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PREFACE

This report was performed under contract to the U.S.
Department of Transportation, Transportation Systems Center,
Cambridge MA, by the Institute of Sound and Vibration Research
of the University of Southampton at Southampton, England. It is
part of an on-going project on diesel engine noise reduction
sponsored by the U.S. Department of Transportation, Office of
the Secretary, Office of Noise Abatement. The subject covered
is the rate of heat release in diesel engines and its relationship
to combustion noise.
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1. INTRODUCTION

In gasoline engines the combustion process can be visualised as
the burning of a homogeneous mixture, burning being initiated at a
single point in the mixture by a spark. The amount of energy released
(as heat initially) is controlled by the rate of burning of the mixture
which will vary according to the fuel and overall air to fuel ratio
employed. To model this process it is necessary to know the reaction
rates of the combustible materials and how much of the heat produced is
lost to the engine parts. This knowledge is available and the gasoline
combustion process can be analysed. Partly as a result of this type of
analysis, performed to predict gaseous emissions behaviour rather than
performance, a greater control over the combustion process has been
found necessary and the stratified charge engine represents one approach
to combustion control. In this type of engine variations in the
homogeneity of the combustible mixture are deliberately introduced and
therefore, in order to model the process of combustion the local air
to fuel ratio distributions as a function of engine crankangle must be
taken into account. This introduces considerable complexity into the
combustion model and much current work on gasoline engine combustion

is concerned with obtaining satisfactory stratified charge models.

Combustion in the diesel engine can be visualised as a more complex
version of the stratified charge gasoline engine in which the local air
to fuel ratio distribution with crankangle varies more and in which the
burning rates are far from uniform and controlled by physical (air and
fuel mixing) processes rather than chemical reactions. The modelling
of the diesel combustion therefore requires a much deeper understanding
of the details of the fuel and air mixing process than is required even

for stratified charge gasoline engines.

The power developed in an I.C. engine depends upon the cylinder
pressure time history. The cylinder pressure time history upon the
engine geometry; the amount of fuel and its distribution, the heat loss
to the engine parts and the burning rates of the local fuel distributions.
For diesel combustion there are no appropriate burning rates because of the
non-uniform nature of the combustible mixture. However the concept of an
overall 'heat release rate' is appropriate to the diesel combustion and can

be loosely equated to the 'burning rate' of gasoline combustion.



2. DIESEL ENGINE HEAT RELEASE RATE

The object of modelling combustion is to enable the prediction of
cylinder pressure and temperature, for performance and noise, and also
the end products of combustion when gaseous and particulate emissions
are concerned. A convenient analysis for determining the requirements
for such models is to turn the process back to front and to study the
energy flows which would be required to produce a measured cylinder
pressure diagram, knowing only the geometry of the actual engine, and
the trapped mass of air and fuel. With this information the state of

the cylinder contents at any instant is uniquely defined.

Starting from the non-flow energy equation :

Q-Ww U (1)

JPdV (2)

with W

the differential form becomes

dQ - pdV = mdu (3)
Now mdu = m Cv dT 4)
and pV = m RT (5)

So that if a semi-perfect gas is assumed,

i.e, U = £(T) x const. only

then Cy = £(T) x const. only and
Differentiating (5) gives
pdV + Vdp = m R dT 6)

1
E (pdV - Vdp)

and so m dT

thus dqQ = %X pdv + %X Vdp + pdV (7)
Now Cp - Cv =R and Cp/cy = v

and so, assuming the number of moles of reactants equals the number of

moles of products, i.e.

R = Constant

dQ _ 1 dv , 4Py (8)

then ® - 71T % " Ve



dQ
de
called the rate of heat release. The total heat input to the engine |

dQ is the heat transfer to the cylinder contents, and is generally j

dQin is related by

dQjn = dQ + dQw (9

or

total heat input = heat input to cylinder
contents + heat transferred to engine
parts |

and so the total rate of heat release to the cylinder contents and

engine parts is given by :

dgin _ 1 av 4P doy
a6 1 (P * @)t B (10)

Since the pressure P and volume V are known as a function of 6
and v can be estimated then the rate of heat release can be calculated. |
If additionally the heat lost to the engine parts can also be estimated
then the rate of heat rleeased by the fuel in the cylinder can also be
calculated.

3. RELATION BETWEEN DIESEL ENGINE HEAT RELEASE, CYLINDER
PRESSURE DEVELOPMENT AND CYLINDER PRESSURE SPECTRUM

Figure 1 shows typical measured characteristics of diesel combustion
for a direct injection automotive engine. The heat rate of injection
(assuming instantaneous burning on entry to the combustion chamber) is
shown together with fhe cylinder pressure development and rate of heat
release to the cylinder contents (net heat release). This heat release
rate curve is typical in that, until initiation of combustion, its value
is low and negative whilst during the initial rapid burning of the
premixed fuel and air accumulated during the delay period there its
value is large and positive. This phase generally lasts until around
top dead centre when it is generally acknowledged that a mixing process
then controls the rate of combustion (diffusion burning) and a second but
usually lower, peak in the heat release curve occurs with a gradual
reduction of heat release for the rest of the cycle. Equation (8)
in Section 2 shows that rate of heat release is related to the cylinder
pressure development, engine geometrf?%%operties of the cylinder contents.
Figure 2 (reproduced from reference 1) shows the effect of various simple
representations of the rate of heat release curve and the resulting

cylinder pressure developments. In general the more abrupt the initial
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rate of heat release the more abrupt is the cylinder pressure development
after initiation of combustion. In the practical case the variations in
shape of the rate of heat release curve will result from the differences
in engine geometry, combustion chamber shape, type of cycle etc. For

the direct injection engine some typical results over the speed range

are presented in Figure 3. Here the second peak in the heat release
curve is absent and it can be seen that the initial peak of heat release
varies both in magnitude and position (crankangle) over the speed range
and this considerably influences the shape of the cylinder pressure
diagram between 15° b.t.d.c. and t.d.c. These differences also show in
the cumulative heat release. However, the difference in cylinder pressure
development after 100 a.t.d.c. are small and show that the cycle power

stroke is not much affected.

The measured rate of heat release curve for the 'M' system of
combustion where, in a high swirl direct injection engine, the fuel is
sprayed onto the wall of the chamber is shown in Figure 4, The initial
peak of heat release is low, 28 Btu/1b/°crankangle as compared to a normal
D.I. engine (80 - 90 Btu/1b/®crankangle) and the second peak high
(20 Btu/1b/°crankangle as compared to 13 Btu/1b/crank in Figure 1).

From this heat release curve it would be expected that a relatively

smooth cylinder pressure development would result.

The effect of turbocharging on the rate of heat release for the same
engine geometry (i.e. same compression ratio, turbocharger added to N/A
engine and turbocharged engine run at N/A rating) is shown in
Figure 5. At part load (Figure 5a) the reduced maximum rate of heat
release with turbocharging is shown together with a reduced delay period.
At full load (Figure 5b) the difference is most marked with major premixed
burning evident on the normally aspirated engine. It is clear that an
exceptionally smooth pressure development could result at full load
from turbocharging but this would not be so at part load. At full load
the maximum rate of heat release is reduced from 65 Btu/1b/%crankangle

to 21 Btu/1lb/°crankangle.

The examples so far given illustrate that the shape and magnitude
of the heat release diagram can be used to estimate the characteristics
of the resulting cylinder pressure development and in particular there

appears to be a marked correlation between the initial peak of the rate
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of heat release and the severity of the maximum cylinder pressure rise
rate. This is illustrated in Figure 7 where the effect of varying the
number of nozzle holes on the heat release and cylinder pressure

spectra was assessed. As the number of nozzle holes was increased

80 the magnitude and severity of the initial rate of pressure rise

was increased. The corresponding rates of heat release show that as
this magnitude and severity increased so did the initial peak rate of
heat release. Measurements of the cylinder pressure spectra showed that
as the initial peak of the rate of heat release curve became more
pronounced the level of the spectra, in the critical frequency range from
about 500 Hz increased markedly. Thus it can be concluded that the
combustion induced noise of diesel engines is closely associated with

the initial peak in the rate of heat release diagram.

Examination of equation (8) indicates that for the rate of

pressure rise to be related directly to the rate of heat release then

d
¥ pg—‘és veE (11)

or work done/OC.A. < Internal energy change/OC.A.

For a typical 4} inch bore normally aspirated direct injection
engine the ratio of rate of work done to rate of change of internal energy
is plotted, as a function of crankangle, in Figure 8. As combustion is
initiated and until shortly after top dead centre there is a dramatic
increase in internal energy associated with the premixed burning stage
representing a condition where the condition (11) is satisfied. Over
this portion of the cycle the rate of heat release is given approximately
by :

Ry D (12)

For a normally aspirated engine at full load the ratio Vf/m is
generally smoke limited and therefore the rate of heat release becomes
dependent not only on the actual mass of the cylinder contents, m, but
also on the cylinder volume at the point of initiation of combustion.
Figure 9 shows the measured data from a number of diesel engines
(primarily normally aspirated D.I.) superimposed on which is the
predicted relationship according to equation (12) for normally aspirated

. 5 : Aks . o
D.I. engines with combustion initiation between 16 b.t.d.c. and t.d.c.

It is clear that there is a strong relationship between rate of pressure

11,
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rise and initial peak of heat release rate. Therefore there will be a
strong relationship between combustion induced noise and the initial

peak of heat release rate.

Since the rate of heat release curve together with the rate of
heat lost to the engine parts in communication with the engine geometry
specifies the cylinder pressure development then the task for combustion
modelling is to predict these two characteristics. In general the rate
of heat loss to the engine parts is small compared to the total rate of
heat input and thus effort is concentrated on the prediction of the
heat release from fuel injection, air motion etc characteristics.
(references 2, 3, 4, 5, 6, 7, 8, 9). This basic approach was initiated
by Wiebe and, except for some emissions models, primarily aimed at the
prediction of performance. In this way detailed investigations of
the premixed phase have not in the past been considered important.
However, as has been shown,when the object of a combustion model is to
predict engine combustion induced noise characteristics the premixed
burning phase becomes of prime importance. The following description
of a model for the prediction of combustion induced noise is based on

the work of Ogegbo carried out at Southampton University.
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4. A THEORETICAL SIMULATION OF DIESEL ENGINE COMBUSTION -
THE I.S.V.R. COMBUSTION MODEL

4,1. General

Simulation of a diesel engine combustion is an extremely complex
problem and involves an almost infinite number of processes. Since most
of the processes involved are only partially understood, a sophisticated
simulation containing all the relevant processes is unlikely to be
achieved at the present level of knowledge or even economically feasible.
The problem thus becomes one of a careful selection of the appropriate
processes which can yield an approximation to the actual combustion and
provide some reasonable results to guide a practical engineer in his

design and performance calculations.

Before going into the details of the simulation, it is worthwhile
to state the fundamental assumptions made and to give a brief indication
of a theoretical and empirical treatment of each of the processes

considered in the simulationm.

It is assumed that the processes which control a diesel engine
combustion are more physical in nature than chemical. This means that
the chief factors considered to affect the diesel combustion are the
cylinder temperature, pressure, the oxygen supply, air swirl and the
rate of preparation (i.e. the rate of vaporisation and the mixing of
fuel/vapour and cylinder charge air). The basic processes considered

in this simulation are as follows :

4.1.1., The Fuel Spray Atomisation (i.e. Jet Break-up and Droplet

Size Distribution) 1In a diesel engine, the fuel issues from the injector

into a combustion chamber as a liquid stream. The surface of the

stream comes into contact with the cylinder charge air, and the friction
between the two results in the formation of sheets or ligaments that
ultimately break up into spray of different droplet sizes and velocities.
Since the surface/volume ratio does not become appreciable for sheets

and ligaments, vaporisation is usually assumed negligible until the break-

up has occurred.

16.



The mechanism of atomisation is very complex and complicated.
It depends on fuel properties, the atomising device and conditions such
as nozzle pressures (velocities) and the density of the charge air into
which fuel is being injected (Figures 10, 11). For simplicity, the

atomisation process may be summarized as follows:

(a) The spreading of the fuel stream into sheets, threads or
ligaments by virtue of its own velocity.

(b) The breaking of ligaments or thin sheets into various
droplet sizes as a result of a relative motion between
the cylinder air and liquid stream on one hand, and

surface tension forces on the other.

(c) Owing to a reduction in the droplet relative velocity
(generally towards the end of injection), instability
and adherence of droplets, as a result of collision

with large droplets, may continue to exist.

Moreover, the degree of atomisation is usually expressed in
terms of the smallness of the size of the droplets in the spray and also
by the smallness of the variation in size of droplets. The most signi-
ficant parameters which affect the degree of atomisation are the initial
fuel velocity and the diameter of the injector orifice. The former
depends primarily upon the injection pressure, being a function of the
square root of the difference between the injection and chamber pressure.
With the smallest orifice, largest percentages of the smaller sizes of
fuel droplets are generated; however, the effect of cylinder air density

upon the degree of atomisation is somehow uncertain yet (10).

Successful analyses of experimental and photographic studies
of a series of different atomisation system by Tanasawa and others (11,12 )
have provided expressions for calculating the droplet mean diameter
(sometimes known as Sauter Mean Diameter, SMD). The following empirical
equations proposed by Tanasawa et al and Knight (13) respectively, have

been used extensively and they are :

(13)

D .
SMD = 70.5 “sh (Surten)O.ES /E Q@ + Ts3.31 Vislf /E. )

D D
orel Deng urten x Denlf x sd
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where :

SMD = Sauter Mean Diameter produced at atomisation (m)
D = Diameter of the spray hole (m)
Surten = Surface tension (kg/m) - suggested value = 0.0029kg/m
U o1 = Relative velocity {m/sec) .
Deng = Density of the surrounding (cylinder) gas (kg/m3)
Denlf = Density of the liquid fuel (kg/m3)
Vislf = Viscosity of the liquid fuel (kg/m2)
g = Acceleration due to gravity = 9.81 (m/sec?)

N.B. Most of the above names are Fortran (computer) names, chosen for

easy identification.

Equation (13) is said to be valid for an injection lasting about
3 to 8 milliseconds. Figures 10, 11 illustrate the Sauter Mean Diameters

calculated at different conditions, using the above equation.

Knight's equation (ref. 4 introduced a multiplying factor,
0.916

- - 1] . > -
lerf/A(t)effl into Knight's equation below) on the other hand is:

-0.458 ( 0'209(Kv)°‘215 (A 0.916

(14)

220(aP) Q)

SMD orf/A(t)eff)

and:

AP = The difference between instantaneous injector
pressure and instantaneous cylinder gas pressure (psi)

SMD = in microns

Q@ = Mass flow rate through the nozzle (orifice) (1b/hour)
KV = Kinemetic viscosity of fuel (cs)
= Exit orifice area (in°)

Aorf

A(t) = Effective orifice area across which P is measured (in

2)
eff

According to reference (14), for a properly designed injector
nozzle of an automotive high speed engine, an SMD of about 50 microns should
be expected. However, for a typical injection pressure of about 3500 psi

(KV = 5 centistokes and Dsh

(10) and (11) respectively is 65 and 21 microns. From experimental and

= 0.38mm), The SMD calculated from equations
theoretical information available at present (refs. 15, 16) it appears

that the former equation is more likely to predict an SMD, which would

be very close to a practical case.,

20.



Droplet Size Distribution

A number of empirical mathematical expressions for size-
distribution have been proposed and used for liquid sprays. No criterion

has been established for choosing the preferred distribution function.

For convenience, the distribution suggested by Whitehouse and
Way (ref..5) is used in this simulation and its mathematical formulation

is shown in equation (15) below and is explained in Appendix A.2.

% -3, . 2 2
F(Do) 100 [Exp (-3 125(])0 Dav) )/Dav | dp_ (15)
where:
F(Do) = The mass percentage of each droplet size of
diameter between D0 and D0 + dDo injected
Do’ Dav = The initial diameter of the droplet size and
the mean diameter of the whole spray
respectively.
dD = width
o
Exp = Base "e&"

Nine droplet sizes are considered and the proportion of the total
mass of fuel corresponding to each droplet size is assumed to follow a
truncated Gaussian distribution with a standard deviation of O.4 times the
mean diameter. Moreover, the realistic assumption that the maximum
diameter of the droplets in any fuel spray is approximately twice the
SMD (ref. 11l) is also incorporated into this modified size distribution
analysis.

4.1.2 Droplet Jet Mixing and Vapour Jet Mixing Without Chemical
Reaction

After the atomisation process, the droplets may exist in liquid
form for an appreciable period of time to diffuse into the charge air in the
form of a spray or jet. The smaller droplets in the fuel spray, however,
are rapidly decelerated by the aerodynamic force and give away their mass
and completely vaporise faster and travel a shorter distance through the
combustion chamber than the large droplets. A cloud of vapour due to the
smaller droplets is thus rapidly formed and is then diffused outwards into
the charge air and at the same time diluted to form a mixture which is
initially too lean (i.e.below inflammable limit or stoichiometric ratio)
to initiate an auto-ignition or support a flame propagation. In fact,

the reason for the formation of the above lean mixture is that the smazller

21;



droplets being only a small fraction of the total fuel injected and also
the earliest to be completely vaporised, have the longest mixing time.

More important, perhaps, part of this lean mixture if unable to mix further
with pockets of air/vapour of higher concentration, especially at light
engine operating conditions, may constitute one source of the. unburned

hydrocarbons in a diesel engine (ref.17).

Furthermore, the vapour due to the droplets of the next size
is also quickly formed but at a slower rate and the mass of more concentrated
vapour (due to increased droplet surface temperature) given away by the in-
coming larger droplets, is added to it. Simultaneously, the droplets which
have vaporised also leave concentrated regions of vapour, which may exist
for an appreciable period of time while further diffusing into the charge
air. At different points in the combustion chamber, pockets of nearly
stoichiometric mixture of air and vapour are formed and are ready for
ignition. In the absence of an external ignition source, these pockets
of mixture must be further heatcd up by the charge air until the self-

ignition temperature is reached, if combustion is to occur.

Finally, in support of Lyn, the essential criteria are that
these pockets of vapour-air mixture within the inflammable limiis must
be formed and maintained within these limits for a sufficient length of
time to allow the chemical ignition delay period to lapse before they

are over-diluted.

4.1.3 Vaporisation of Droplets without Chemical Reaction

Droplet vaporisation influences combustion efficiency, the heat
release course and the rate of pressure rise in an i.c. engine to an
important degree. As a result o¢ its impcrtance, vaporisation has been a
subject of both theoretical and experimental studies. Droplet vaporisation
in a gas stream with relative motion as defined in many works, involves
heat and mass transfer theory and many experimental investigations have
been conducted by suspending droplets on spherical thermocouple Jjunctions
exposed 1o a gas stream. Differential vaporisation equations are given
in (18, 19) and (20, 21). The equations proposed by Wakil (22) when
combined with an appropriate droplet aerodynamic drag coefficient, allow
a step-by-step computation of droplet histories, when a droplet with
given initial conditions moves in a gas stream of known velocity field.
Calculatlions of a single droplet mass, temperature and velocity history

are shown in Pigures 12, 13, 14 and in more detail in ref. 23.
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While it is common to divide the vaporisation time into two
different parts, namely the unsteady (non-equilibrium) and steady
period, up to date there has been no theory which can be used to determine
the exact relative magnitude of the two components. The first theoretical
and experimental investigations of the unsteady period (heating-up period)
were carried oul by Wakil et al, although these investigations were not
specifically directed towards droplet vaporisation in a diesel engine.
Moreover, their calculations indicate that the heating-up portion of the
total vaporisation time is of great importance in most cases especially
at high air temperatures, high pressures, etc. It is further suggested
that the larger droplets would be expected to reach the combustion zone
while still in the heating-up state. Above all it appears from these
findings that the vaporisation time, considering only the steady state cannof
represent the total true vaporisation time. But since the size of the
droplet is continuously decreasing with time, a quasi-steady state theory
may therefore be applicable to small droplets (10 to 100 microns). Under
such a condition, however, the total vaporisation time is underestimated

by approximately 20 per cent according to Williams (24).

4.1.4 Discussion of Single-droplet Theories and Droplet-
Cloud Theories

Most of the single-droplel and droplet-cloud theories reported in
literature are scarcely applicable (ref.l4) .to the case of very fine droplet
in an air stream under very high temperature and high pressure conditions
as exist in the engine cylinder. Therefore, some empirical adjustments,
discussed below, are required, in order to be able to utilise the above
theoretical background for simulating experiﬁental observations in diesel

engines.

(a) Fuel Sproy As indicated earlier in this chapter, the fuel spray in
any diesel engine consists of droplets of varying sizes.
These sizes on the other hand, vary from one engine to another and depend
principally on the diameter of the injector nozzle and on the fuel injectior
pressure. However, it is safe to assume that the droplet distribution
given in Appendix A.2 typifies most modern automotive diesel engines. This
means that the effect of any change in injection pressurc either as a resuli
of the engine speed or fuel pump, geonetry of the spray nozzle, instantaneot

cylinder conditions, fuel properties, etc. is considered to affect only the

26.



SMD, which affects in turn both the degree of fineness and the uniformity
of the spray atomisation. The above mode of thinking is closely in line

with the results presented in Figure A.2.1 and in reference 25.

Initial analyses had demonstrated that the fuel mass distribution
with time within certain limits had no appreciable influence on the heat
release diagrams. Thus, what is significant is the SMD of the whole spray,
which determines not only the surface area of the droplet exposed to the
cylinder gases but also the mass of each droplet prepared and its burning
time, Figure 14, As a result a 60 micron SMD was calculated using
equation (60) and a trial and error method allowing the above calculated
SMD to vary in a step of 10 microns (ranging from 40 to 7O microns) was
adopted in this model. A TO micron SMD gave a burning time consistent
with most heat release analyses previously conducted. This size has

therefore been used in most of the calculations.

(b) Droplet Relative Velocity : Since the droplet sizes (probably ranging

from 5 to 140 microns) in a diesel fuel
spray are distributed, it is similarly logical that their relative velocitlies
will be distributed as well. Unfortunately, the problem which is still un-
solved at present is how to predict these velocities. However, it is
accepted that the smaller the droplets, the higher their initial relative
velocities. Since the smaller droplets, owing to their size, almost
inmediately become airborne and give up their vapour in a very short time,
Figure 14 , these high initial relative velocities are of little importance.
The larger droplets which are major contributors of heat release are
formed on the other hand at the beginning of fuel injection owing to their
size as well (though with lower initial relative velocities), also loose
their initial velocities rapidly and become airborne shortly afterwards.
In view of the uncertainty in the determination of the droplet relative
velocity-distribution and in view of the results presented in the above
Figures, it was assumed that all the droplets were injected initially at
the same relative velocity. Subsequently, however, the rate at which
this velocity is impacted to the cylinder charge, then depends on the

droplet size.
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(c) Single Droplet: In Section L.2.h, equilibrium (wet-bulb) temperatures

are mentioned and it is noted that these conditions
only occur as long as a dynamic equilibrium exists between the heat trans-
ferred from air to the liquid surface of the droplet and the mass transferred
out. In other words, the droplet temperature has attained a value (duc to
its high vapour pressure and mass transfer) that the diffusing vapour
superheat Qs, and the lateqt heat of vaporisation, QLAM’ balance the heat
transfer from the air, Q (i.e. @ = Qg * Qray OF Ay = Qv)' Of course,
the above analysis is based on the fact that the average cylinder gas
temperature (typical value ~149L°R) and pressure (~ 500 psi) during
vaporisation process remain essentially unchanged. Moreover, it is also
valid for a single droplet burning in an environment which has an abundant
quantity of air and in which the droplets do not interact or the interaction

is very weak.

However, for the diesel fuel spray, opinions are still divided
as to whether interaction between droplets has a large effect on the
' temperature and fuel vapour concentration in the surrounding cylinder gas
or not. But, according to reference (23) the rapidity with which an
adiabatic saturation or a thermodynamic equilibrium ( a condition in which
the cylinder gas cools down to approach the droplet tempemture and con-
sequently whereby vaporisation slows down rapidly) is reached as a result
of droplet interaction, depends on the air-fuel ratio. Their calculations
based on experimental spray formation indicate that adiabatic saturation
is approached very closely at very rich mixtures (i.e. in the spray core)
and less rapidly at very weak mixtures (i.e. away from the spray centre

to the spray edge).

There are quite a number of engine design parameters which can
render the effect of droplet interaction less significant. The continuous
bringing in of fresh hot air into the spray centre by macroscopic turbulence,
the turning effect applied on the fuel spray by the air swirl coupled with
spray dispersion and the high overall air/fuel ratios normally employed in
diesel engines, tend to keep the cylinder gas temprature and pressure

approximately constant during the vaporisation process.

(d) Effect of Radiation: In this model, the heat transfer by radiation

from the combustion chamber walls and flame to the
liquid droplets has been neglected because it cannot be estimated accurately

enough, Moreover, since the influence of radiation is to reduce the effective
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value of the total convective heat, Q, required to evaporate any droplet
size. Reference (26) has made a simple calculation to amplify its magnitude.
According to his calculation, the heat transfer by radiation from a
surrounded transmitting and non-reflecting shell (flamefront), having a
temperature of 2000°K to a droplet of 0.001k2cm (i.e. 14.2 microns)
diameter, contributes only 0.2 per cent of the total heat, Q required.
Furthermore, the results of his calculation (although it does not include
black body radiation from sbot) suggest that the effect of radiation
decreases in direct proportion to the droplet size and absorptivity. That
is, the radiation heat transfer decreases with decreasing droplet

size and absorptivity. Of course, the latter parameter is not constant
but will decrease as the droplet size decreases. In fact, some similar

findings and estimates have been reported by Reference (27).

It is to be noted that the above estimate given by reference (26)
is only qualitative, for it is valid for one single droplet whose own
radiation loss is neglected. Moreover, for several droplets and carbon
particles found in diesel engines the above analysis may not hold. Until
sufficient information is available about carbon particle or droplet
radiation, much cannot be said at the present stage. However, radiation
is likely to be negligible until the diffusion flame predominates, that

is after the time period of present interest.

4.1.5 Chemical Kinetics and its Application to Diesel Combustion

Although the nature of the physical processes discussed previously
has been fairly well established, the Encertainty and complexity of the
chemical reactions involved in diesel engine-combustion have hindered a
vigorous application of reaction rate theories. During the delay period,
that is before ignition occurs, chemical reaction rates are very important
because the temperature is still very low. After ignition, characterised by
a measurable pressure-rise, there is generally an extremely rapid reaction of
at least all the thoroughly prepared combustible mixture of fuel and air
vapour. At high temperatures and pressures, corresponding to the main period
of conmbustion, treatment of subsequent chemical reaction rates may reasonably
be simplified to a burning droplet or burning particle theory (as explained
later) because the chemical reaction rates are very fast and consequently

the reaction times may be neglected.

29.



Comprehensive theories and experiments of reaction mechanisms
for combustion processes, particularly for hydrocarbon oxidation are given
in Lewis and von Elbe*. With the possible exception of the oxidation of
relatively simple compounds (such as H, and CO0), the detailed reaction
mechanism is not well understood. Quantitative knowledge about the
specific rate constants is also deficient. However, there is now a general
acceptance of chain reactions, in which free radicals form and are
propagated and then destrojed due to the effect of promoters or inhibitors.
The gas analysis carried out by Jackson (28) in a diesel engine has helped
to establish both the oxidation type of chain and thermal cracking mechanisms.
These findings have been supported by other co-workers. On the other hand,
thermal cracking of fuel vapour molecules has been evaluated theoretically
and‘ experimentally by Wakil et al (22). The conclusion is that with light

diesel fuels, thermal cracking is insignificant.

Moreover, for a single step reaction involving binary collisions
between molecules of two species A and B, according to the classical thermal
theory of combustion, the general reaction rate, k. given in literature (29,
3Q) is as follows:

k, = 2B T Exp(-E/R_T) ' (16)
where: Bc = Frequency factor (is proportional to CACB/f)

E = Activation energy of the reaction

Ru = Universal gas constant

T = Absolute temperature

@« = constant (0 g a g 1) ~

% = Steric factor (to account forunfavourable collisons,

Z ¢ 1.0)
c, = Concentration of species A
CB = Concentration of species B.

The parameter, o, is usually of the order of unity and can

reasonably be set equal to zero by modifying slightly the two temperature-

*Lewis, B and Elbe, G "Combustion, Flames and Explosions of Gases"
ond Edition, New York and London, Academic Press, 1961.
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independent parameters, Bcand E. Witha= 0 equation (16) reduces to the
classical Arrhenius equation for the specific reaction rate of this form:
k;p = I B, Exp(-E/RuT) - (17)
However, because of lack of sufficient knowledge in the determination of
the activation energies or specific reaction rates, the theory of chemical

reaction rates can only be applied to combustion reactions empirically at

the present time.

One of the empirical equations suggested and used by Whitehouse
et a1 (5) in calculating the reaction rate in a diesel engine is as
follows:

1

R = % /(P-R) dg |Exp(-act/T)]| (18)
N/T

where:
"act" comes directly from Arrhenius equation
.= Activation energy
K' = Coefficient in reaction rate
J(P-R) a8 ~ = The quantity of fuel in the cylinder that has been

prepared but not yet burned

N = Engine speed

Po- = Partial pressure of oxygen

. = Gas temperature

de = Crank angle step size.

It is to be noted that a rigorous calculation of reaction rate in premixed
fuel-vapour/air in a diesel engine combustion requires above all the exact

composition of the fuel used and the instantuneous local temperature.

4.1.6 Ignition Delay Studies

Ignition delay has been defined as the period extending from the
beginning of needle lift to measurable combustion. Because of the complex
interactions of processes occurring in this period, it is always difficult
to measure the point where combustion begins. To overcome this, ignition
delay is commonly divided into two different parts, namely the physical and
the chemical delay, although there is no accurate theory to show which is
rate-determining. However, the physical delay period is defined as the time

required for the physical changes t® occur to the fuel from its liquid phase
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at the injection temperature to the preparation phase at the self-ignition
temperature. In other words, it is the time to inject fuel, to atomise

to vaporise and to mix the vapour with the cylinder charge. The chemical
delay on the other hand, is defined as the period during which local con-
centrations of product which are capable of self-ignition reactions are
made. That is, the period which elapsed from the end of the physical delay
period to the beginning of ignition. In most cases, these periods may

overlap.

Relatively simple correlations of the ignition delay with physical
parameters such as injection characteristics, compression temperature,
pressure, engine speed, etc., have been made in diesel cylinder engines by
Lyn and Valdmanis (ref. 31), Henein and Bolt (ref.32) and in bombs by
Yu and Uyehara (ref.33), Wakil et al (ref. 23, Wolfer (ref.s), etc.
Detailed ignition correlations are discussed in the above references and

only a brief summary will be given below.

A pressure rise delay (defined as the time that elapses between
the beginning of necedle lift and a measurable pressure rise due to combustion)
correlation for combustion in two different constant volume bombs was given

by Wolfer as :

I.D = o Exp(L650/T) (19)

vhere p is the pressure in atmospheres, I.DP the pressure rise delay in
milliseconds and T is the temperature in degrees Kelvin. The above equation
is said to be fairly accurate for all the fuels having & cstane number
greater than 50. The shape of combusiion chamber, the fuel/air ratio, the
spray characteristics and the fuel temperature, if not initially higher

than lOOOC, are claimed to have negligible effects. Small (ref. 35) extended
the work of Wolfer a little further, and made two tests in sperical bombs.
One test was with rotatable shells held stationary, the other with the
shells rotating at 1000 rpm. The aim of these two tests in fact was to
determine the effect of turbulence and finelly, he reported no appreciable

change in pressure rise delay.

Tao et al (ref. 3@ on the other hand, obtained an empirical
relationship for the temperature rise delay in a modified open chamber

engine as follows:
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I.Dt = 1000 Exp(x) - 1000 (20)

where :
x| = 7hs (B3 0.k15) (- §§$§+ 0.222)N + ((El;ﬁéﬁz_lggg) _
T 1000 - N
26.66) + (m_ 1.45)( . ) 3}

It is to be noted that the formula above is the first to include
the engine speed, N, as a factor affecting the delay period. Sitkei (ref.37)
hovever, obtained the following expression for the illumination delay in

a precombustion chamber :

I1.Dil = 0.5 + 2135 gy (7800/RT) + ﬂiés Exp (7800/RT) (20
oL

PO.T

and I.Dil is the illumination delay in milliseconds.

Under normal operating conditions when ignition is far from
marginal, compression temperature, pressure and injection timing are the
major factors affecting the delay period (Figures 15,16). Wolfer's
equation (19) was in fact used to assess the ignition delay history shown
in the Figures above. Moreover, from the above definitions, it is obvious
that the delay period cannot be reduced to zero, partly because even if the
fuel on entry were already at its ignition temperature, the fuel and air
must mix to a certain degree before combustion can occur, and this will
require a certain amount of time. On the other hand, sufficient heat must
be released to make the ignition delay's presence felt and again some time

is required.

Figure 17 and Appendix A.6 compare the ignition delay period
calculated from equations (19) and (20) respectively with experimental
data at different engine speeds. The comparison is better using Wolfer's
equation. However, since these equations are highly empirical, a more
proper selection of expressions for ignition delay is required to account
for changes (increase) in cylinder gas compression temperature and pressure ;
(see Figure 16) as well as injection pressure due to increase in engine
speed. Above all, the calculated delay period must be compared with the

measured and probably modified before it is finally utilised.

To conclude, it is now accepted (references 6, 16) that the

quantity of the combustible mixture which reacts
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in a rapid uncontrolled manner after ignition @elay may not have any
relation with the delay period itself at all. The ignition delay period
of the MAN engine in Figure 18 is much longer than other conventional
engines at different speeds, yet the MAN engihe has a lower initial heat
release, (Figure 4). -However, with the same engine: (or provided
wall impingement does not occur) it is logical to assume that the initial
heat release, the rate of pressure rise and hence combustion induced noise

will increase as the delay period becomes longer.

4.1.7 Burning Droplet or Particle Combustion

After the period in which the plysicel and chemical processes
are the rate controlling, that is after the rapid combustion of suitably
‘premixed fuel vapour/air, the remaining fuel may burn in the form of a
droplet or particle. Combustion rate of fuel droplet burning steadily in
an oxidising atmosphere has been studied theoretically and experimentally
by Godsave (Ref.26), Spalding (ref.38), Wakil et al (ref.20), etc., and
corresponding burning droplet equations based on heat and mass transfer
are also presented by these workers. Since it is possible that the rates
of mass and heat transfer will be increased by the effects of convection,
a lower limit for the burning rate of the bulk diffusion flame could be
expected, for example in the work of Godsave (in which the convection of

hot gases over the fuel droplet was neglected) according to reference (18).

In a diesel engine, combustion in the form of droplet or particle
may be sometimes of great interest because the cylinder temperatures and
pressures shortly after auto-ignition may be very high so that vaporisation
is insignificant. As a result of this, Spalding has suggested a theory
(which is explained in Section h.2,5) by which the burning rate of & carbon
particle, a limiting case for the form of hydrocarbon fuel may be estimated.
In fact, the combustion of the complete range of forms of hydrocarbon fuels
ranging from a carbon particle, heavy fuel droplets, gas oil droplet tc a
light gasoline droplet, can be considered as a single family, having a

progressively increasing transfer number.

4.1.8 Heat Transfer to the Cylinder Walls

Absolute heat release analysis Tequires an estimate of instantaneous
heat transfer rate to the cylinder walls. Since little is known about the

pattern of the gas flow remaining after induction stroke, or its concentration
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and turbulence

depends on the

spectrum and also the intensity of flame radiation, which

structure of the flame, so it is impossible to calculate

the heat transfer rate accurately. In view of the lack of further data,

Eichelberg (ref.39) or Annand's (ref.40) empirical equation is still widely

used for the calculation of heat transfer in internal combustion engines.

According to Eichelberg, the heat transferred from the working gas to the

¢ylinder walls

engine may be evaluated as :

and

where:‘

in a small interval of time, 6t in a naturally aspirated
Q, = Hy A (T-T)) 6t (22)
= H_A_ (T -7 t
6Q, . p Ap (T~T) 6 (23)
H ~=H_ = Heat transfer coefficient (Btu/sq.in.hour oR)

[}
1.05 x 10’1‘(vm)l/3 /PCTC

8Q SQP = Heat transferred to the liner and piston crownduring 6t
respectively (Btu)
8§t = time increment (sec)
Al‘AP = Respective surface areas (sq.in)
Tl’Tp = Respective area mean surface temperatures (OR)
V, = Mean piston speed (in/sec)
P, = Cylinder gas pressure (psi)
T, = Cylinder gas temperature (°R)
Annand, on the other hand, abandoned Eichelberg's relation

entirely and replaced it by an empiricél expression, treating separately

the convective

heatl transfer increment are given by :

7Y)
and
6QA
D
where:
b =

®
fl

index relating Nusselt mumber (Nu) to Reynolds number (Re)

factor that varies widely with intensity of charge motion,

and radiative transfer. Thus, his equations for the total

= Azl TA (Re)® (T,-T,) + c(Tg_TEH 8t (24 )
aK
A b b o
N Ap| 5 (Re) (T ,-T,) + c(Tc—Tp)I 8t (25 )

it increases with increasing intensity of motion in the

region considered (a* 0.35-0.80)
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¢ = coefficient of radiant heat transfer
= 6.875 x 10_12 (Btu/sq.in.hour oRh) for diesel engines.
= 9.03 x 10713 (Btu/sq.in.hour oRh) for spark ignition
engines - during combustion. ’
= 0 during compression
Re = Reynolds Number
- Deng Vi D
: Visce
D = bore of the engine, (in)
Visc = dynamic viscosity of fluid (1b/in.sec)
KA = thermal conductivity o fluid (Btu/ft.sec.R)

Moreover, Annand suggested the following values for a and b :

0.38 for the two-stroke
0.49 for the four-stiroke
0.70.

a

i}

&

1]

From equations (22) or (25) it is readily apparent that Annand's
formula for calculating heat transfer is quite sensitive to the exponent Db.
In other words, the optimum value of b is likely to be obtained through
trial and error. However, it was decided to use Eichelberg's correlation
because of its simplicity. Of course, for each of the above equations,

a multiplying factor is required in order to give the overall percentage
heat transfer of the correct order by comparison with estimates from the
steady-state heat balance.

4.1.9 General Description of the Médel

With the aid of all the processes described above, the Model

finally developed may be explained as follows:

(a) The trapped charge which may consist of air contaminated with
products of previous cycle, the degree of contamination, charge pressure,
temperature and induced charge motion depending on the gas exchange process,
is compressed in the cylinder with heat transfer from the surrounding walls
initially to it.

(b) Compression of the charge is followed by injection of relatively
cool fuel into the chamber. The resultant fuel spray is broken up at once
into discrete individual spherical droplets, which are distributed into

nine size groups, covering a 5 to 130 microns spread. The initial percentage
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by weight of each size group follows a truncated Gaussian Distribution
Law and each size group is in turn represented by a single droplet size,

which is chosen as some average of the range of its particular size group.

(c) As soon as the droplets are formed, they will start to evaporate
and the amount vaporised from each size group is obtained as a function of
time (degree crank angle). Similarly, the total amount of vapour formed
from the fuel spray is then obtained by adding the properly weighted

vaporisation due to each size group.

(a) The total vapour formed will mix homogeneously with part of the
air in the combustion chamber. Then it will undergo slow preliminary

reactions which take place during the so-called "delay period", although
y P

these preliminary reactions are considered for simplicity to be insignificant.

(e) The chemical reactions, which give rise to an appreciable rate
of heat release will start when an overall air-vapour.mixture of combustible
strength (close to stoichiometric)of the droplets injected into the eylinder
have undergone the delay period. The temperatures and pressures are well
above that necessary to support chain reactions so that ignition of any fuel
element does not require energy transfer from adjacent elements, although

it may be assisted by such transfer.

(£) The prepared mixture (i.e. homogeneously mixed vapour) formed
before combustion and any gaseous fuel present (as a result of previous
cycle) before injection is initiated, will start to burn from a number of
regions in the combustion chamber. The rate of heat release will be
proportional to the concentration of the prepared mixture, the temperature
and the oxygen available in the chambe;. The heat released from these
reactions will alter the temperature and pressure of the gas within the
cylinder and the chemical reactions will alter the mean concentration of

the cylinder.

(g) The reactions after ignition delay will give rise to high local
temperatures around the burning droplets and eventually decrease the
delay period considerably for all the droplets then in the combustion
chamber. All these droplets will start to burn almost immediately and
all droplets subsequently injected will start to burn as they enter the
combustion chamber if enough oxygen is nearby. Therefore, the combustion
rate of the droplets will depend on the size-distribution and the oxygen
(air) supply.

41.
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(h) As burning proceeds, the oxygen supply in the combustion
chamber decreases. It is probable that the first vapour formed will
take priority in obtaining oxygen over the liquid droplets. Of course,
during the premixed stage, combustion of both liquid and vapour will
proceed simulataneously until eithér all the vapour or the droplets are
burnt or all the oxygen available has been used up. This latter condition

will give the maximum possible heat release from the cycle.

(i) Finally, if all the oxygen is used up before combustion is
completed, some droplets will remain unburnt or partially burnt, giving
rise to high exhaust smoke levels. The level of exhaust smoke will

depend on the dropletl size as well.

4.2 Theory

For the sake of completeness, the theory of simultaneous mass
and heat transfer proposed in references (15, 20) is summarized below.
Some modifications (such as droplet-size distribution, drag coefficient,
air swirl velocity, etc.) are introduced so that the above theory may be

extended directly to a diesel combustion simulation.

Figures (19a) and (19b) show the spray model and a schematic
diagram of heat transfer to vapour film and liquid droplet. The spray
consists of discrete spherical droplets, grouped into nine droplet sizes.
Each size-group is represented by a single droplet size, which is chosen
as same average of the range of its particular size group. This single
spherically symmetrical droplet size is shown in Figure 19c¢ to be

surrounded by a film containing an air-fuel vapour mixture.

N.B. The film is assumed spherically symmetric,

despite relative motion.

At any one instant, the mixture concentration varies from a
maximum at the droplet surface to a minimun at the outer edge of the film.
The shape of the temperature gradienl curve depends on the relative
temperatures of the fuel droplet and air and the mass of vapour being
diffused out at that instant. For simplicity, it is convenient to divide
vaporisation process into three parts, namely the heat transfer, the mass

transfer and the velocity change.
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Combustion chamber wall

Vapour

Air swirl

.....

Droplet spray

Injector

FIG. 19a. SPRAY MODEL

TB

Air - Vapour - Film

-

FIG. 19b. HEAT TRANSFERRED TO

DROPLET
Where: Q =Total heat transferred from air to droplet
QL = Sensible heat received by droplet
Qs = Diffusing vapour superheat
Qv = Heat received at droplet surface = QL+QA\
QA= Heat of vapg risation
Bo =Film thickness
T = Temperature
B, L = Gas, liquid
FIG. 19c. COMBUSTION MODEL. s o iy
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4.2.1 Heat Tranfer

Referring to Figure 19 and assuming that the initial temperature
of the droplet is lower than the air temperature (T;) and lower than its own
wet-bulb temperature (equilibrium temperature), which is true in c.i. engines,
the total heat transfer, Q, from the air to the film surroundinig the liquid

droplet, prior to ignition, goes three ways

(a) to heat up the liquid droplet, QL
(b) to vaporise the liquid , QA
(c) to be carried back with the diffusing vapour in
the form of superheat, Qs
(N.B. Q does not include radiant heat transfer. Justification

is explained already)

If at any instant during vaporisation, a point in the air-vapour
film at a radius r, from the centre of the droplet and at temperature T

is considered, then,

Qy = QL + Q)
= q «Qs (26)
but
Q = hA dT/dy and Qg = wcpf(T-—TL) (27)
vhere

v = the rate at which the vapour is diffusing out

=~
]

the fraction of the film thickness (Bo) at r
h = coefficient of heat transfer through the film in
the absence of mass transfer
cpf = the specific heat of the fuel vapour
T = the temperature of the mixture at position y
TL = the temperature of the surface of the droplet
o = the surface area of liquid droplet
Subsiituting equation (27} into (26) and rearranging it, equation
(26) becomes

h A
= o ar (28)
dy . T

9 - Yeps Ty, ¥ Yepf

Integrating across the film between y=0 (at r=ro) to y=1 (at'r=ro+Bo) where
L to_T=TB

be constant at some mean value, it follows:

I=T and considering the spgcific heat of the fuel vapour, cpf to
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B h Ao
dy = I o dT
o Q * wcpf (P—ZL)
l Il hLAo I IT =TB
vl = gn (Q, +w, (T-1)) |
o] wcpf v cpf L E—TL
L - WA, . Q¢+ Veps (Tp-T;)
g Ww A i Q
cpf - v

or by rearranging the above equation and expressing it in an exponential

form :
Q * Vope (Tp-Ty)
Exp(ucpf/h AO) = a,
and defining z as wcpf/h A, then
w (T.~-T.)
f B "L
Q = —F h A(Ty-T) 2/ |Exp(z) - 1
Q, = @ lz/{Bxp(z) - 1 (29)

Thus the factor z/|kxp(z) - 1| represents the fraction of the
total heat transfer Q from the air ihat finally arrives at the surface of
the liquid droplet and supplies the latent heat of vaporisation for the
vapour diffusing out as well as the sensible heat added to the liquid
droplet itself. The above factor therefore represents a correction factor

to the heat transfer coefficient, h, without mass transfer from the droplet.

Correlation for the Nusselt number, NNu for heat iransfer is given
by reference 41 (for spheres at moderate NRe):
]
M= h(2ro) _, , 5.6 (NPr)l/3 (iR )2 (30)

K
m

From the above equations, it can be seen that a calculation of
the heat transfer through the film at any instant during the vaporisation
process of the droplet would require the knowledge of the temperatures on
both sides of the air-vapour film surrounding the droplet, of the velocity
of the droplet relative to the air and its radius, which is dependent on
the mass transferred up to that point and on the droplet temperature (see

Figures 12,13').
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4.2.2 Mass Transfer

Neglecting thermal diffusion and assuming all diffusion to
result from the driving force of concentration or partial pressure
gradient which exists in the direction of diffusion, the following

equations are obiained for counter diffusion systems (ref.39).

dp
E;£ = - %;E (rf P, -V, Pf) (31)
and X = (R.T)2/D_ Py oor Dy, =R T)%/ X P (32)
: u v T Vv u T
where: _.
Pf = average partial pressure of fuel vapour in film
P, = average partial pressure of air in film (=PT—PfI/2).
_ (P product is assumed very small and thus negligible)
rf = molal rate of diffusion of fuel vapour in eguimolal
diffusion, based on surface area of liquid droplet, A,
r, = molal rate of diffusion of air in equimolal diffusion
X = proportionality factor
DY = diffusion coefficient of air-vapour system
R, = universal gas constant
BT = total pressure

Substituting for X in equation (31) with the aid of (32), then:

d Pf RuT -
5 = - 5;?& (rf P, -1, Pf) (33)

Since in most cases of a fuel droplet vaporising in air, a uni-
directional diffusion takes place, that is, there would be diffusion of
the fuel vapour away from the droplet, while the rate of diffusion of the
air in the opposite direction towards the droplet is usually insignificant

and may considered zero, then:

r = 0 (34)

aPp R.T
= = - 55 Trl | (35)
v 't



From the total pressure, PT = Pf + Pa and substituting for Pe
in equation (35) it follows that :

T P Fale oRT v P (36)
dr dI‘ 'D'y PT f a
or
fiPT_DPa . RyT o
dr dr D'V PT f"a
Since Pp is assumed constant throughout the film, equation
(37) is then :
" = Tt r. P (37)
dr Dv PT f a

Again, D and T are also considered constant at their instant-

aneous mean values. By integrating the above equation between r = ry and

r=r, + Bo, where Pa = PaB ,» then
PaB r0+Bo
d Pa Ru
= r dr
Pa D, PT f
PaL T
Pa B RuT R T
( ) = ro(r +B -r) = r, B
PaL D, Pp "f o o Dv PT f 7o
Therefore: -
r = ﬁ n (E‘g)
f- RuT Bo PaL
PT
DV P - P )
r. = T 5, (Pp - PaL') %(Wa{;—) (38
aB’' " aL

In order to maintain the total pressure, the following conditicns

must be satisfied, i.e.:

P

P P (at r = ro + Bo)

T aB t Frn
or

Pp = Py + Py (atr ='r)
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With the above boundary conditions and assuming further that
the partial pressure of the fuel vapour at the ouler edge of the film,
Pep is zero, then the rate of diffusion of the fuel vapour can be written
in terms of partial pressures in the film as follows:

5 PT
r, = ———— P Per, (39.)
f RT B L Ty
|/ AV p=fer/ |
or ‘
D. P
- v fL .
Yy =FTE x ALPHA (40°)
u o]
where PT
ALPHA = "Po

Equation ( 40 ) states that the unidirectional diffusion of the
fuel vapour into the air equals the equimolal rate of the concentration,
times the factor ALPHA (which is greater than unity). This increase in
rate represents a correction for the fact that the net rate of movement
of the air is zero, while the diffusion velocities of the fuel vapour

and the air relative to each other must be maintained.

Because the physics of the factors determining B, are very
difficult to evaluate (ref.15), a semi-theoretical relationship is set
up for mass transfer on the basis that the mass of fuel vapour diffused
out per unit time according to ref.39 is given by :

w_ = A_ kg P, ALPHA (41)

fL
vhere kg is the mass transfer coefficient for the film in the case of
equimolal diffusion, which is generally estimated from the equation of
Ranz ( 34) :

2 Ty Pa kg

N = - .« 11/3 2
NNu' = b Derm 2 + 0.6 (iis )" "(IR,) (42)

and Denm is the average density of the air-vapour mixture in the film.

It can be seen again from the above equation that to calculate
the mass transfer at any instant, a knowledge of the heat transfer and of

the radius and velocity of the droplet at that instant is essential (Figs.12,]
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It is to be noted that the difference between equations (30)
and (42) lies in the cube root of Prandtl number (NPr) and Schmidt number
(NSC) respectively. At high gas temperatures, NP A& NS  according to
Spalding (38). In other words, the Husselt number correlation for heat

transfer (NNu) is equal to that of mass transfer (NNu'), that.is NNu a NNu'.

4,2.3 Veloecity Equation:

Calculation of both the heat and mass transfer at any instant,
requires the knowledge of the velocity of the droplet at any instant during
the vaporisation process, since it enters into both correlations. The
droplet is considered to be injected with a certain initial velocity
relative to the air (i.e. Uorel)' Aerodynamic drag forces will then
either decelerate it or accelerate it so that its velocity approaches
that of the air in a very short time. The less the density of the air,
that is, the lower its pressure and the higher its temperature, the less
effective the drag forces and the greater and more rapid the penetration

through the combustion chanber.

From the theory of aerodynamics, the drag force exerted by a

moying fluid upon an immersed body may be calculated from the equation:

2
au A U
_ m rel _ c rel
F = - z i = CD Er— Denm -
_ L 2 2
F = ¢, g DJ Dem UL, (43)

Where Cp is the coefficient of drag for, the given body form and is a
function & the Reynolds number; A, the cross sectional area of the body
(m/h Di) and Denm is the density of the air. But m is the mass of the
ki 3 B
body (Denl x B-DO), D,
density of the body. Then,

is the initial diameter of the body and Denl is the

dau du
rel _ T3 rel _ o2 2
m —g=— = Denl x g—Do 3t - B Do Denm Urel
In general:
2
d'Urel e 3 c Denm Urel (44)
i@t - "% "D Denl D

During vaporisation, the correlation proposed by Sami (42) for

Ch is considercd valid and given by :
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Cp, = Betav (0.4 + 50/N33) (45)

where (5 < NRe < 10,000)

Similarly, during the burning period, Cp is:

Cp, = Betab (20/NReO'6) (46)

where (1 < NBe < 600)‘.

It is noted above that the drag coefficient (CDV and CDb) of
the droplet during the vaporisation and the burning period are Betav and
Betab times those for the solid spheres respectively. Moreover, the
dragforce consists of the forces due to skin friction and form drag.

When vapour projects from the droplet surface, the skin friction

decreases due to the thickened boundary layer, and the form drag decreases
as a consequence of weakened Karman vortices. Betav and Betab being
correction factors when considering the effects of vaporisation and
combustion, their numerical values are smaller than 1. Because of the
lack of suffTicient information, these factors are assumed to be constant
at each inslant during vaporisation and corbustion respectively. However,

the following values are suggested (ref.42) for the above factors:

Betav = 0.85
Betab 0.40.

In any case, the drag coefficient is evaluated at the Reynolds
number (NRe) for which the calculation is performed. It is again evident
that to calculate the deceleration of the droplet at any instant, a

knowledge of both the heat and mass transfer is essential.

On the whole, the droplet relative velocity, the rate of heat
transfer from the charge to the droplets and also the rate of heat inter-
change between the charge and the cylinder valls, etc., will be affected
by the turbulence of the charge. On the other hand, since generation of
turbulence in a combustion chamber is a design problem, and since it
varies from chamber to chamber, it is difficult ai this stage to say
precisely how it affects the factors above. llowever, what can be said is
thal part of its bulk effect is embedded into the ignition delay period.

That is, the delay period is knovm to decrease as turbulence increases.
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Also, turbulence is known to play a significant role in spray formation

and disintegration, especially at high engine speeds.

L.2.4 Droplet Temperature

The droplet temperatiure is determined from the energy balance
applicd (based on avcrage bulk gas temperature, TB) at the liquid droplet

surface (equation 26), i.e.

QL . Q.y— QXx (47)

The heat, Qp, for raising the liquid temperature is expressed by
equation (47) zbove. The values of Q, and v are alrcady given by equations
(29) and (40) respectively and the heat of vaporisation QUM (i.e.

Qr =w x QLAM) is determined by the temperature of the liquid droplet (TL)‘

By assuming that the temperature of the droplet is uniform over
& very small time interval, which implies infinite thermal conductivity
or very fast heat circulation within the droplet, the change in droplet

temperature & related to the heat as follows:

aT .
= mCy " (48)
or dTL 1 N
T T ome (G wrQyy) = (- o) (49)
pL pL

where m and CpL are the mass and the specific héat at constant pressure

of the liquid droplet respectively.

From equation (48), to astimate the rate of change of the droplet
Lemperature, requires a knowledge of the instantaneous heat transfer rate,
mass transfer rate, droplet temperature and droplet size. IT the heat
transfer rate, Q, is larger than the rale at which heat is carried away,
by the veporising liquid, QX , the droplet temperaturc will increase. If
Qv is lower, the droplet temperature will decrease. At some point, the
heat transfer rate may equal the heat carried away by the vapour and the
droplet temperature will then remain constant. This in fact corresponds
to & droplet "wet-bulb" (equilibrium) temprature and consequently all the
heat thal arrives at the droplel surface will be carricd avay as vaporising

liquid.
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4.2.5 Droplet or Particle Burning:

Shortly after the droplet tempratures reach the thermodynamic
critical temperature, T1, (which can be estimated), the vaporisation
process is considered to be insignificant any further. This is because
the latent heat of vaporisation is virtually zero and very high
vaporisation rates are expeclted, and what would be even higher droplet
burning rates. As a result of this and from the knowledge gained from
other previous work, it becomes evident that some other mechanism is

controlling combustion after the auto-ignition (see Section L),

To this end, an assumption similar to that of Greeves (43) is
made. The droplet vaporisation process is allowed to persist up till
the end of the premixed combustion after which the droplet burns according

to a modified particle theory of Spalding in this form :

aM D_D

P v 2 1/3
—— = 2 —hgg~ Denm n (1+BxBfac) |1 + 0.276(NR )*(NS ) | (50)
where
B =12 x 0.232 (1-Fg/F )/ [32(1+Fp)] (51)
and
AUC = a constant (to be determined by comparison with experi-

mental heat release periog)

.MP,Dp = droplet or particle mass and diameter respectively.
Denm, D, = Average density and diffusion coefficient of the combustion
gases controlling mass transfer
B = transfer number for burning droplet (in low temperature regime)
FR’ Fst = overall and stoichiometric fuel/air ratio respectively
Bfac = transfer number mul Liplying factor (suggested by ref A3 and

to be determined by comparison with experimental results).

.3 Method of Calculation

Because of the dependence of the heat transfer, mass transfer and
velocity equations upon each other and the complexity of these equations,
a stepwise integralion process is necessary, where the values required are
evalualed over a small period of time during which the properties of the
droplet and the charge are assumed to be constant. The process of

calculation is as follows:

52.



The liquid spray emerges from the injector hole with initial
temperature IL, and an average initial velocity U,» the latter being

estimated from equation (52) below:

;
= Q. . L .. .
U, anJ/(Den Xxhgy xCqox Tan) (52)
where
U, = average initial velocity (in/sec)
Qinj = total mass of fuel injected (1b) - Appendix A.3
A,y . = area of spray hole (sq.in)
CdiS = discharge coefficient
Denl. = density of the fuel (Ib/cu.in)
Tinj = injection period (sec.)

The actual initial velocity of the fuel spray relative to that of

the swirling charge, UOrel is given by :

2 - 2

2
orel Uo +U

swrl (53)

vhere Uswrl is the product of the swirl angular velocity and the cylinder

radius (i.e. U = 27 ry, k N/60 and rb,k and N are the cylinder radius,

the swirl ratizwzid engine speed respectively). This means that a value
for k and hence the swirl angular velocity during fuel injection can be
obtained from the estimated trapped swirl rpm and engine rpm. The mean
droplet diameter, SMD of the whole spray is calculated (and modified)
from equation (13), though equation (53) has been substituted for the
relative velocity in equation (13). Moreover, the fuel spray is assumed ;
to consist of nine droplet size g-oups and the diameter of a single droplet
representing each size group is determined from SMD with the aid of the trun-
cated Gaussian distribution in Appendix A.L4. Each droplet then with the
initial conditions given above, is considered to move through a uniform

gas field with an initial relative velocity, Uorel’ uninfluenced by the

presence of the neighbouring droplets.

Preparation histories of the droplets are determined by solving
equations (41), (44), (45) and (49) until the end of the premixed stage
is reached when the remaining mass of the droplet then burns according to

equations (44), 46) ana (50).
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A satisfaclory method of solving the above equations is by
generating a very small time step. For instance, the time increment,

dt, is defined as follows :

(a) dt = 0.000010 secc (until the preparation time of
0.00050 sec is reached)
(v) dt = 0.00010 sec (up till the end of the premixed

combustion stage and throughout the

droplet burning period)

These small time incremenis are necessary because the small

droplets give off their vapour in a very short interval of time.

According to Wakil et al, NR_, NPr and NS, vhich are the
droplet Reynolds, Prandil and Schmidt numbers, should be evaluated on
the basis of mean gas-—vapour envelope properties (as defined in Appendix A.1
taken at temperature, ?m‘ An attempl has been nade to obtlain estimates of a
the required diesel fucl vapour property functions (see Appendix A.I)
although in some cases Lhe assumplion that the dodecane fuel (Cl2H26’
the principal ingredient of diesel fuel) properties are representative

of diesel fuel has to be made.

At the end of the calculations, the computation is organised Lo
sum up all the preparation rates (i.e. PR) at each crank angle (each step)
end multiply it by a local oxygen-supply factor, Floc' In other words,
the actual total preparation rate, P, .. is mathematically expressed thus:

-

P =

9
rtot Floc nzl Prn = Fl F (54,

oc R
where P is the preparation rate of each droplel size group at each
step or crank angle and F, . is defined as :

M - M . M ..
F -~ oav uti = 1 - uti (55

loc M M
oav oav

vhere M and M , . are the volume (mass) of oxygen available in the
oav uti
cylinder for combustion and the volume (mass) of oxygen ulilised or

entrained respectively. The latter is caleculated using a jet model (for

details, sce Appendix A.2). TFrom cquation (55) it can be seen that as

‘Muti increases as a result of combﬁstion, the local oxygen supply faclor,

Floc decays for a constant supply of oxygen.

54.



Furthermore, for the premixed burning stage, two simple
modes of calculation are used, purely on comparison grounds. In the
first case, the burning rate during the above stage is allowed to follow
a triangle rate Law (ref.44) with 6 dgrees crank angle base. In the
second case, heat is released according to a modified type of Arrhenius
equation (65) in Section 4.1.4, in this form :

R = k' Fioc

T [(PR-R) d |Exp(-act/T)| (56 )

where nearly all the terms above have already been defined. T is the
instantaneous average cylinder gas temperature, obtained from the heat
release analysis and of course, . taking into account the heat
transferred to the cylinder walls. The value of K' = 3.0 x lO6 once
determined for one engine, is never varied but used for correlation over
a vide range of operating conditions for different engines. On the other
hand, a constant value of 2.7 x th is assigned to "act" in equation (56 )

as suggested by ref.(45).

It is to be noted however, that for the two cases considered
above, a preparation efficiency of about 88 per cent is selected and
compared with experimental heat release analysis. This efficiency
allows for the fact that some air-vapour pockets in the cylinder are
too lean or have not been thoroughly mixed or both and therefore cannot
take part in the reaction process during the premixed burning stage. In
other words, 88 per cent of the total fuel prepared during the delay period

is assumed to be ready for burning during the above stage.

After rapid heat release, characteristic of the above first
stage, the subsequent processes contributing to the bulk of heat release
last for longer periods and the combustion of the fuel proceeds essentially
via the mechanism of droplet (particle) diffusion burning. The rate of heat
release is given by equation (98) multiplied by the fuel calorific value.
This rate of heat release will obviously depend on the total heat released
during the premixed stage, the droplet size distribution and the availability

of oxygen in ihe cylinder.

Figure 20 shows a Flow Chart of the simulation.
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4.4 Results and Discussions

Before this theoretical combustion model could be used to
predict and describe engine performance, it was found necessary to make
some simplified assumptions (section 4.1.k) and to assign values to some

constants, for the mathematical solutions to be possible.

Some of the assumptions in Sections 4.1 and 4.2 require further
amplifications. It is mentioned in Section 4.2.5 that the vaporisation
process is insignificant or ceases after the droplet temperatures reach
their thermodyramic critical temperature, %c , which is known quite
Teasonably (ref.14) for most of the pure hydrocarbons. For the dodecane
(012H26) on the other hand, which is considered to be the principal
ingredient of diesel fuel, Te is 13h0°R (ref.14). Hovever, for all the
calculations made using the approach in Section 4.3, the droplet wet-bulb
temperatures never exceeded 1236°R and even then the smmller droplets
(< 50 microns in diameter) attained this latter temperature during the
ignition delay period and the larger droplets (> 50 microns) after the pre-
mixed burning stage has expired, according to the preliminary experimental
results carried out. Since there are several uncertainties concerning
Vaporisation of a multi-component fuel like diesel as Ty (vhich is
unfortunately is not known precisely) is approached, one would expect
a difference in the measured.ﬂhc and the calculated droplet wet-bulb
temperatures and also in the calculated and measured auto-ignition
temperatures. 1In spite of these, the assumption that vaporisation process
is to be allowed to continue up to the end of the premixed burning stage
is probably nearer to reality, for it is known in general that combustion

begins long before vaporisation is complete.’

Although the droplet sizes ranging from 5 to 140 microns are
found to give burning times comparable with experimental analysis and
hence used in most of the calculations reported in this report yet it
is possible that the largest droplets found in the actual diesel spray
are bigger than 140 microns (perhaps up to 250 microns according to ref.hl1).
Even so, there will be a few of these judging from Table A.2.1 and the
graph of the droplet distribution, Figure 4.2.1. Furthermore, from the
trend of the values of the spray penetration presented in Table A.4.1,
coupled with the calculation of the droplet histories in Figure 13, droplets
larger than 50 wicrons would be likely to impinge on the walls of a diesel
engine having approximately a 5 inch bore. Of course in practicc, because

of the high combustion temperatures in the cylinder, the droplet life times
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would be shorter than those caleulated and consequently only larger

droplets (>>50 microns) would be expected to hit the cylinder walls.

Some of the inpul data to the theoretical combustion model
could only be found by guesswork and comparison between theoretical

calculations and experimental results. The data input includes:

(a) The initial fuel temperature (1L _): The liquid spray is assumed to

emerge from the injector hole with initial temperature of 610°R.
(b) The initial average relative velocity of the Tuel spray (gorel):
The total Tuel, Q. . injected (a method of calculating Q. . is
inj inj

shown in Appendix A.3) during an average injection period of 20 degrees
crank angle is TO mm3. The discharge coefficient, C,; . on the other hand
is taken as 0.70. This value is obtained by summing all the C,. values
given in reference 44 and building a mean value (The value is then
compared with the calculated Cy; in the Appendix above). There is a
slight implication for adopting the above method, for Cg; is known to
depend on the geometry of the injector nozzle and on the Reynolds number.
This means, even for onc particular injector, onc will expect Cg.o

to vary throughout the injection period since the injection pressure
(hence the injection velocity, of course, instantaneous) varies. Since
the total fuel injccted is not very critical as previously explained in
Section L4.1.l, the average value for Cg;  quoted above, is accurate enough

for the presenl purpose.

For the injector nozzle, a diameter of 0.32 mm (Appendix A3)
is assumed and using equation (A.I.1) to calculate the density of the fuel,
the spray is calculated to cmerge with an average initial velocity of
1900 in/sec ( "8 m/sec) into a cylinder swirling charge having a swirl
ratio, k, of 2.5. The value of k in fact is obtained from the empirical
expression of vef.(46). Except for the Leyland 8.61 engine (denoted by
engine H) in which a higher value of k (i.e. k=16.0 and the corresponding
Uorel = 4370 in/sec) is used as explained later, the average initial relativ
velocity of the fuel spray with respect to the swirling charge is thus
2000 in/sec { ~51 m/sec), and this then becomes the figure used in most

of the calculalions.

{¢) The cylinder charge pressure and temperature: The charge pressure and

temperature during the proparation stage are assumed constant and

to be 500 psi and 149L4°R respectively (section L.1.h).
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(d) The value for AUC: The value for AUC in equation (9h) is kept

constant at 50.0. This figure is arrived at by trial and error method.
It is to be noted that AUC controls both the heat release period and
the second peak in the heat release diagram. If AUC is less than 50.0,
the second peak becomes higher and the heal release period becomes

shorter. The opposite effect is true for AUC more than 50.0.

(e) Ignition delay periods: Ignition delay periods at different engine

speeds as previously warned are calculated from Wolfer's equation in
Section (4.1.5) and in Appendix A.6. The average measured ignition delay

periods used in the program to control the calculated valucs are as follows:

At 1000 rpm FL : ignition delay period = 8.0°CA
1500 = 10.0°CA
2000 = 12.0°CA
2600 = 13.0°%CA
3000 = 13.5°%CA
N.B. If the difference between the average calculated and measured

ignition delay periods is more than 0.05°CA at any engine speed, the

computer uses the latter value automatically.

Although it should be recalled that the inputl data given above
are used throughout the testing of this theoretical combustion model because
they were found during the model's initial development tc give reasonable
results compared with experimental results, Figures 31-36, yet it was
still considered necessary to vary some of these input data in order to
assess their effects on the fuel preparation and hence heat release diagrams.
The offect of increasing the initial fuel temperature from 560°R to T10°R;
the air swirl ratio from O to 7.5 and the cylinder pressure during the
preparation stage from 300 psi to 600 psi on fuel preparation diagrams,
Figures 21-24, is somehow small. On the other hand, this model is very
sensitive to the average cylinder temperature (during the preparation stage)

and to the droplet size distribution as illustrated in Figures 25, 26 «

All the above effects are summarised in Figures 29, 30 and Table 1,
in terms of the total fuel prepared during the ignition delay period,
initial heat release peak, rate of pressure rise and combustion induced
noise level. The latter is calculated from the total fuel prepared during

the delay period and hence the initial heat release peak and the rate of
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Q3 = 750 Btu/1b Air (i.e. 70 mm3)

Burning efficiency during the premixed burning stage
=85.15 %

U pe1™ 2000 in/sec (x = 2.5)

TL = 610%R; Ty = 1494°R; SMD = 70.0 microns; P = 500 psi.
TABLE 1. EFFECT OF CHANGING THE DESIGN PARAMETERS ON ENGINE A

AT 1000 RPM FL
(a) Effect of Sauter Mean Diameter (SMD)

Total fuel prepard

Calc.Averaged

- S Initial peak Rate of :
during ignition cylinder press.
Parameter delay%ingterms of ;ziz TELEass pressure lzvel at ?
Q;n; e 500Hz-3000Hz .
___Units (Z)__(Btu/1b air)(Btu/lb airfCA)(psi/OCA) (dB)
SMD=80microns 20.00 128.50 37.60 75.00 152.35
=0 " 27.00 173.k0 51.00 89.00 156.50
=60 " 36.25 233.00 68.50 10Lk.00 161.00
=50 " 48.75  313.00 92.00 120.00 166.00
~=ho " 63.75 410.00 120.00 135.00 170.30
(b) Effect of Air Swirl Ratio (X)
k=0 26.00 167.00 49.10 88.00 156.00
=2.5 27.00 173.ho0 51.00 89.00 156.50
=5.0 28.00 179.80 52.90 91.00 157.20
=7.5 30.00 192.60 56.60 9k.50 158.20

(c¢) Effect of Gas Temperature During the Preparation Stage (Ty)

Tp=1250°R 13.70 88.00 25.875 58.00 147.00
“=1500 27.40 176.00 51,750 90.00 157.00
- =1750 37.00 238.00 70.000° 105.00 161.50
(a) Effect of Initial Fuel Temperature (7I)

7' L=5600R 25.90 166.50 19.00 88.00 156.00
=610 27.00 173.40 51.00 89.00 156.50

=660 28.10 180.30 53.00 91.10 157.21

=710 29.20 187.20 55.00 93.00 157.70

(e) Effect of Cylinder Gas Pressure during the Preparation Stage (p)

P=300psi 25.40  163.00 L8.00 86.00 155.50
=400 26.20 168.00 49.40 88.35 156.30
=500 27.00 173.kO 51.00 89.00 156.50

=600 28.30 182.00 53.50 92.00 157.h0
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pressure rise with the aid of Figures 52 and 53.For instance, changing

the SMD from 80 microns to 70 or to 60 microns produces an increase in

the rate of pressuré rise from 75 psi/°CA to 89 psi/OCA and 104 psi/Cca
respectively. This increase in turn causes some average of 3 dB and 7.5 dB
increase in the combustion induced noise levels at about 500 Hz to 3000 Hgz

respectively, etc.

Moreover, comparison in terms of heat release rates is shown in
Figures 31-36.. It will be‘remembered that a high value of k is used for
engine H, Figure 36. Experience with this engine has indicated that the
Value of the swirl ratio calculated is a reasonable one. Because the wall
impingement due to its only one spray is very severe, it was decided to
use a lower average cylindertemperature of 1250°R during the preparation
stage. The comparison in terms of pressure versus crank angle (Figures 39-41.)
is also encouraging, although there are some discrepancies between the
Mmeasured and the predicted results. Some of these are partly due to timing
lnaccura01es, either caused by inaccuracy in reading or measuring the
start of ignition or the difficulty in accurately locating the Top Dead
Centre position in the cylinder pressure diagrams taken in the tests. Some
on the other hand, are duec to the average values rather than the actuel
Yalues for the constants , ignition delay periods and variable, which were
introduced in the calculation in an attempt to make the model widely

applicable.

Finally, from the Figures above and Table 1, the following broad

conclusions can be made:

(a) " The amount of the fuel prepared during the ignition delay
period depends primarily on the quantity of heal transferred from the
cylinder gases to the droplets and the droplet size distribution. 1In
other words, for constani gas temperature, the finer the droplet size
distribution, or for a constant droplet size distribution, the higher the
gas temperature, the higher the initial rate of heat release and also the
rate of pressure rise. This is mainly due to the increased rate of

preparation.,

(n) Preheating of the liquid fuel before it enters the combustion
chamber has the advantage of allowing the fuel to flow more easily within
the pumps and injector nozzles and to produce a finer atomisation, which

will undoubtedly inecrease the total® amount of fuel prepared slightly during

7l
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the delay period. In fact there is a narrow limit in practice in which
the temperature of the liguid fuel could be raised without adversely
affecting its physical properties such as density- On the other
hand, there is a strong indication that the combustion efficiency of a
direct injection diesel engine is improved by the faster and more complete
mixing caused by further increasing the engine swirl. However, this
advantage like that of preheating the liquid fuel, could only be obtiained
at the expense of increasiﬁg the quantity of the prepared mixture prior

to ignition as already explained above.

(c) The heat release rates during the premixed burning stage as
calculaled above, are closc to the measured, both for the cases when heat
is released according to the triangle rate law and Arrhenius-type equation.
Of course, it should be remembered that the two methods are highly
empirical. Hovever, prediction of a cylinder pressure develcpment was

made from the latter case.
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5. CORRELATION BETWEEN NOISE AND ITS COMBUSTION SYSTEM

To establish the relevant differences in noise characteristics of
engines of different combustion systems a closer look has been made of
all the different engines tested at I.S.V.R. laboratories over the past
twelve years. On each engine gas force diagrams have been taken, and
cylinder pressure noise and vibration analyses have been carried out.
The overall noise in dBA at full load conditions of some 44 different
engines is summarised in Figure 42. The noise of all the engines shows
straight relationships with speed, except for some small high speed I.D.I.
and petrol engines which show two slopes, a low rate of increase in the
low speed range and a high rate in the high speed range. If the results
are compared on the basis of constant speed the increase of noise with
engine size is apparent. At the rated speeds, all engines (except the
opposed piston two strokes) reach about the same level of noise within a
band of some 10 4BA.

An attempt is also made to classify the engines in various groups
according to combustion system and fundamental design principles. Im

each of these groups listed below, there are about seven engines -

. Turbocharged in-line D.I.

« Naturally aspirated in-line D.I.
Naturally aspirated Vee-form D.I.
Two stroke D.I.

Naturally aspirated I.D.I.

o W N =
s e e e

Spark ignition petrol.

In order to find some correlation with the simple combustion model
the overall noise levels are plotted against engine bore diameter in
Figure 43 at a constant speed of 2000 rev/min which represents a realistic

speed for all the engines in this wide range.
It can be seen that the engines do fall into specific groups :

(a) All normally aspirated D.I. engines fit within a 3 dB
band of slope (bore)J. It is clear that there are no differences
between the noise of vee form and in-line engines. Some of the

I.D.I. engines also fall within this same band;
(b) The turbocharged engines occupy a band just below.

(c) The remaining I.D.I. engines fall within a band
some 8 dBA below the D.I. engines.
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(d) Two stroke cycle engines fall within a band some
4 dB higher than the D.I. engines.

(e) Opposed piston two stroke cycle engines fall in a
band 12 dBA higher.

(f) Petrol engines show considerable scatter but are
about 15 dB below the D.I. engines.

Many of the differences between these various groups can be
explained by the salient features of cylinder pressure development.
Typical pressure diagrams are shown in Figure 44 for a normally
aspirated D.I. engine, a turbocharged engine, both 'advanced' and 'retarded'
type I.D.I. engines and a petrol engine. The diagram of the turbocharged
engine is extremely smooth but with a high peak pressure of 100 - 135 bar.
The D.I. engine pressure diagram is abrupt but the peak pressure is
considerably lower at 65 ~ 80 bar. The advanced I.D.I. diagram is
similar to that of the D.i. while the 'retarded' diagram has a flat peak
or smooth double hump peaking at 65 - 75 bar. The petrol engine diagram
is smooth and the peak pressure very low at 35 - 50 bar. The different
forms of the cylinder pressure development can be fully described by
their spectral analyses. The rate of increase of noise of the engine
with speed also depends on the cylin&er pressure form as cylinder
pressure levels increase with increasing speed according to the slope

of the spectrum (49).

In order to compare various combustion systems it is necessary to
reduce them to a standard form which is independent of speed (simplified
normalised spectra). It is the levels of the harmonic components
between 800 and 3000 Hz (the predominant range of engine structure natural
frequencies) that to a first approximation determine the importance of
the cylinder pressure spectrum. Figure 45a shows that the cylinder
pressure spectrum can be approximated to a straight line representing a
best fit over this critical frequency range. Figure 45b shows this
simplified spectrum normalised for engine speed which defines the cylinder
pressure level as a function of both frequency and speed. Figure 45c
shows measured cylinder pressure levels for a D.I. engine plotted on a
base of normalised frequency. As can be seen all spectra are coincident
in the important frequency range and can be approximated by a single

straight line.

Such spectra have been derived for each engine tested and the results
grouped according to their various combustion systems, are summarised in

Figure 46,
88.
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As previously stated the normally aspirated D.I. engine is
mainly combustion controlled, therefore the noise of engines of other
combustion systems should be judged on the basis of the D.i. engine
results. Comparing Figure 46, combustion noise, and Figure 43, overall
engine noise, it can be seen that for D.I. two stroke and I.D.I. engines
there is reasonable agreement between overall noise levels and cylinder

pressure levels.

Relation Between Cylinder Pressure Spectrum and
Combustion Induced Engine Noise

During the compression and power stroke all clearances are taken
up and the engine structure can be considered as linear. It can be shown
that the overall noise is proportional to the square of the direct gas
force and consequently to the fourth power of engine bore (Ref. 50). A
structure attenuation factor linking the direct combustion force and the
engine noise can then be defined and typical measured values are shown

in Figure 47a. (Ref. 50).

An average 'standard' structure attenuation can be specified from
such measurements taken on engines with abrupt cylinder pressure diagrams
and this is shown in Figure 47b. The use of a structure attenuation
factor with a known cylinder pressure spectrum will then allow the noise

level due to combustion to be predicted (Ref. 51).

The cylinder pressure at frequency, £, can be ‘calculated from the
reduced spectrum by the relation -

€.p.r(1.0)? . Alogig(m) . /8"
fn

©.p.)2(6) = (57)

where, (C.P.)(f)

cylinder pressure at frequency fHz

C.P.g(1.0) = cylinder pressure level of reduced
spectrum at f/y = 1.0
n = slope of simplified cylinder pressure
spectrum - combustion index
N = engine speed rev/min

In a similar manner the structure attenuation at frequency, £, for the

standard attenuation curve can be specified in two parts by :

o . Atoe10 (1000/10) Alogio (3q)

(58)
f4d
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where, SlOOO = value of attenuation at
1000 Hz dB/Hz

q = slope of attenuation curve
dB/decade

by definition at frequency, £,

(Sound Pressure, P)Z(f)= (cylinder pressure X bore2)2

3 (59)
2 N.n 4
2 _ (c.p, (1.0))° Alogio (3n).(®) . B
Therefore p (£) R f g4n
Alogio (S1000/10) - Aloglo 34
(60)
The overall sound pressure level is given by
f2
2 2
p° (overall) = |p df (61)
f1

Using the general form of the structure attenuation factor shown in
Figure 48 the overall combustion noise level is calculated from a measured
or computed simplified and reduced cylinder pressure spectrum at an engine

speed of N rev/min becomes -

2 4 n
(C.P.R(l.O) . A 1og10(3n) .B . N

Pref. A 1°g10

(S'P'L')Overall = 20 1og10 3
(°1000/10)

(100d1 ~ n+l)_g, (arn+l )y (g,(927*1) 1000 (a2 “ntl)]
+

(g1 -n+l) A logip (3q1) @2 -n+1) A logyg (342)

(62)

Equation (62) can be divided into three parts. One specifying the
cylinder pressure level, an engine bore term and a shape factor which is
purely dependent on the chosen attenuation curve levels and slopes, the
combustion index and the frequency range and weighting networks chosen.
For the standard structure attenuation shown in Figure 47 and both the A
and Linear weighting networks the value of the shape factor as a function

of combustion index is shown in Figure 48.

The predicted noise will vary as the fourth power of bore for direct
combustion noise whereas (Figure 43) the measured noise levels of diesel
engines vary as the fifth power of bore. This implies that the structurc

attenuation factor is not constant but varies directly with bore size.
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A model for the prediction of combustion induced noise based on measured
or estimated simplified cylinder pressure spectra, the engine bore and a
structural attenuation factor which varies directly with nore and has

the value shown in Figure 47 for a bore size of 100 mm can be put forward.
The overall level of direct combustion induced noise at 1 metre is given

by the following relations

Based on simplified cylinder pressure spectrum

Overall Noise = C'P'L(IOOO) + 50 loglo B - Ky dBA (63)
and Overall Noise = C'P'L(IOOO) + 50 log10 B - Ko dB(LIN) (64)
where, B = Dbore in mm
K] = A weighted spectrum shape factor
shown in Figure 49
Kz = Linear spectrum shape factor
shown in Figure 49
C.P.LN(I.O) = Level of cylinder pressure

spectrum at 1000 Hz

Based on normalised cylinder pressure spectrum

. _ N -K
Overall Noise = C.P.L\ (1.0) + 50 log10 B + 10n logpg 1000 1 dBA

v
i

(65)
and Overall Noise = C.P.L_ (1.0) + 50 log B + 10n log _E__ ‘KZ dB(LIN)
N 10 10
1000
(66)

where, N = engine speed N
n e combustion index
C.P.LN(l.O)

level of normalised cylinder
pressure spectrum at value 1.0

These relations, because they include the absolute level as well as
slope of the cylinder pressure spectrum, can be used to predict the level
of combustion induced noise in diesel engines of each combustion class at
any speed or load. A more exact computation can be obtained by using the
exact cylinder pressure spectrum values, as calculated according to the
1.S.V.R. Combustion Model, and an exact structure attenuation factor which,

at present, can only be obtained experimentally.
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A combustion model, described above, enables the prediction of
combustion induced noise of the engine based on fundamental principles
of thermodynamics and structural attenuation to be carried out, Using
this model overall noise of all engines can be predicted. Figure 49
illustrates the relative combustion induced noise levels of engines in
the groups shown in Figure 43 against engine size, using the average

normalised spectra of Figure 46 for each group.

The model clearly shows that the combustion induced noise of turbo-
charged engines should be considerably lower than D.I. engines. As
the overall noise of the turbocharged engine is relatively higher than
would be expected resulting from combustion induced noise alone, it
suggests relatively high levels of mechanical exciting force in turbo-

charged engines.

6. PREDICTION OF COMBUSTION INDUCED NOISE IN DIESEL ENGINES

Modelling of Combustion Noise in Diesel Engines

Knowledge of the cylinder pressure spectrum enables the combustion
noise level of diesel engines to be predicted. Over the last ten years
the computation of the harmonic cylinder pressure spectrum from a cylinder
pressure time history has become possible and therefore a combustion
model which can accurately predict the initiation of combustion as well
as later burning allows the computation of combustion induced noise.
(References 51, 52). Such a model has been developed by Ogegbo and is
primarily based on a physical representation of fuel preparation and
combustion initiation. This I.S.V.R. model is a two zone model based
on modified single droplet and simplified jet theories. It assumes that
the physical processes such as atomisation, vaporisation and mixing
rates control diesel combustion, and is fully described in Chapter &4 of

this report and reference 53.

Figure 50a shows a typical comparison between measured and predicted
cylinder pressure development and spectra for a shallow bowl D.I. engine.
Figure 50b shows the error in cylinder pressure spectrum prediction, in
one-third octave bands as a function of frequency and engine speed for
two combustion models, firstly model 1 (a modification of Austen and
Lyn's approach relating the injection rate and the rate of burning) and

secondly the I.S.V.R. model in which the physical processes leading
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to combustion control the heat release rates. A % 7 dB scatter in the
higher one-third octave bands results in both cases but in summing over
the frequency range to give overall level predictions accuracies of

t 2.5 dBA are found. The advantage of the I.S.V.R. model over model 1
is that predictions for new ranges of engines can be made at the

design stage. For the prediction of the resultant noise caused directly
by combustion it is necessary to know the detail structural and acoustic
response of the engine structure to excitation at each cylinder.
Unfortunately this information is difficult to obtain in the built up
engine and impossible to predict with sufficient accuracy to warrant

the use of the detail spectrum shape predicted by the I.S.V.R. combustion
model. In any case even such predictions involving the use of one-third
octave bands are liable to so high an error that reliance cannot, at
present, be placed upon them. Therefore at this stage the model is

used to predict overall level changes, using the standard structure
attenuation factor given in Chapter 5, directly from the summed cylinder
pressure spectrum input. Alternatively some broad generalisations can
be obtained from a mixture of theoretical and practical results in the

following manner.

The use of an overall cylinder pressure spectrum level, summed over the
frequency range 700-3000 Hz (the acoustically important frequency range
for diesel engine noise) either by electric filtering or summation of the
spectrum components, precludes any information about the slope and
1000 Hz level without which the analysis of Chapter 5 cannot be applied.
In this case the concept of an 'average' spectrum shape factor of -170.5 dB
(corresponding to a combustion index of n = 3.3) together with an overall
cylinder pressure level (700-3000 Hz) instead of a 1000 Hz level is
attractive., It can be shown that for simplified spectra the overall level

is related to the level at 1000 Hz by the formula :

C.P.L. (overall) = C.P.L. + 31 dB (67)

1000

to an accuracy of ¥ 1.5 dB for n = 2 to 5.

From the foregoing and equation (7) of Chapter 5 the 'average'
predicted overall 'A' weighted combustion induced noise of a diesel engine

measured 1 m from the surface is :
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Overall Noise, dBA = C.P.L. + 50 log10 B - 170.5

1000

Bore in m.m.

c.P in dB = 2 x 10-5 N/m2

*L+ 1000

and therefore in terms of the overall cylinder pressure level :

Overall noise, dBA = C.P.L. .. + 50 1oglo B - 201.5 (68)
£=3000
where C.P.L. = 20 log X P(f)
overall 10 £=700 =53
2x10 “N/m

and p(f) = pressure amplitude at
frequency f Hz
In Chapter 1 the relationship between the cylinder pressure spectrum
level and the initial peak rate of heat release was observed. Also it is
well established in the literature that the rate of pressure rise is

strongly related to the magnitude of combustion induced noise.

For the general case of a non-symmetrical triangular waveform it
can be shown that the level of the harmonic spectrum at 1000 Hz, bﬁ, is
proportional to the square of the rise rate of the waveform and the fourth

power of the repetition frequency (speed) or bn2 o (RPR)Z(N)4

where RPR = rise rate units /OC.A.

N = equivalent waveform speed rev/min

Thus if the waveform is considered to represent a cylinder pressure

diagram the cylinder pressure level at 1000 Hz, C'P'LIOOO’ is given by -

C.P.L.ygo @ 20 1og10 RPR + 40 log10 N (69)

Rate of pressure rise psi/OC.A.

with RPR

N = Engine speed psi/°C.A.
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Since the overall cylinder pressure level is directly related
to the level at 1000 Hz then the form of equation (69) provides a
suitable basis on which to plot the results of actual engine
measurements. A set of results, taken from a direct injection diesel
engine in both its normally aspirated and turbocharged forms is shown
in Figure 51. A general trend is found but with a fair degree of scatter.
This is because the actual frequency spectrum does not only depend on
the rate of pressure rise but also depends on peak pressure and the
acceleration of the pressure rise as well as the 'width' of the pressure
diagram. Despite this the relation between rate of pressure rise,
engine speed and overall cylinder pressure level is clear for this
engine and is ;

C.P.L. = 20 log;, RPR + 38.9 log,, N + 28 dB (70)

overall

where the speed index 3.89, represents
the average measured value

Thus the overall combustion induced noise of an engine with similar
combustion characteristics to this direct injection engine can be given
in terms of the engine bore, speed and rate of pressure rise by

substituting equation 70 in equation (68). Then :

Overall combustion induced noise at 1 m,

dBA = 20 log,, RPR + 38.9 log, ) N + 50 log,, B - 173.5 dB

B = Bore in m.m.
RPR = Rate of pressure rise psi/OC.A.
N = Engine speed rev/min

(71)
This relationship is illustrated in Figure 52 for a range of bore
sizes and two engine speeds. The effect of variation of rate of pressure
rise, within the practical limits of 30 to 150 psi/OC.A. is to vary the
noise level by some 14 dBA at constant speed and some 30 dBA together
with a speed increase from 1000 to 2500 rev/min. This large variation in
predicted noise is in general agreement with the measured results of

Figure 43 although it is based on the data from only one engine.
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If it is required to produce an engine with a particular noise level
then the relation (71) can be used to indicate the likely maximum rate of
pressure rise which could be used with a given engine bore and speed.
This relationship is shown in Figure 53 for a noise level of 100 dBA at
1 m. ard indicates that the allowable maximum rate of pressure rise
reduces rapidly as the engine bore size is increased. A similar trend
with increasing engine speed is shown. Since there is a relationship
between the rate of pressure rise and the initial peak of the heat
release rate then the relation between overall noise and rate of pressure
rise can be rewritten to contain the heat release rate peak instead of
rate of pressure rise. Thus the conclusions regarding rate of pressure
rise can be applied directly to the initial peak of heat release rate,

using the average relation

RPR = 1.633 IPHR + 4 (72)

IPHR = Initial peak of heat release

rate curve Btu/1b/°R

RPR = Rate of pressure rise psi/°C.A.

illustrated in Figure 54 and hence the overall combustion induced noise

at 1 m can be expressed as :

dBA = 20 log;(1.633 IPHR + 4) + 38.9 log;) N + 50 log,,

B -173.5 dB (73)

It must be remembered, of course, that these relationships are based

on the measured results from one direct injection diesel engine.

These general results can be useful during the initial design studies
for new engines but once the design has been firmed then more detailed
studies using the I.S.V.R. combustion model can be undertaken. The
results of such a study for engine A are summarised in Figure 55 in terms
of the predicted overall cylinder pressure level. This, of course, for
a given engine can be directly converted into a combustion induced
engine noise level by equation (68). However changes in noise level
(in dB) are the same as changes in overall cylinder pressure level for

a given engine and so the effects shown in Figure 55 can be read directly
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as noise level changes. For this engine the effect of swirl, initial

fuel temperature and air swirl ratio are small (2-3 dB) but the fuel spray
droplet size and gas temperature during preparation have large effects
(15-20 dB). The droplet size affects the amount of fuel prepared during
the delay period. Although individually the air swirl ratio has small
effect in practice the fuel Sauter Mean Diameter which can be used is
strongly related to the air swirl ratio by the combustion chamber design

and number of spray holes.

7. CONCLUSIONS

The concept of heat release in diesel engines is extremely useful
when studying the effect of combustion on diesel noise. In particular
there is a strong relationship between the initial peak rate of heat
release and the level of combustion induced noise, the noise increasing
as the peak increases. Since the maximum rate of pressure rise is also
related to the initial peak heat release rate then there is found to be
a general relationship between it and the level of combustion noise.

It is found that, for a given engine noise level (due to combustion),
there is a maximum rate of pressure rise associated with a particular
bore size and engine speed and that this maximum rate reduces rapidly

as the bore size increases.

In modelling the diesel combustion it is found that few models are
aimed at the prediction of the premixed burning stage in detail and
therefore the I.S.V.R. combustion model is put forward to fill this gap.
This model is a two zone model based on modified single droplet and
simplified jet theories and it assumes that the physical processes

such as atomisation, vaporisation and mixing control diesel combustion.
Using this model it is possible to predict the cylinder pressure

spectrum. In one-third octave bands an accuracy of ¥ 7 dB is found at

high frequency but the overall level can be predicted to within ¥ 2.5 dB.

Thus at present the predicted overall level is used to investigate
the effect of design parameters on engine noise. Design parameters which
are predicted as the main controlling features of combustion, from a
noise point of view, are the average fuel spray droplet size and the
temperature of the cylinder contents during the delay period. It is
quite clear that the use of rapid rates of fuel injection, as proposed

for reduced gaseous emissions, is detrimental to the design of low noise

diesel engines.
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APPENDIX A.1l.

Physical Propertics of Diesel Fuel

As indicated earlier in the report an altempt was made to obtain
eslimates of all required properties of fuel, fuel vapour and -cylinder gas
in terms of appropriate variables or curves being fitted to graphical forms

of data where necessary.

The pressure P, temperature T and fuel/air ratio, F, dependence

of these physical properties are shown in brackels.

Density of the Tuel
DenlL (TL) 0.037h41 - 0.00001360 1L (1b/cu.in),

Density of the fuel in the liquid state

n

as a function of fuel temperature, TL

(Ref.14, page 270).

liean Density of Cylinder Gas

0.001565 x P/Tm (1v/cu.in)

1

Denm (F,P,Tm)

Density of the cylinder gas as.a
function of cylinder temperature, Tm,
pressure, P and fucl/air ratio (refs. 19

and 14, page 43).

Mean Viscosity of the Cylinde

r
0.358 x 10"7 X o
(0.556 Tm + 124)

o
Las

Vism (Tm) (1b/in.scc)

]

= Viscosity of the cylinder gas (refs. 6 and
14, page 1508)

visL (TL) and Visv (TL) are the viscosities of the fuel in the liquid state
(from ref. 14, page 43) and in the vepour (cstimsted from ref.l4, page 56)

respectively.

Mean Specific Heat of the Cylinder Gas

Acpn (F, Tm) 0.2400 + 0.0000127 Tm (Btu/1b deg.F)

Specific heat of ilhe cylinder gas

(ref. 14),
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Specific Heat of Liquid Fuel

AcpL (TL)

0.1980 + 0.0000492 TL (Btu/1b deg.F)
specific heal of the fucl in the liquid

state (ref. 14, page 184)

Bpecific Heat of Fuel Vapour

AcpV (TL) = 0.2235 + 0.0002L6 TL (Btu/1b deg.F)
specific heat of the fuel in the vapour

state (ref.14, page 184)

Mean Thermal Conductivity of the Cylinder Cas

Aktm (F, Tm) 2.325 x 1070 & Acpm  (Btu/in sec deg.F)

thermal conductivity of the cylinder gas
(ref. 14, page 224)

- AktL (TL) and AktV (TL) are the thermal conductivitics of the fuel in
the liquid state and vapour state respectively (ref.14, pege 224 and
ARtV (TL) ¥ Visv (TL) x AcpV (T1)

Vapour Pressure of Fuel

AppL (TL) = 1.05 x 108/uxp.(9880/7L.) (1bf/sq.in)

vapour pressure of the fuel in the 1liquid

state (reference "6 and reference 14, page 285)

Latent leat of Vaporisation

n

Alatl (TL) = 4.20 [1340.0 - 7p|V-2Y (Btu/1b)

latent heat of vaporisation of fuel,

The only data avajlable for this Tunction was the linear expression
proposed in ref.l4 page 273, for fuel tenmperatures up to %00°F, For the
remainder of the temperature range, i.e. 4OOF - 880°F (850°F - critical
tenperature for the compound dodecanct 012H26)’ & parabola suggested by
ref.(43Li.eJAlatL? = constant x (Teritical - TL)|  shown above,

was fitted such that :

(a) it passes through AlatL (400CF) as given by ref. (14)

(b) AlatL (Teritical) = 0

(c) d%%%g%fv = 0 (eritical point)

AlatL=0
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Mean Diffusion Coefficicnt of Cylinder Gas

AD (Tm) = 0.508 x Vism x Tm (sq-in/sec)
= mean diffusion coefficient of cylinder
gas (reference 14)
According to ref.(20), NR_, NP, and NS, which are the droplet Reynolds,
Prandtl and Schmidt number should be evaluated on the basis of mean gas

vapour envelope properties, taken at temperature, Tm, as Tollows:

Mean Molecular Weight
R = (1 ~ AppL(TL)/2P;) Ma + (AppL (TL)/2Pp) Mf

Mean Density -
PT M

R Tm

Denm =

Mean Viscosity

Vism = (1 - AppL(TL)/2Py) Visa + (AppL(TL)/2Pg) Visf

Mean Thermal Conductivitly

Aktm = (1 - AppL (TL)2Pp)Akta + (AppL(TL)/QPT) Aktf

Mean Specific Heat

Acpm = (1 - AppL(1L)}/2P ) (M) Acpa + (ﬁPPLiELQQ(M£) Acpf
T " EPT 1

where

Ma and Mf

molecular weight of air and fuel respectively

Pp = total pressure .
R = universal gas constant

Becuuse PT >> AppL(TL) in most cases and since an exact molecular veight
of diesel fuel is unknown, it was decided nol to evaluate NR_, NP, and
Nsc as suggested by Ref.(20) but in terms of cylinder average properiics

as previovsly defined. Thus

Schmidt Number, Nbe

1

s, = Vism (Tm)/Denn(F,P,Tm) x ADvm (Im)
Prandtl Number, NF,
— Acpm (F,1n) . .
NP, = ¥ (F.Ta) ¥ Vism (Tm)
Reynolds Humber, NRe .
WR = D.drop x U drop x Denm (F,P,Tin)
e Vism (Cm) ‘
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Additional Fuel Data

For Dodecane, C12H?6’ which is assumed to be the principal

ingredient of diesel fuel, has the following properties:

Mean molecular weight = 170

Carbon content = 84.71%

Hydrogen content = 15.29%

Teriticay (thermodynam- 880°F = 1340°R (ref. i4,p.285)

ic eritical temperature)

Periticar (thermodynam- = 320 1bf/sq.in abs. (ref.l4, p.285)

ic critical pressure)

Stoichiometric oxygen

required (for complete
burning of 1 1b of
Dodecane)

3.4512598 1bs

Stoichiometric air

required = 1L4.940519 1bs
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APPENDIX A.2

Droplet Size - Distribution

According to Stirling's Theorem a probability -curve

or an error curve is represented by this equation:

y = K, Exp (-n%%°) (A.2.1)
A graphical representation of equation (A.2.1) is shown in Figure A.2.0.

Yy

Figure A.2.0: Probability
Curve

-X 0 X

Equation (A.2.1) is only meaningful if en error is defined as the deviation
of each measurement from the arithmetic mean. The value of y is mainly
influenced by the absolute mcasure or the modulus of precision, h. The
greater ithe magnitude of h, the less will be the magnitude of the deviation

of individual measurements from the arithmetic mean of the whole set.

Let Xy, XjsXps +e0 X be a serics of errors in ascending order of
magnitude from x, to x. Let the differences between the successive values
of x be equal. If x is an error, the probability of committing an error
between X, and x is the sum of the separate probabilities (the sum of

equations A.2.1). In other words :

P = K_Exp |( -0%x2) + (05 + ...
4 2.2
= KC E EXP (..h x ) (A.2.2)
X
[o]

Re-writing cquation (A.2.2) and allowing dx to denote the successive integrals

between any two limits x_ and x, thus

o
X

Kc 2.2 ( )
= = 2 ~hx A.2.3
P e Exp(~-h“x") dx

X
e}

In general, equation (A.2.3) becomes:
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K+
P o= = I Exp(-h°x°) dx (.2.4)

From the above equation, it is certain now that all the errors
are included belween the limits ** and since certainty is represented

by unity, then:
K [* K
Exp(-h®x?) dx = =2

% (A.2.5)

s

u
=

n

|
5131

or K =

Substituting for K, in equation (A. .1), then the same relation

is expressed in another form, namely

P =y = Exp (-h°x%) ax ‘ (A.2.6)

h_
/r
In fact, equation (A.2.6) or (A.2.1) is known as Gaussian Law of Errors

and dx represents the interval for any special case, between the successive

values of x; while x is the size of the error.

N.B. Pory (as already defined) is the probabilily of errors of
Observation between the magniludes x and x+dx. By this is meant the
ratio
Number of errors between x and x+dx
Total number of errors

:P:y,

Application of Gaussian Law of Errors io Diesel Spray

The actual diesel spray consists of small and large droplets

and in fact the experiments described in ref.(11) have shown that the dismucter
of ihe largest droplets is twice the mean diameter of the whole spray. In
view of this, nine droplet sizes as suggested by Whitehouse et al have been
considered. The mass of the lotal fuel in proportion to each droplet has

been assumed to follow a Gaussian distribution (or Gaussian Law of Errors),
with a standard deviation of 0.4 times the mean diameter. Equation (A.2.6)

could then be modified as followus:

h ald"r 2 2
; = — Up 4 - - A.2.
F(D.) . = |Exp{-n (D, « Dpy )Y an_ ( )
where Do and DAV are the initial diameter of the droplet size and the
mean average diamcter of the whole spray respectively and F(D,) is the mass

of each droplet sizec of diameter between D, end D +dD, injected.
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Processing equation {A.2.7) further, then

I F(D,) =I 9—; |pr{\-h( DAV?Q}I o = 1 (A.2.8)
or o
J |Exp (-n%(D - Ay)‘2}| o, = /7 /b (A.2.9)

The expressions on the left and on the right above are functions

of h only. Differentiating both sides with respect to h, then:

(-]
2 |; 2 2,1 _ 2
I -2h (D_-D,)° |Exp{-h"(D_-D,)“}dD = Vu/h (r.210
-00
Taking N ag the total mass of droplets, and since
h//?'Exp{—hg(D Dy }[ dD_ is the proportion that falls in the range
Do+dDo, then Nh I Exp {—h (D - AV)2}|dD° will be the actual mass that

. ./ . . .
falls in this rgnge. Multiply this by (Do— 2 and sum this over the

AV)
vhole range «~= 10 + w; this will give the sum of the sjuares of the
deviations from the mean, (zigma)z. Dividing this sum by N it follows

that

)2

Y 1| mn
(zigma) WJ,/_,T (Do“DAV |Exp(-h® (DD av) H 8,

- (A.221)
h @ . 2 2
— [ (Dg-D av) ILXP{—h (Dd-DAV) H o,
VT

)

With the aid of equation (A.2.10)

(zigma)® = 1/2n° (A.212)

Therefore, equation (A.2.7) becomes

FOD) = —N |Exp {-0.5(b_-D )2}/zigma2| a0 (A.213)
0 . i o AV
zlgma X Y2u

N is the total mass of the droplels (expressed as 100%); dD_ is the class
interval or width (i.e. f(DAV)) and zigma is the standard deviation. With

gigme % 0.4 x D,., equation (A.2.13) reduces to :

AV

F(D_) % 100 [Exp {-3.125 (D,-Dpy) Y2 | ap, (A2.1%)
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N.B. dD, in equation (A.2.14) is dimensionless, e.g. 0.2 or 0.3 because

0.4 DAV has been substituted for the value of zigma .

With the above equation, the distribution and mass of each

droplet size are as follows (see ref.5 also):

Table A.2.0 Droplet Mass Distribution

Droplet size

No. 1 2 3 4 5 6 T 8 9
Droplet size ., ., ()0 ooep 0.84,, 1.0D,, 1.2D,. 1.MD, . 1.6D,. 1.9D
diameter D, AV AvY %Py AV AV AV Way 1Oy 190,y

% Mass at

" diameter Dg 3.20 6.60 12.30 17.80 20.20 17.80 12.30 6.60 3.20

The atomisation cwrves for sprays from o single-hole orifice of
diameter 0.02in (0.508mm), injected at different. pressures in reference (47)
are shown in Figure A.2.1. 1In order to obtain these results, the spray
particles were collected on a smoked glass screen and certain zones were
examined under ihe microscope and the size of the globules measured and
the numbers counted. These experiments showed that with pressures above
2280 psi the largest percentage of fuel by volume consisted of particles
having a group mcan diamecter of 0.002in (851 microns), the actual quantity
rising from jusi under 20 per cent at a pressure of 2280 psi to 25 per cent
at pressures of 4160 and 5700 psi. Furthermorc, as the injection pressure is
increased from a low valuc, the spray tends to become finer and more uniform
until a certain injection pressure is é%tained, beyond which the influence of

pressure is less significant.

Comparing the results in Table (A.2.0) with those in Figure (A.2.1)
it will be noted that the assumed distribution lies betweon sprays injected
al 2280 and 4160 ypsi respectively. Thus, the assumed distiribution is
likely to be valid for most high speed automotive engines because their
injection prescures are generally within the above quoted range, although
8 multi-hole injector of smaller diameters, e.g. about 0.32mm, is used in most
cases. Finally, by compensciing for the conditions in the cylinder, for
instance, ihe cylinder temverature, densiiy, etc., though their magnitudes
are not stated in references {47, 19), it is firmly believed that the

assumed droplet size distribution is within practical limit.
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APPENDIX A.3

Calculation of the Total Fuel Injected

With measurements of injector interface (or fuel-line) pressures,

heedle 1ift and hence injection period, an instantaneous fuel flow rate,

30 cen be calculated on a step-by-step basis. Its swmmation over the

injection period gives the total fuel injected per cycle.

) o DO

<
\,
l

FIGURE A.3.0. A DIESEL INJECTOR

Dsh\}//(\

Therefore:

inni o . _ :
-3 = A, x Cgjg /ag(PinJ—Pg)‘DtﬁTL
wvilere
Cais = discharge coefficient
g = acceleration gravity v 980 nn/sec®
d8 = degree crank angle
Dy . = diameter of the discharge orifice
Pinj = fuel pressure at d@
pg = cylinder pressure at corresponding dg
DenflL = density of fuel
Dnb = diamecter of neecdle scat bore
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L, = needle lift
¢ = needle angle
A, = total effective areas of the discharge orifices

Neglecting the effect of temperature on Denfl and assuming its average

to be 0.825 gm/cm32 after simplification, equation (A.5.0 ) reduces to

aq. . ' 3
- _ = mm”
T 4.03 x A xV (Pinj P) % Cais |msec (A.3.1)
L, Ly, D, are expressed in (mm) respectively and Pipj and
Pg in (psi).

Given the engine speed, the total fuel injected per cycle in
terms of mm> or Btu/lb.Air can be determined from equation ( A.3.1). Also

the dischrage coefficient for the injector could be calculated as follows:

c - Total actual mass flow rate (estimated from S.F.C)
dis Total theorclical mass flow rate (A.3.2)

Where S.F.C. is the specific fuel consumption.

H.B. The following values were used in Tables (A.3.0 and A.3.1
19,500 Btu/lb (higher calorific value)
0.003230 1b.

[}

(a) fuel calorific value

n

{b) mass of air
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TABLE A.3.0 : INSTANTANEOUS FUEL INJECTED (ENGINE H)
AT 1200 rpm FL

aq. .
_E%_i = 22,4 x Cajg X Lnx(Pin5¥g)0-5 (4.3.3)
[} Needle 112 | Cylinder  [Fuel Pres., 0.5 dQ. . Fuel Input
No. AESC/BTDC L, (in) Pressure, P, Pinj(lbfé =%§ - 9" -7ﬁ§Ll (Btu/1b
(1bf/in2) in®} inj™g (mm2) Air/oca)
1 30.10 0.00054 230.00 0053.00 - - -
2 29.10 0.0005k 241.00 0093.00 - - -
3 28.10 0.00054 252,00 0097.00 - - -
4 27.00 0.00054 262.00 0360.00 9.900 0.11950C, . 0.9120
5 26.00 0.00054 | 272.00 0528.00 | 16.000 0.19350 M 1 k770
6 25,00 0.00054 284,00 0700.00 20,400 0.23600 " 1.8800
7 24,10 0.0005 296.00 0976.00 26.060 0.31500 " 2.4040
8 22.90 0.00054 307.00 0816.00 22.600 0.27300 " 2.0830
9 22.00 0.00054 321.00 0911.00 2k, 300 0.29400 " 2.2400
0 21.00 0.00103 333.00 1171.00 29.000 0.67000 " 5.11k0
20.00 0.00297 349.00 1582.00 35.170 2.3%00 " 17.8500
19.00 0.00502 359.00 1825.00 38.300 L.30000 " 32.8000
18.00 0.00571 373.00 1410.00 32,200 b,11500 " 31.4000
17.10 0.00617 387.00 1290.00 30.k000 L.20000 " 32.0500
16.00 0.00836 399.00 0880.00 21.930 k.10000 " 31.3000
15.00 0.00897 415,00 1211.00 28.200 5.65500 " 43,2500
1kh.00 0.00897 L27.00 1359.00 30.600 6.14000 " 4é.8000
13.00 0.00897 438,00 1889.00 38.100 7.65000 " 58.4000
12.00 0.00900 ks .00 1910.20 38.150 7.68000 " 58.6000
10.90 0.00900 489.00 2396.00 43,700 8.81700 " 67.4000
10.00 0.00900 513.00 1845.00 36.600 7.38000 " 56.4000
09.00 0.00900 544,00 2069.00 39.040 7.86000 " 60,1000
08.00 0.00893 579.00 2181.00 40.000 8.00000 " 61.1000
07.00 0.00893 617.00 2312.00 L1.200 8.23000 " 62.7500
05.90 0.00893 é43.00 2268.00 41,550 8.32000 " 53.5000
05.00 0.00893 634.00 1945.00 35.600 7.12500 " 54.4C00
ok.00 0.00894 717.00 1506.00 28.040 5.61500 " 42,8000
03.00 0.00894 762.00 0988.00 15.010 3.00000 " 22.9000
02.00 0.00888 787.00 0568.00 B - -
01.00 0.00870 818.00 0365.00 - - -
00.00 0.00754 833.00 0317.00 . . -
01.10 0.00411 859.00 0126.00 - - -
01.90 0.0005k 883.00 0345.00 - - -
02.90 0.00036 895.00 0353.00 - B -
_ Btu/
Totel fuel calculated = | 104.00 Cd' T94.00 1b.Ai8
C.. ~o.T = e
dis v 72.80mm3
e T — ]
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TABLE A.3.1 : INSTANTANEOUS FUEL INJECTED (ENGINE H)
AT 1800 rpm FL

a. .
—inj 5 1045
5 .93 x Cy; X L % (Pinj Pg) (a3.4)

[ Needle Lift,| Cylinder (Fuel Pres., 0.5 daqQ. . Fuel Input
BTS@/ATDC L (in) Pressure, Pinj(l?fé =?§. _Poi —E%Ei (Btu/1b
Pg(lbi‘/m in2) inj g (zm3) Air/OCA)
1 30.10 0.000450 217.00 112.00 - - -
2 29.10 0.000350 229.00 132.00 - - -
3 28.10 0.000450 237.00 322.00 9.220 | 0.0620C,. 0.4725
b 27.00 0.000450 246.00 636.00 19.800 |o0.1330 °** 1.01h0
5 26.00 0.000450 257.00 790.00 23.100 |0.1550 " 1.1800
6 25.10 0.000450 266.00 1074.00 28.400 |0.1920 " 1.4550
T 24,00 0.000L450 280.00 1422.00 33.800 |o0.2270 " 1.7300
8 23.00 0.000L450 291.00 1482.00 34.600 |0.2320 " 1.7700
9 22.00 0.000810 304.00 1760.00 37.4k00 | 0.4520 " 3.4500
10 21.00 0.002310 319.00 2002.00 h1.000 |21.4160 " 10.8000
11 19.90 0.005270 333.00 2050.00 b1.500 | 3.2660 " 23.0600
12 19.00 0.008220 346.00 2116.00 42,000 |5.1540 " 39.3500
18.00 0.009010 358.00 1874.00 38.900 |s5.2250 " 39.8000
17.00 0.008940 372.00 1622.00 35.400 [b,7200 " 36.0000
15.90 0.009010 385.00 1374.00 31.400 |[k4.2250 " 32.2000
15.00 0.009010 398.00 2050.00 40.650 |s.4150 " 41.7500
13.90 0.008970 412.00 1912.00 38.800 |5.2000 " 39.6500
13.00 0.008980 423.00 2492.00 45.550 | 6.1100 " 46.6000
12.00 0.008960 435,00 3484.00 55.100 |7.4000 " 56.4000
10.80 0.008980 450.00 4116.00 60.60C |8.15000 " 62.1660
10.00 0.008980 474.00 36686.00 57.600 | T.75000 " 59,0000
09.10 0.008980 506.00 36850.00 57.800 |T.76000 " £9.1800
08.00 0.009000 550.00 3654.00 55.600 | 7.46000 " 57.0000
07.00 0.009010 585.00 2550.00 bl.40o0 | 5.98000 " 15,6000
05.90 0.008940 647.00 2292.00 40.600 | 5.kocoo " 41.1600
05.00 0.008990 712.00 1790.00 32.600 | L.ko000 " 33.6000
0k4.co 0.008950 715.00 1500.00 28.000 | 3.7%000 " 28.5000
03.10 0.002810 772.00 1086.00 17.800 |2.3k000 " 17.8400
02.00 0.008810 798.00 0822.00 04.800 |0.63600 " 4 .8000
01.10 0.008820 829.00 0590.00 - - -
00.00 0.008210 854 .00 0374 .00 - - -
00.90 0.006830 861.00 0066.00 - - -
02.00 0.004860 864 .00 - - - -
03.10 0.002200 880.00 - - - -
ok.00 0.000170 887.00 - - - -
05.00 0.000640 895.00 - - - -
Total fuel calculated = |103.253C,; TBG.CCGtuél?
fiir
Cys 00 72.2771nn>
TSRS e
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APPENDIX A. 4

Local Oxygen-supply Factor

The local oxygen-supply factor, Flo~ at each step (crank angle

degree) can be calculated from equations (A.4.1) and (A.4.4). TFor instance:

Dropiet—
spray

Air swirl

Injector

Alr svirl ,
FIGURE A.4.0: A DEVELOPED SPRAY
the total volwne of air entrained, assuming momentum continuity (ref. 48)

is given by:

= Son - 3 tan?
Mxmi = Bpn /3 X tan“g (A.4.1)
vhere
{ = half cone angle and is given by tanec = 0.75 x lO~3 n (see
equation 50)
X = distance penetrated by spray tip (equation 48)
= nuaver of sprayas oles
Sn ber of sprays (holes)

For a typical modern diescl engine, the following data are within
design limits :
(a) fuel injection pressure, Pinj = 3500 psi
(b) fuel injection nozzle diameter, ¢, = 0.320 mm
(c) average cylinder pressure, Pg = 500 psi
(d) average cngine hore (for high specd diesel) = h.5in (i.e. ry = 2.25in)

(¢) average cylinder temperature, Tg = 149L°R.
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(f) swept volume = 60 cu.in

(g) air utilisation = 60%

(h) volumetric efficiency = 80%

(i) volume of air available for combustion (based on the above values),
Mgy = 28.80 cu.in (i.e. 60 x 60% x 80%)

(§) density ratio, n (based on Pg = 500 psi and Tg = 1494°R)
= 12.20

(k) SPn =L (in general)

With the aid of equation (48) and after substituting the above
values, together with the necessary algebra, X reduces to :

(a) X = 78t0-5 (A.4.2)

for %} = 0.320mm
and
(b) X = 91.5¢0°5 (A.4.3)
for &, = 0.45mm (typical of a single-hole injector)
where t is in seconds and X in inches.

The corresponding values of X are tabulated in Table A.4.0
Finally, Fioc 15 determined from equation (A.4.4) below for a 4-gpray hole

injector having a hole diameter of 0.320 mm. That is

oav ~ Muti

—

I‘loc
oay

Figure A.4.2 and Table A.4.0 show the variation of Floc with time.

It is to be noted that the volume of the instantaneous entrained
local air based on spray cones and Schweitzer's equation is in general
underestimated and must be modified to account for the air movement in the
cylinder, which continuously brings more air into contact with the fuel
droplet spray and thus enlarges their surface areas. As a result, a
variable multiplying factor was introduced as shown in Figure A.4.2. A
furve based on a multiplying factor of 1.5 gives an air entrainment that
is consistent with heat release curve and hence used in the heat release

model.
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TABLE A.4.0: INSTANTANEOUS VOLUME OF AIR ENTRAINED
1 2 3 L 5 6 7 8
Time, X = A= %.5 Muti 'A:ctual. Actual Actlual A%r Avail.
91.5 based on M4; (with M . M. (ie M . -
t(sces) '{81;0‘5 . {Col.2 Ellt}&ncation 1)Jci'JJ..’S xuiél.o ti) cz%t\éed
X(inches X(inches (cu.in) i consigderedfcu.in) {cu.in) | on Col.5
0.0000 0.000 0.000 | 0.0000 0.0000 0.0000 | 0.0000 28.8000
0.0001 0.780 0.915 | 0.0182 0.0182 0.0273 | 0.036k 28.7818
0.000k 1.560 1.830 | 0.1450 0.1450 0.2180 | 0.2900 28.6550
0.0008 2.200 2.580 | 0.4050 0.4050 0.6075 | 0.8100 28.3950
0.0012 2.700 3.160 | 0.7200 0.7200 1.0800 | 1.4ho00 28.0800
0.0016 3.120 3.660 | 1.1650 1.1650 1.7500 | 2.3300 27.6350
0.0020 3.480 4,080 | 1.6100 1.6100 2.4150 | 3.2200 27.1900
0.0024 3.820 k.45 | 2.1400 2.1400 3.2150 | k4.2800 26.6600
0.0028 4,120 4,840 | 2.6800 2.6800 4.0200 | 5.3600 26.1200
0.0032 L. 4oo 5.160 1| 3,2600 3.2600 4.9000 | 6.5200 25.5400
0.0036 4,680 5.490 | 3.9000 3.9000 5.8500 | 7.8000 24,2000
End of Injection. Spray conlinues as an expanding truncated conc
0.0040 4,915 5.760 | 4.5000 4.4818 G.7h00 | 8.9634 2k, 3182
0.00k) 5.160 6.055 | 5.2700 5.1250 7.7000 [10.2500 23.6750
0.0048 5.400 6.330 | 6.0L400 5.6350 8.4500 [11.2700 23.1650
0.0052 5.615 6.600 | 6.8000 6.0800 9.1400 }12,1600 22.7200
0.0056 5.830 6.850 | 7.5000 6.3350 9.5000 |12.6700 22.4650
0.0060 6.040 7.100 | 8.L000 6.7900  {10.2000 |13.5800 22.0100
0.006h 6.240 7.320 | 9.2000 7.0600 10.6000 |1hk.1200 21.7h00
0.0068 6.415 T.540 (10,1000 7.4600 J11.2000 |14.9200 21.3400
0.0072 6.600 T.750 111.0000 7.7T400  111.6000 |15.4800 21.0600
0.0076 6.790 7.950 112.0000 6.1000 [12.1500 [16.2000 20,7000
0.0080 6.960 8.175 (13.0000 8.5182 [12.8000 [17.0364 20.2818
0.0084 7.1h0 8.360 {1k4.0000 8.8750 [13.3000 |17.7500 19.9350
0.0083 7.300 8.560 |14.9000 9.2652 13,9000 |18.5300 19.535%0
0.0092 T7.460 8.750 |15.9000 9.8200 |1k.7300 |19.6h00 18.9800
0.0096 7.625 8.950 |[17.0000 10.6650 16,0000 |21.3300 18.1350
0.0100 7.800 9.150 [18.2000 11.4100 117.2000 |22.8200 17.3900
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TABLE A.4.0 (CONTINUED)
9 10 11 12 13
. Arr Availl. Air Avail.| F o F

i??iés) based on based on b&é@d on béé@ﬁ on b&éﬁﬁ on
CoL 6 Col.T Col. 8 Col. 9 Col. 10

0.0000 28,8000 28.8000 1.0000 1.0000 1.0000
0.0001 28.7727 28.7636 0.9998 0.9997 0.99965
0.0004 28.5820 28.5100 0.9950 0.9900 0.9890
0.0008 28.1925 27.9900 0.9850 0.9770 0.9700
0.0012 27.7200 27.3600 0.9750 0.9620 0.9500
0.0016 27.0500 26.4700 0.9557 0.9360 0.9190
0.0020 26.3850 25.58300 0.9430 0.9150 0.8875
0.0024 25.5850 21, .5200 0.9250 0.8870 0.8500
0.0028 2k, 7800 23.4400 0.9060 0.8600 0.8140
0.0032 23.9000 22.2800 0.8860 0.8300 0.7730
0.0036 22.9500 21.0000 0.8650 0.7970 0.7290

End of Injection. Spray continues as an expanding truncated

cone

0.00kL0 22.0600 19.836k 0.84kLo 0.7655 0.6880
0.00kl 21.1000 18.5500 0.8220 0.7320 0.6L40
0.0048 20.3500 17.5300 0.8030 0.7060 0.6080
0.0052 19.6600 16.6400 0.7880 0.6820 0.5775
0.0056 19.3000 16.1300 0.7800 0.6700 0.5600
0.0060 18.6000 15,2200 0.76L0 0.6450 0.5280
0.006k4 18.2000 14.6800 0.754k0 0.6220 0.5100
0.0068 17 .6000 13.8800 0.7h15 0.6100 0.4820
0.0072 17.2000 13.3200 0.7315 0.5965 0.4620
0.0076 16.6500 12.6000 0.7180 0.5775 0.4370
0.0080 16.0000 11.7636 0.70L0 0.5550 0.4080
0.0084 15.5000 11.0500 0.6920 0.5380 0.3840
0.0088 14,9000 10.2700 0.6780 0.5165 G.356h
0.0092 14.0700 9.1600 0.6585 0.4880 0.3180
0.0096 12.8000 T.4700 0.6300 0.44L0 0.2593
0.0100 11.7000 5.9800 0.6030 0.4055 0.2080
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APPENDIX A.6

An Estimate of Dboth the Physical and Chemical Ignition Delay Periods

The aim of this exercise is partly to compare the iéﬁition delay
periods calculated using Wolfer's and Tsao's empirical formulae (i.e.
equations 66 and 67 respectively) with experimental data., Results are
shown in Table A.6.0 below.and Figure Lo,
TABLE A.6.0 CALCULATED AND MEASURED IGNITION DELAY PERIOD

For Engine I

Engine Av.Cylinder Av.Cylinder Experimen'l

Lyn's

1 !

Speed Pressgre Temperature Delay Wolfer's Tsao's Analysis
(rpm) (p.s.i) ‘(oR) Period(°cA) (oca) (°ca) (oca)
2800 565.0 1440.0 13.33k40 13.800 -19.80 13.4ko
2500 565.0 14ko.0 12.500 12.100 - 9.100 13.100
2000 470.0 1320.0 13.930 14.500 6.500 12.000
1000 520.0 1300.0 T.500 7.830 15.750  T7.500

For Engine H

Engine Av.Cylinder Av.Cylinder Experimen'l ' . Lyn's

Speed Pressure Temperature Delay Wolfer's Tsao's Analysis
(xrpm) (p.s.i) (oR) Period(°ca) (°ca) (°ca) (och)
1800 k23.00 1365.00 11.250 11.200 9.500 11.960
1200 L27.00 1410.00 9.250 6.100 13.900 10.500
1000 L27.00 1410.00 9.250 5.100 14,000 9.250
800 - - 8.750 - - T.720

As noted in Table A. 6.0 above, Wolfer's equation is more accurate
than Tsao's, Perhaps more important, the latter's equation becomes negative
at any engine speed above 2000 rpm according to the above analysis. This
suggests that Tsao's equation is not widely applicable.

On the other hand, Lyn's experimental observation (ref.31) that as
the engine speed is doubled (in the 1000-2000 rpm range), the delay is
reduced by approximately 20 per cent (of which half is due to increase
in compression temperature and half due to increase in injection pressure) is
well in agreement with the experimental data presented above. Hence, the
ignition data were calculated from Wolfer's equation and compared with the
experimental values (and Lyn's estimates) before final use in the heat
release model.
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APPENDIX A.7

Report of Inventions

A diligent review of the work performed under this contract has reveale
no innovations, discoveries, or inventions at this time. In addition, all
methodologies employed are available in the open literature. However, an
improvement model is provided for the prediction of combustion induced noise
based on physical combustion parameters as a function of pressure rise, spe

and bore.
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