometry turbine may be a somewhat

complex mechanism, hence expensive and unreliable. However,

a substitute which has been in use for many years on turbo-
charged aircraft engines, is in the form of a controllable
by-pass valve around the turbine. This type of control
(waste gate) is mormally used in conjunction with a smaller
turbine nozzle. The exhaust by-péss valve opens sufficiently
to prevent turbine overspeed at high engine output. Thus |
while it does not duplicate the performance of the vériable

nozzle, it approximates to it via a simpler mechanism.

The exhaust waste gate normally operates according
to the boost level, but other alternatives are possible.
A simple poppet valve (actuated pneumatically) is a typical

design.

Since the use of a smaller turbine nozzle coupled
with exhaust waste gating basically increases the specific
air cohsumpﬁion of the engine at low speeds, it was felt

that it would also improve transient performance. A logical
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development would be to employ a smaller turbocharger (rather

than a smaller turbine mnozzle) so as to augment the improve-

ment in engine response via the additional benefit of a ‘
reduced turbocharger inertia. The simulation program was

employed to investigate this proposal.

For the purpose of comparison it was decided to
employ the standard turbocharger match of the Leyland engine
as a baseline. Predicted performance (maximum torque curve)
with this match is shown in detail in Fig. 7.44a-c. The
baseline performance was obtained using the characteristics
of the Holset 41 456/2.75 turbocharger, details of which are

given in Appendix C.

The next step was to predict the engine perform-
ance with a smaller frame size of the turbocharger. It
proved poésible to employ a smaller turbine area and achieve .
the correct mass-flow characteristics by using a Holset 3LD
turbocharger. The engine performance predicted with this
turbocharger (fitted with a hypothetical turbine casing
having an effective area 22% less than the 4LEunit) is also
shown on Fig. 7.44a-c. The fuelling was scaled to maintain
the baseline minimum air-fuel ratio. In préctice this meant
an increase of 5%. As a result of the new match, a 4%
increase in maximum torque was obtained. However, this was
accompanied by a 1.5% deterioration in specific fuel
consumption because of increased pumping work. Note that
the maximum turbocharger speed increased from 75500 to 93000
rev,/min. (22%) and the peak cylinder pressure rose from

121.4 to 138.5 bar (i4.19).

A waste gate model was then built into the simul-
ation program, permitting each branch of the exhaust

manifold to be kept separate (i.e. one by-pass valve per
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turbine entry). The valve area was chosen such that the
boost pressure at maximum power was reduced to the corresp-
onding baseline value. An effective valve area of 1.3 cm2
(i.e. 10% of the turbine area) was found to be sufficient to
reduce the maximum boost pressure from 269 to 229 KN/mZ. It
was also assumed, for convenience, that the valve area
varied linearly with boost pressure and closed completely

at 190 KN/mZ.

, Figures 7.44a~c display the engine performance
with the new turbocharger match and waste gate. Note that
at maximum power, the waste gate passed 8.3% of the total
mass flow. The maximum bmep increased by 4% in relation to
the baseline value and the specific fuel consumption rose
by less than 1%. Also the maximum values of the cylinder
pressure and turbocharger épeedwnerenot embarrassingly high;
126.5 bar and 86000 rev./min. respectively (i.e. increases
of 4.2% and 13.9%).

Comparing predictions with and without the waste
gate, but with the same turbocharger match, shows that the

valve improved performance via reducing excess pumping work.

The influence of the foregoing design changes on
the transient performance of the engine was then investigated.
Figure 7.45 compares predicted engine response to a rapid
load increase for the two cases: the baseline engine, and
rematched with waste gate system. Clearly the response of
the turbocharger was dramatically improved by adoption-of
the waste gate. The resultant difference in the speed
response of the engine was dramatic since it was able te
accept this load increase without difficulty. However, the

speed undershoot was substantially reduced, with the fuel
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rack touching the maximum fuelling stop. This, as well as
the increased air flow (following the improvement in turbo-
charger response) led to a lower maximum equivalence ratio.
Consequently, it would be expected that the improvements
brought about by the waste gating system would become

greater at higher engine ratings.

The improvement in transient response has resulted
largely from reduced turbocharger inertia following the
adoption of a smaller frame size. The turbine wheel
reduction from 0.0914 m. to 0.0762 m. was accompanied by a

reduction of about 52% in polar moment of inertia.

7407 Effect of limiting fuel rack travel

The need to control fuel input in relation to air
flow (in order to avoid undesirable exhaust smoke) is known
to increase with engine rating. Boost pressure sensing
fuel rack limiters are provided.to control the quantity of
fuel injected per cycle during periods of rapid increases in
injection rates, particularly at low engine speeds. The
example presented here demonstrates the ability of the
simulation program to predict the effects of such devices on

the transient performance of the engine.

The predicted transient response of the engine
with and without a rack limiter is presented in Fig. 7.46.
Transient case TRL1 (Section 7.3) (in which the engine was
subjected to a sudden increase in demand speed from an
initial condition of 985 rev./min. and 4.5 bar bmep). The
dynamic limit on rack travel was taken to vary linearly
with boost pressure within minimum and maximum positions,
which were attained at 90 and 160 KN/m2 respectively. In

other words, the fixed maximum fuelling stop was never
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reached at boost pressures below 160 KN/mZ. However, two
values for the minimum position of the dynamic rack limit
were tried; away from the maximum fuelling stop by 5% and

20% of the full rack travel.

It can be scen, in the case considered, that a 20%
reduction in the rack travel (equivalent to 30% of the
maximum fuelling) reduced the fuel/air ratio to 18.8; a
realisticcriterion for the exhaust smoke level. However, a
dramatic deterioration in the transient response of the
engine (see engine and turbocharger speed curves) resulted.
It should be remembered, though, that this may not be so for
highly rated engines, in which the instantaneous fuel/air
ratios could become excessively rich (i.e. greater than
stoichiometric); a rack limiter may then be beneficial to

the response.
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CHAPTER 8

CONCLUSTIONS AND RECOMMENDATTIONS

Considering the important criteria which influence
the transient performance of turbocharged diesel engines, and
noting the modelling techniques published to date, it was
concluded that a more basic and generalised theoretical
approach was needed. The present work was carried out
accordingly, and the main objectives (Section 1.1) were

achieved,

During transient operation, a turbocharged diesel
engine experiences a wide range of normal and off-design
conditions. Naturally the steady state relationship between
the input fuel and torque developed (at any speed) no longer
applies. This arises from the non-linear effects of the
thermodynamics and gas flow as well as the dynamic interactions
of the individual components of the engine. Hence a continuous
analysis of these interactions in conjunction with the

thermo and fluid dynamics is essential.

The application of the quasi-steady ''filling and
emptying' concept in the analysis of the thermo and fluid
dynamics during transient operation proved successful. It

permitted the simulation to take account of:

1. The time~discrete behaviour of the engine,

which is governed by the intermittent fuel injectionm.

2. The non-linear influence of the combustion
process on the torque developed and available exhaust

energy.

3. The pulsating nature of gas flow (resulting
from valve motion) as well as effects of manifold

capacity.
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4. The influence of manifold pressures on pumping

work (gas exchange period).

Correlating experimental fuel burning rate curves
to ignition delay, engine speed and equivalence ratio as well
as evaluéting heat generation via thermodynamic and chemical
equilibrium, provided a dynamic combustion model which was
justifiable for the application. The model was successful
for steady state as well as transient operation. It was also
moderately successful for cases in which over-rich fuel/air
mixtures were developed. Further improvements might be
achieved by including the effects of charge density, swirl,

etc,

The key differential equations of the simulation
constitute an initial value problem. A convenient set of
state variables was employed to define the instantaneous
conditions of the engine system, including thermo and fluid
dynamics. By executing the pumerical solution along crank-
angie (instead of time), the periodic nature of the engine
processes was displayed and the programming effort was
reduced. Also the application of absolute internal energies

and enthalpies greatly simplified thermodynamic eomputations.

The evaluation and development of the program was
aided by obtaining reliable and detalled experimental data.
‘A computer-based testing facility ensured the repeatability
of the transient tests and enabled a very large fund of
relevant measurements.to be recorded. The computer-controlled
test bed, instrumentation, plus the data logging system and
techniques developed have been described. Even with computer-
aided testing, the simultaneous control of engine transient
operation and recording of considerable amounts of data (more

than 40 K values/tests) requires skillful and competent
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techniques. The techniques and test procedures developed in
this work involved variable control of engine speed and load,
multi-channel high speed data logging (up to 400 KHz), control

of test sequence, plus processing and mass storage of data.

Experimental data, obtained from a turbocharged

automotive diesel engine (Leyland 500 series) showed that:

(i) The response in peak cylinder pressure follows
the rapid response of the governor, despite the resultant
development of over-rich fuel/air mixtures (beyond the

stoichiometric level).

(ii) The turbocharger response becomes faster with

increase 1in engine speed,

(iii) The response of the engine to increased demand

speed is slower at increased loads.

Comparisons of predicted and measured steady state
data showed close agreement over the entire operationai range
of the engine; agreement improved with increase in load.
Predicted and experimental transient data were compared for
large changes (up to 100%) in load and demand speed as well
as combined changes. Fuel/air ratios of 12,7:1 were attained
in some cases. These comparisons included crankangle diagrams
as well as overall response data. Again favourable agreement
(within the accuracy of the measurements and the component

characteristics of the engine system) was shown.

Since the transient performance of an engine/turbo-
charger combination is a result of many interacting factors,
the influence of design changes on engine response is
difficult to assess. An illustrative study of specific
design changes has been completed. It was found that

increasing specific air consumption via, (i) air cooling,
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(ii) rematching to a smaller turbocharger in conjunction
with exhaust waste gating or variable geometry turbine,
impreved the transient performance of the engine. Reducing
the volume of the exhaust manifolds was beneficial, but
advancing exhaust valve opening only slightly influenced
transient response. The effects of limiting fuel rack travel
as well as varying the inertias of the engine-load and
turbocharger have also been investigated. These findings may
not necessarily be generalised, because of variations in
component characteristics of different engines and turbo-
chargers. However, the simulation program can be applied in

each specific case to decide its feasibility.

With such a simulation program one must consider
its applicability to various engine designs, its limitations
and the extent to which actual engine testing can be replaced.
An explicit and comprehensive answer was beyond the objectives
of this work; however, the conclusions reached so far are

given below.

The present structure of the simulation program
restricts its use to 4-stroke direct injection diesel engines,
with or without turbocharging. It may réadily be applied to
2-stroke engines with the assumption of perfect mixing during
gas exchange. However, the introduction of a scavenging
model should not be difficult. The indirect injection
engine can be considered by including an extra thermodynamic
control volume to represent the pre~chamber as well as modif-
ying the combustion model. Two-stage turbocharging can be
treated with very little modification. Additional control
volumes in between low and high pressure components of the
two turbochargers, as well as the performance characteristics
of the second turbocharger are required. Furthermore,

simulation of supercharged and compound engines 1s relatively

m A rmrt e e




straightforward. These modifications are open for future

investigation.

Summarising, it appears that the simulation method
is applicable to all cases in which steady state performance
prediction programs are currently employed. The present
simulation excludes pressure wave reflection phenomena,
thercfore, the treatment of the exhaust manifold may be less
successful with large engines. The resultant influence on
accuracy of the predicted transient response may not be
crucial; this remains to be assessed. Such a limitation
can be alleviated by applying the method of characteristics;
however, considerably larger computing requirements (time

and core) make it impracticable.

By extending mathematical cycle analysis to engine
transient operation, the simulation developed in this work
eliminated the major restrictions experienced with earlier
models; namely, application of linearised control techniques,
oversimplification of component characteristics and
extensive reliance on experimental steady state data.
Naturally this enhances the value of the simulation program
as a research and development tool. However, additional
work directed towards improving the modelling of combustion,
heat transfer, scavenging, turbocharger performance, and

engine friction, would be worthwhile.

The variation of the thermodynamic state variables
during the cycle (particularly during valve overlap) dominate
the selection of the integration‘interval. Valve overlap is
the most critical part of the cycle, since both the inlet
and exhaust valves are partly open, pressures in the
cylinder and manifolds are nearly equal, the”cylinder volume
is close to its maximum value and the piston is changing its

direction of motion.



A step sizc of lOCAsuitedengine speeds down Lo
1000 rev./min. When this was halved, very little effect on
the accuracy of the prediction was seen. However, smaller
steps might be necessary at lower speeds,; particularly on
engines with wide valve overlap. Also, the use of relaxation
factors daﬁpened numerical fluctuations and speeded

convergence,

The extent to which the simulation program can be
relied on to replace actual engine testing is largely
dependent on the skill of the user; considerable judgement
may be necessary when designing a new engine. Consequently
the main application of the program should be to limit the
amount of actual testing, rather than predicting absolute
values. In other words, it should be used to determine the
feasability of a new design option or to study the effect of
design changes on the performance (steady state and
transient) of an existing engine. The program can also be
most useful in investigating different devices employed to
improve the transient response of the engine. Testing would
then be limited to cases seen from the predictions to be

feasible or optimal.
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APPENDIX A

THE EVALUATION OF FLUID PROPERTIES

Diesel engines undergoing transient operating

conditions cover a very wide range of mixture strengths.

In some cases the equivalence ratio exceeds unity and the
mixture becomes over rich in fuel, which leads to incomplete
éombustion. In order to obtain a practical and workable
model, the treatment of the actual complex heterogeneous
state of the combustion products is simplified by assuming
thermodynamic equilibrium. This assumption was employed by

‘Borman (21) and many others.

The application of Powell's concept (86) of absolute
enthalpy and internal energy energy simplifies the analysis
and computation of all processes, including those which
involve mixing and combustion:

heat of formation at
(1) = T=0°K from elements in
" {their standard referencel
states at 09K

sensible
heat at T (A.1)
above 0°PK

habsolute

Consequently, enthalpies of various systems which are at
different thermodynamic states and composition become similar

and compatible quantities.

For further simplicity, computational convenience
and economy, mathematical expressions can be fitted to the
tabulated values of the internal energy and gas constant of

. the combustion products of air and diesel fuel

Actual products of combustion

Due to inhomogenceities, the actual combustion
process does not necessarily generate the same products of

combustion as would result from thermodynamic equilibrium
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theory. Under steady running conditions the overall equival-
ence ratio is normally less than unity, whilst the combustion
in various parts of the chamber may occur at much richer fuel-
air ratios. The situation is worse during transient operation
requiring rapid increases in fuelling. As a result of such
over-rich fuel-air ratios and other non~equilibrium effects,
some-solid carbon may be formed and may be retained in the
exhaust (81). Smoke measurements indicate the extent of

such carbon formation; however, this is probably only

qualitative, during severe transients.

' The entire picture becomes very complex if non;
equilibrium cowbustion is considered such that even if a
simple single zone model could be developed, the analysis
would require enormous computer storage and time. Furthermore,
errors introduced by assuming equilibrium are reduced to some
extent by the procedure of obtaining the fuel burning rate
from the experimental pressure diagram, having made the same

assumption,

Formulae for internal energy and the gas constant

The equilibrium thermodynamic properties of the
products of combustion of air and diesel fuel (assumed to

be CnH D) were expressed anmalytically in the form:

2 -
= (T, P, F) (A.2)

R R(T, P, F) ' ‘ (A.3)

The required formulae for lean fuel/air mixtures (r <1)

were taken from Krieger (64). For properties of rich mixture
products (1 <T < 1.,6), other formulae were fitted to data
published by the General Eiectric Company (45). These are

as follows:



(1) Internal energy:

for F> 1.0 and T < 1333°K:

o = -2888.78+595.25(F-1)+0.66854T
oy ) -
+ 2.71304 x 1074T% - 7.40325x 1.0”°1°
+ 0,25107(F-1)T (A.4)

for F> 1.1 and T > 1333°K:

e, = =3466.2+903,84x% (F-1)+0.65898T

L -4, .2 -8..3
~3,79924x 10 T +8.23288x10 T (A.5)

for 1< F < 1.1 and T > 1333°K:
4.5371 (1-10(F-1))

= 9(T - . . :
e ey + 14.202 (T_ 1388 89) . PO°46024
(A.6)

2y . Gas constant:

R = 0.22751 + 0.063438F - 3,33005 x lO—BF2 (A.7)
where: T = temperature, °k.

P = pressure, bar.

F = equivalence ratio.

e = internal energy, KJ/Kg mixture.

R = gas constant, KJ/K®.Kg mixture.

Figure A.l shows the internal energy and gas
constant variation (together with their partial derivatives),
with respect to equivalence ratio, covering both sides of the
stoichiomatric equivalence ratio (0 <F << 1.6) and temperatures
up to 2000°K. The appearance of negative internal energies is
a characteristic feature when using the absolute zero internal
energy reference state. By definition, elements ét 0° have
zero energy content (86) (the main combustion products, CO,,
H,0 have large negative heats of formation), while on the

2
other hand the sensible heat of an equilibrium mixture 1is
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always positive. Consequently the resulting absolute

internal energy may be positive or negative.

The variation of %%)T can be seen to shift from
negative (for lean mixtures) to positive (for rich mixtures),
with a discontinuity at or mear F = 1., Starting with pure
air (F = 0), as more fuel is added and burnt, the amounts of
€O, and H,0 (accompanied by their large negative heats of
formation) increase. In order to maintain a specified iso-
therm température, more heat has to be removed from the
combustion products. At the stoichiometric air/fuel ratio,

F = i, no more free oxygen is theoretically available.
Further introduction of fuel would entail the replacement of

C02 and HZO with other products of lesser oxygen content and

hence smaller heats of formationm, e.g. CO.
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APPENDIX B

DESCRIPTION OF INDIVIDUAL SUBROUTINES IN
SIMULATION PROGRAM

1. Subroutine MAIN:

This is the master sub-program  which directs all
computations according to the operational mode specified
(Section 3.5). It embodies a main loop which generates the
crank position (in steps) and hence controls the basic

sequence of computations involved in the simulation.

MAIN starts by calling subroutine INPUT to read
all the input data and to initialise all variables. It also
calls subroutines GEOMET, ETHERM, HT and GOVERN at each
crank position. Subroutine PERFOR is called at the end of
each steady state cycle to evaluate and print the overall

performance data of the engine.

Computation of engine speed, turbocharger speed
and fuel injected is executed by MAIN. The computation is
allowed to proceed for a number of steady state cycles (NSS)
in which the engine and governor dynamics are disabled.

This ensures convergence of the thermodynamic conditions in
all control volumes at a constant engine speed aﬁd fuel
input. This is then followed by a number of transient
cycles (NTR1l) in which the dynamics of the engine and
governor are considered under fixed initial values of load
and governor setting. This period is necessary to achieve
‘a real initial steady state prior to the application of the
external disturbance. Values of NSS, NTR1l together with

the number of cycles simulated during the transient response
period (NTR2) are fed with input data. NSS and NTRl were

normally taken as 2 and 4 cycles respectively.
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2. Subroutine ETHERM:

Thermodynamic and gas flow equations describing
the developments inside the engine compartments arec solved
‘simultaneously in subroutine ETHERM, It applies the
predictor corrector scheme described in Section 3.3 at each
crank position @j to determine M(Gj), F(Gj) and T(@j) in the
cylinders and manifolds. This requires instantaneous values

of the following variables:

1. Engine and turbocharger speeds,

2, Geometric parameters (cylinders and valves).

3. Rates of burning of fuel.

L, Gas Properties.

5. Rates of gas flow through valves, turbine rings

and compressor.

6. Rates of heat transfer from the gas to the

surroundings.

Engine and turbocharger speeds are provided as
input signals by the master subprogramme MAIN. Subroutines
PROP, RFLOW, TURB, COMP and HTR are employed every iteration,
to compute the last four items, due to their interaction with
conditions inside the compaftments. Geometric data of the
cylinders and valves in addition to the fuel burning rates
are generated every step, prior to starting the thermo-

dynamic iteration (ETHERM),

3. Subroutine FBR:

This subroutine is called by MAIN at each step
to compute the instantaneous fuel burning rates inside all

the cylinders. Interaction between the combustion model
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and the controlling parameters (ignition delay, trapped
equivalence ratio and engine speed) is only permitted at

the ignition point of cach cylinder.

Whenever accessed, FBR performs a series of system-
atic checks to determine the timing of each cylinder in
relation to the following points: static injection,
dynamic injection, ignition and end of burning. As the last
threc points are dynamic values, which vary with the
operating conditions, an iterative procedure is conducted in
the event of any cylinder being within the static injection
and ignition points. Equations (2.48) and (2.20) are applied
on a step by step basis (each time FBR is called) in order to
determine the dynamic injection point and the ignition

point respectively.

The mode of burning proportionality factor and the
premixed and diffusion burning shape factors (Chapter 6) are
evaluated at the ignition point. Use is made of the
corresponding conditions inside the cylinder considered,

engine speed, current fuelling and ignition delay.

4o Subroutine GEOMET:

GEOMET generates (for all cylinders) instantaneous

values of the following geometric parameters:

- cylinder volume, V

- rate of change of volume, %%

- liner area exposed to gases, AL

- inlet valve effective flow area, Aiv

- exhaust valve effective flow area, Aev

- velocity term constant for heat transfer correlation.

Cylinder number 1 is taken as a reference, and

all events (valve opening and closurc, piston motion), are



timed by the angular position of the crankshaft in relation
to the firing T.D.C. A relative crank position is also
evaluated for each cylinder using its phase angle in relation

to cylinder (1).

5. Subroutine HTR:

This subroutine evaluates the following:

1. . Instantaneous rates of heat transfer from the

gases (cylinders and exhaust manifolds).

2. Cycle~averaged temperatures of the cylinder

walls.

Instantaneous values of the temperatures and pressures of the
gases, engine speed, and liner exposed area are required in
the case of the cylinders. Instantaneous gas temperatures
only are required in the exhaust manifolds. Heat transfer

to or from the inlet manifold is neglected.

HTR is subdivided into six sections, each of which
is assigned a specific task., The first segment is accessed
only once (at the beginning of each run) to evaluate the
effective liner area (Section 2.7), A fifth order Newton
Coates (29) integration formula is employed. The second
segment treats the cylinder walls as three different
regions (cylinder head, liner and piston crown) and is called
at every thermodynamic iteration in any cylinder. It
computes the rate of heat tranmsfer to each surface according
to the instantaneous values of gas temperature, pressure and
engine speed in conjunction with the current mean temperature
of the surface. Woschni's correlation (123 is used for

evaluating the coefficient of heat transfer.



The third part of HTR executes (at each step) the
integrations shown in the numerator of equations (2.51) and
(2.52). Segment four applies the equivalent steady heat
flow model (Section 2.7) and computes new mean values for
the gas side surface temperatures. These are later employed
(in segment 2) for the computation of the heat transfer

rates in the next steady state cycle.

The variation of wall temperatures during transient
operation is computed in segment 5, using equation (2.58)
and temperatures evaluated at the previous cycle. Instant-
aneous rates of heat transfer from exhaust gases to the
surroundings are evaluated every thermodynamic iteration in

Section 6.

6. Subroutine PROP:

_ This subroutine provides the simulation program
with values of the thermodynamic equilibrium properties of
the gas mixtures. It embodies analytical expressions
(Appendix A) representing the absolute internal energy eand
gas constant of dissociated and non~dissociated products of
combustion with equivalence ratios varying between 0 and 1.6.
Given values of T, F and P of the gas mixture, PROP computes

. de Oe Oe 9R ©OR OR
the following: e, ST’ 35’ 3D’ R, 5T’ BF’ 3p°

7. Subroutine GOVERN:

Steady state and dynamic behaviour of the governor
are evaluated by this subroutine. The initial position of
the fuel rack (prior to the application of external disturb-
ances) is determined by applying the steady state form of
equation (2.46)., During transient operation, GOVERN applies
the predictor corrector pair, equationms (3.20) and (3.21),

to evaluate the new position of the fuel rack. Current
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values of engine speed and governor setting are provided

by Ml’{IN °

8. Subroutine TURB:

TURB simulates each ring/sector as an individual
turbine. It receives values of T, P and F of the exhaust
gases, the back pressure, Pb, and the turbocharger spced at
cach thermodynamic iteration. Accordingly it responds by
calculating mass flow, available exhaust power (rate of
enthalpy transfer), efficiency and torque. Full admission
characteristics (swallowing capacity and efficiency-blade
ratio curves) are employed in a quasi-steady manner as

described in Section 2.3.1.

If the operating point shifts, momentarily, outside
the range of the turbine performance characteristics,
computation is allowed to proceed using values at the nearest

boundary, and cautionary messages are printed out.

9, Subroutine COMP:

COMP evaluates the compressor performance on a
quasi-steady basis (Section 2.3.2), yielding the mass flow
rate and delivery temperature of the air in addition to shaft
torque. The steady flow performance map is represented by a
grid formed by lines of constant speed parameter (NA/T;) and
an arbitrary family of approximately orthagonal curves,

Fig. B.l. Grid points are defined by the pressure ratio
PZ/Pl and N//TI; The mass flow parameter (m/TI)/Pl and the
compression temperature rise are considered as dependent

variables.

Subroutine COMP is called at each thermodynamic

iteration (ETHERM) and is fed with instantancous values of
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the boost pressure ratio and turbbcharger speed. Subsequently
it carries out a searching sequence followed by two-
dimensional interpolation to determine corresponding values

of m/TI/Pl and Tc' Ihc compression power and torque

required are then computed. A series of identifying messages
are incorporated for cases of choking, surging and pressure
ratios below or above the minimum and maximum values on the

performance map.

10. Subroutine RFLOW:

. This subroutine computes the mass flow rates of
gases through the valves (or orifices positioned at the
entry of the air chest and exit of the exhaust manifold
respectively, when the program is run in the paturally
aspirated mode). It requires instantanecous values of the
pressure ratio, upstream conditions of the gases (T;P,F,),

geometric area and coefficient of discharge.

11. Subroutine INPUT:

This subroutine reads and processes all the input
data. It also initialises all the variables and constants

of the program,

12. Subroutine PERFOR:

PERFOR is employed at the end of each steady state
cycle tc compute the overall performance parameters of the

engine.



APPENDIX C

. ENGINE AND TURBOCHARGER DATA

Engine make and model:

Type

Combustion chanber
Number of cylinders

Bore

.o

Stroke
Compression ratio
Full load speed range:

Valve timing

Static injection timing:

Firing order

Mcment of inertia

Turbocharger‘make
and model :

Turbine type: :

Outside wheel diameter
of turbine :

Compressor type
Outside wheel diameter:

Moment of inertia :

Leyland, 520 series.

4-stroke, compression-ignition,
turbocharged.

open type (direct injection).

6.
0.118 M.
0.125 M.
15.1:1.
800-2600 rev./min.
Open Close
Exhaust valve 134°CA 374°%¢ca
Inlet valve 350°CA 590°CA

(°CA = degrees crankangle after top
dead centre preceding expansion stroke)

2400A before TDC.
1, 5, 3, 6, 2, 4.

3.09 Kg.M.

(load inertia = 2,42 Kg.MZ)

Holset, 4LE.

Double entry, single stage, radial.

0.09144 M.
Single stage, centrifugal.
0.0828

2.262 x 10°% 2

Kg.M".
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APPENDIX D

COMPUTATION OF FUEL BURNING RATES FROM
EXPERIMENTAL CYLINDER PRESSURE DIAGRAMS:
AN ASSESSMENT OF ACCURACY:

It has been established .that a fuel burning rate
curve provides a useful representation of the combustion
process in a diesel engine, particularly for engine
simulation programs. The calculation of the rate of
burning from an experimental cylinder pressure diagram is
based on the application of the First Law of Thermodynamics
to the contents of the cylinder during combustion (Chépter 6).
The factors that have most influence on the overall accuracy

of this calculation are discussed below.

Base line shift of the cvylinder pressure diagram

A basic datum shift in the cylinder pressure
diagram does not affect the rate of change of pressure. This
is fortunate, since the latter is needed for the calculation
of the rate of heat release. Drift does, however, make it
difficult to establish the exact mass of gas‘trapped in the

cylinder at valve closure.

A useful check on drift is to calculate the
standard deviation of a large series of cylinder pressure

diagrams, during the intake stroke.

Temperature sensitivity and thermal shock

Thermal shock can seriously distort the cylindex
pressure diagram. This would cause major errors in the fuel
burning rate since the calculation relies on the first
derivative of cylinder pressure. An effective means of

mihimizing thermal shock (26) is to recess the pressure



transducers by 3-5 mm. Thermal shielding of the transducer

diaphragm is also helpful in this respect, but was not used.

Cyvlinder volume

The instantaneous volume of the cylinder is normally
evéluated via the crank position in relation to T.D.C. The
effects of an error of iZOCA in the‘determination of the
T.D.C. are shown in Fig. D.l. Apart from the resultant
phase shift, the latter part of the fuel burning rate diagram
suffers major distortion.- - Also, the computed total quantity
of fuel burnt is in error by +12%. Hence, T.D.C. must be

determined accurately.

Figure D.2 illustrates the effect of inaccuracies
in values of the clearance volume or compression ratio of
the order of +10%. The calculated quantity of fuel burnt

has not changed but the burning rate curve is distorted.

Sampling interval

In order to obtain a burning rate curve from a
cylinder pressure diagram which is digitised at specific
crank angle intervals, numerical differentiation must be
used. This is basically an unstable process where accuracy
is primarily dependent on interval length. Thus a smaller
interval means a more accurate first derivative and a more
realistic burning rate curve. Figure D.3 shows the effect
of sample interval on burniﬁg rate curves. The importance
of accurate spacing of the crank angle markers (i.e.
accurate and equal intcrvals) is also implied. Such errors,
normally hard to detect, are automatically reproduced in the

burning rate curve, and must therefore be reduced at source.
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Cycle averaging

Cyclic variations in combustion in the petrol engine
are well known, but similar (although much smaller) variations
can occur in diesel engines (120). Since these variations are
present, it is important either to record all parameters of
interest in a particular engine test during one unique cycle
or, for a more representative result, to average over many
cycles. Both techniques are easily achieved with computer

data logging.

'In addition to reducing the effects of cyclic
variation, cycle averaging attenuates any random high frequency
oscillations, electronic moise, etc., resulting in a more

typical diagram.

Quantisation errors

Any data logging system reads off the instantaneous
value of a variable at a discrete time (or angular position).
The accuracy of the process is governed by the resolution of
the analogue to digital convertor (ADC); the choice of which

is based on accuracy requirements, computer storage and speed.

With a resolution of 10 binary bits (Chapter &)
quantisation error (expressed in percentage terms) will only
become significant at low pressures. This can be reduced by
using an offset 'zero" and working on a reduced voltage
scale, or by employing a low pressure transducer, if possible.
Although ADCs of higher resolution have been used by others,
there seems little point in doing so. The conversion speed
will be reduced and computer storage increased, yet the
overall accuracy of the system will probably remain limited

by the transducer accuracy.



Smoothing and differentiating the pressure diagram

The rate of change of cylinder pressure has a
dominant effect on the burning rate curve. Slight errors in
pressure are magnified when the burning rate is computed,
hence the differentiation must be conducted with care. It
is possible to use an'electronic'circuit to differentiate
the (analogue) cylinder pressure signal, and record the final
result digitally, via an ADC. However, the slow response of
Suéh circuits may dampen any steep'rateé present in the
pressure curve. As a result, the peak rate of pressure rise
may be underestimated. A preferable alternative is numerical

differentiation of the digital cylinder pressure diagram.

The quantisation errors, although small, result in
spurious derivative values and oscillations in the burning
rate curve. Unless the basic (averaged) digital pressure
diagram is smoother before differentiation, an oscillating
burning rate curve will result. A preferred technique is to
fit a smooth curve to the digital pressure diagram and then
carry out the differentiation process. However, the

following constraints must be imposed on this process:

(a) The error at any point on the curve must be
very small and within a specified tolerance (e.g. a

fraction of standard deviation).

(b) The curve must be smooth, continuous and

non~-oscillatory.

(c) The first derivative of the curve must be

continuous and stable.

The spline function, as recommended by Streit (99),
provides a suitable curve. The extent of smoothing can be

adjusted, hence it is simple to achieve a compromise
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solution (a non-distorted smooth pressure diagram versus a
non-oscillatory fuel burning curve). The effect of smoothing
can be seen by comparing the burning rate curves presented

in Fig. D.4.

Initial conditions in the cylindex

A reasonably accurate estimate of the mass of charge
in the cylinder and, to a.lesser extent, its composition, 1is
required for calculating a reliable burning rate. To compute
the initial mass, the gas pressure and temperature at valve
closure must be known; these being dependent on the intake
and exhaust processes (especially in two-stroke engines).

At best one can only obtain a reasonable estimate of
temperature and pressure and hence trapped mass. Usually the

estimate will be within 5%.

Accuracy can be improved by a process of iteration
between the burning rate computation and a normal full=-cycle
analysis programme. Figure D.5 illustrates the effect of a
+5% error in trapped mass on the burning rate calculation.
The shape of the burning rate curve remains unchanged, but a
small error in the calculated quantity of fuel burnt is
introduced. Thus the initial estimate of trapped mass is

not a highly sensitive parameter.

Computation of heat transfer

The instantaneous heat transfer rates are computed
using semi~empirical heat transfer correlations (Table 2.1).
Here, the instantaneous heat transfer coefficient and/or the
gas side temperature can be in error. Figure D.6 shows that
varying the heat transfer coefficient by +50% results in

little variation in the shape of the burning rate curve. The
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calculated quantity of fuel burnt is changed by +9%. Changes
in the cylinder wall temperature of iSOOC show a negligible
effect at the running condition under consideration.
However, the effect of wall temperature increases with

reduction in engine output.
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