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SUMMARY

In the present investigation a new phenomenological model
for Quiescent and Swirl Type Direct Injection Diesel Engines
has been developed.

The model enables prediction of engine cylinder pressure,
fuel injection and evaporation rates, air entrainment rate into
fuel sprays, heat release rate, heat transfer and mean cylinder
gas temperatures and exhaust smoke level.

A soot model is proposed based on chemical kinetics and a
turbulent mixing rate concept. The model predictions are veri-
fied with several experimental data.

The predictions are made over a range of engine speed, load, -
injection timing, boost pressure and intake swirl level.

Comparison with available engine experiments is in general
good.
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NOTATION

Area
Total cylinder surface area
Nozzle orifice area

Half width
Transfer number

Concentration

Nozzle orifice discharge coefficient
Fuel cetane number

Thermal capacity

Cylinder bore

Nozzle orifice diameter

Nozzle orifice equivalent diameter
Droplet diameter

Normalised droplet diameter

Activation energy

Mass concentration of fuel, mixture fraction

Mass transfer conductance
Momentum

Distance of wall from the nozzle
Enthalpy of vaporisation

Instantaneous heat transfer coefficient

Enthalpy of reaction
Momentum flux

Specific kinetic energy

iv

(m2)

(kg/m3)
(-)
{(-)
(J/kg K)
(m)
(m)
(m)
(m)
(-)

(J/kg mole)
(-)

(kg/m?s)
(kg m/s)

(m)
(J/kg)

(W/m2K)
(J/kg)

(kg/ms)

(m?/s2)



SR

SMD

Stroke
Connecting rod length

Mass

Molecular weight
Mass flow rate
Mass transfer rate

Available air mass at the end of injection

Number of holes in the nozzle; nuclei concen-

tration of soot

Engine speed;

particle concentration of soot
Number of droplets

Nusselt Number

Cylinder pressure

Pressure drop across nozzle orifice
Partial pressure of fuel

Partial pressure of oxygen

Prandtl Number

Surface reaction rate
Fuel injection rate
Heat release

Heat transfer rate

Radius
Gas constant

Universal gas constant (= 8314.3 J/kg mole K)

Stoichiometric constant
Spray penetration

Swirl ratio

Wall jet penetration
Sauter Mean Diameter

(m)
(m)

(kg)

(kg/kg mole)
(kg/s)
(kg/m2s)
(kg)

(rpm)
(part/m3s)

(pa)
(Pa)
(Pa)
(Pa)

(kg/m?s)
(m3/s)
(J)
(J/s)

(m)
(J/kg K)

(-)
(m)
(-)
(m)
(m)
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Time

Time interval
Temperature

Datum temperature

Internal energy
Velocity

Jet velocity

Volume

Cumulative volume fraction
Clearance volume

Volumetric fuel delivery per stroke
Volume of fuel injected

Mean piston speed

Swept Volume

Mass fraction

Normalised radial position
Distance of impingement point from the wal]

Impingement distance

Energy dissipation rate

Crank position

Injection period

Kinematic viscosity

Angular velocity

Density

Mixing time

Fuel vapour-air ratio, equivalence ratio

(s)
(s)
(K)
(K)

(J/kg)
(m/s)

(m/s)

(m)

(m2/s3)
(-)
(°ch)
(m2/s)
{rad/s)
(m /s)
(s)

vi
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SUBSCRIPTS

The following subscripts pertain to:

a air
ac air consumption during combustion
ak air entrained into the spray
as,, air in the surrounding
ch condition of the engine cylinder charge
cr condition at critical point
evo exhaust valve opening
f fuel, formation of soot
fe, liquid fuel
fu unburnt fuel
fb burnt fuel
fv,v fuel vapour
G conditions in bulk air in the engine
h heat transfer
inj injection
J.jet jet
m Jjet centre line, mass transfer
n normal
net net values
0 oxidation, orifice conditions
02 oxygen
soot
S conditions at the droplet surface
st stoichiometric condition
S, swirl
t " total or mixture condition, tangential
vb fuel vapour burned

W wall
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CHAPTER 1

MATHEMATICAL MODELLING OF DIESEL ENGINES -
GENERAL DISCUSSION AND LITERATURE SURVEY

1.1 Introduction

The Diesel engine because of its high compression ratio and
unthrottied mode of operation, is unrivalled as a power source for
heavy duty vehicles and stationary applications in terms of fuel

economy .

Intense development at the present time in the 1light duty
Direct Injection Diesel engine field is aimed at improving the
speed range of these engines, their smoke 1imited maximum power
output, and reducing combustion generated noise. Wide application -
of the light duty Diesel engine in the automotive market is immi-
nent.

Diesel engine combustion systems are divided into direct and
indirect injection types. Higher air fuel mixing rates in the
indirect injection engine gives it a wider operating speed range
than the direct injection engine, however the increased heat trans-
fer and delayed heat release in relation to top dead centre (due to
the transfer port) result in a fuel consumption penalty relative
to the direct injection engine. However, the gaseous emissions
characteristic of the direct injection engine are generally inferior
to its indirect injection counterpart,

1.2 Quiescent and Swirl Type Engines

For efficient running of diesel engines, an ideal requirement
is the rapid injection and mixing of injected fuel with the air in
the combustion chamber. These requirements affect combustion chamber
design. Based on combustion chamber configuration, diesel engines are
classed as either Quiescent or Swirl type.



Quiescent chamber engines are at one extreme where combustion
is controlled by the fuel injection process. These include large
engines used in industrial or marine applications, where engine
speed is low and therefore sufficient time is available for mixing.
Also, fuel consumption rather than maximum power tends to be impor-
tant so that a large amount of excess air is acceptable to effect
complete combustion. The combustion chamber is usually compact
with minimal surface to volume ratio and is shallow dish shaped,
Because the injection process controls the air fuel mixing, the
fuel injector nozzle is configured to have the largest number of
holes compatible with low maintenance in service and efficient
combustion {no interaction between adjacent sprays).

The use of very high line pressures (greater than 600 bars)
together with smail hole sizes (0.3 mm) are required for ideal per-
formance. However, this imposes severe mechanical stresses on the
injection system,

On the other hand, air motion can be used with the injection pro-
cess to further enhance mixing. This permits the use of lower injec-
tion pressures and hence reduced cost of the injection system. This
idea is taken to the limit with indirect injection Diesel engines
where, in effect, a single orifice pintle type nozzle is used with
fuel pressures of the order of 300 bars. Enhanced fuel air mixing
can be attained by using 'Air Swirl' and 'Squish'. Air swirl is
induced by the flow geometry of the inlet port and enhanced by the
conservation of momentum through the combustion chamber bowl, during
the compression stroke. Also, in the engine, this primary motion
compounds with the 'squish' arising from the radial component of the
flow by transferring the fluid from the outer cylinder into the
combustion chamber, as the piston approaches top dead centre on the
compression stroke.

Small high speed engines used in automotive applications require
a high degree of air motion. In indirect injection or direct injection



engines with high swirl the air motion and fuel injection charac-
teristics are matched to yield the desired rate of pressure rise,
Swirl engines need a smaller total hole area, leading to fewer
holes, compared with the quiescent type engine. The advantages
of swirl induced air motion have been achieved at the cost of a
loss in volumetric efficiency and increased heat transfer from
cylinder walls. However greater research and development effort
is now aimed at a better understanding of the intake port flow
behaviour and losses, and in reducing cylinder heat transfer by
better design and the use of thermal shielding, by employing cera~
mic coatings on heads and pistons.

1.3 Mathematical Modelling of Engines

1.3.1 Importance of Modelling

In an overview of engine combustion modelling, Heywood (1)
summarizes the three important phases of modelling as:

i) Model development through an analysis of the individual pro-
cesses which are linked together in the engine operating cycle.

ii) Exploratory use of the model, its validation, and studies of
sensitivity of model predictions to initial assumptions.

iii) Use of the model in extensive parametric studies which examine
the effects of changes in engine operating and design parame-
ters on performance, efficiency and emissions.

In the past few years, diesel engine combustion modelling has
attracted many research workers (2-20), however the description of
the diesel engine combustion process seems incomplete. The hetero-
geneous mixture condition and the transient nature of the in-cylinder
processes pose major problems in the development of suitable models,



1.3.2 Types of Model

There are two broad approaches to diesel engine combustion
modelling - multi-dimensional models and phenomenological models.
The former require detailed finite difference formulations of mass,
momentum and energy conservation, applied to the cylinder charge
and the injected fuel along with mathematical descriptions of the
turbulent energy state and chemical state of the system. Solution
yields an equally detailed set of information about the combustion
process such as spatial and temporal distributions of velocity,
temperature, and species concentration,

Phenomenological modelling on the other hand is formulated
around empirical or simplified quasi-steady equations describing
the individual processes of fuel injection, atomisation and drop-
let distribution, air entrainment, mixing, combustion and heat trans-
fer. The simplified equations are often characterised by controlling
parameters derived from engine design and operating variables. The
simplified process equations are arrived at from engine experiments,
and also from more fundamental theoretical and experimental studies
of particular processes, for example, jet entrainment and mixing.

Following the classifications of Bracco (2), phenomenological
models can be placed in two categories - zero-dimensional models and
quasi~dimensional models. These models are based on thermodynamic
analysis of engine cylinder contents and empirical or semi-empirical
process descriptions. In the zero-dimensional models the details of
the combustion process are fixed as an input to the calculation in
the form of a burning rate law while in quaéi-dimensiona1 model s
attempts are made to couple the combustion process with the condi-~
tions inside the engine cylinder.

Apart from these two types, there are many other ways of
classifying diesel models. This is illustrated in Figure 1.1 and
will be used in the literature survey to follow.




1.4 Salient Features and Discussion of the Literature Pertaining
to Mathematical Models of the Diesel Engine

It is of importance to describe the salient details of multi-
dimensional and phenomenological models existing in the literature.
Multi-dimensional models are useful where details of engine geo-
metry and flow are essential. The coupling of the air motion and
injected fuel droplets is an essential feature of these models.
They are two- or three-dimensional in nature. However, because of
the greater complexity of three-dimensional models and their higher
cost, the two-dimensional approach is preferred for assessing the
accuracy of computational methods. There are only a few multi-
dimensional models (2-5) available in the Titerature. At this
stage, they are explorative in use and are less suited for quanti-
tative parametric studies. However, the following discussion is
focussed on the literature pertaining to Direct Injection diesel
engine models, and phenomenological models are elaborated on in
detail because of their attractiveness as a development tool,
through much smaller demands on computational time and facilities.

1.4.1 Phenomenological Models

The apt description of the physical and chemical processes
affecting diesel engine combustion is the essence of the phenomen-
ological model. Modelling studies in the Titerature, can be placed
into two categories. Those concerning fundamental non-engine studies
to describe processes such as atomisation, penetration, evaporation,
mixing, auto-ignition, and spray combustion fall in the first category.
The second category includes fundamental studies basedon the actual in
cylinder engine processes. Therefore, the fundamental non-engine studies
will always be of interest in the development of better phenomenological
models. In fact, multi-dimensional models also need phenomenological
descriptions of some processes such as turbulence, heat transfer and
chemical kinetics.




Central to the phenomenological model is the analysis of
the first law of thermodynamics. These models are either zero-
or quasi-dimensional, expressed as an ordinary differential equa-
tion in terms of time as an independent variable. A model with
more than one independent variable is made up of partial differen-
tial equations. The most general model has four independent
variables: time and three space coordinates. The dropping of
one or two space coordinates through assumptions of planar symme-
try introduces two- or one-dimensionality in the model. An arbi-
trary relationship between space and time variables through geome-
tric consideration make them pseudo-dimensional in nature,

The early models (6-9) were zero-dimensional in description.
They were mainly concerned with basic cycle thermodynamics for
evaluating performance as a function of engine operating conditions.
The homogeneous mixture condition, thermodynamic equilibrium and
absence of flow characterization were the basic assumptioné used.
One of the major drawbacks of such models is the need for 'a priori'
specification of the fuel burning rate. An assumption of satisfac-
tory mixing is inbuilt in a zero-dimensional model. Therefore, the
situation of poor mixing and pollutant formation cannot be covered
by these models,

Later models (10-20) dealt in greater detail with the hetero-
geneity of the mixture, and the flow characteristics of the fluid
inside the engine cylinder, which are essential for emission
predictions. The inclusion of fuel spray and swirl motion brought
one- or two-dimensionality into the models. However, simplifieﬂ
assumptions were made such as: conical configuration of the fuel
spray, calculation of air entrainment based on spray penetration,
droplet evaporation based on isolated droplet behaviour, charac-
terisation of turbulent air-fuel mixing, solid body rotation for
describing swirl flow, and calculation of burning rate in terms of
local air fuel mixture conditions. In the literature survey to
follow, these assumptions will be examined in some detail.




1.4.2 Description of Various Models from the Literature

A 1ist of useful models available from the 1iterature for
direct injection diesel engines is given in Table 1.17.

In a very early attempt at phenomenological modelling Lyn (6)
established a relationship between the fuel injection rate and
the burning rate in a diesel engine assuming uniform mixture
condition in the engine cylinder. A schematic of such a relation-
éhip is shown in Figure 1.2. A triangular heat release pattern is
related to the various packets of injected fuel quantity obtained
from needle 1ift data. '

For the first element of fuel injected, this procedure con-
sidered an arbitrary base of the triangle equal to 30° crank angles
(approximately 3 to 5 percentof the total cycle duration). The
height of the triangle was obtained from consideration of equal
areas under fuel injection and burning rate curves. For subsequent
fuel elements, the burning time (that is, the base of the triangle)
was increased by 3% crank angle per degree after beginning of injec-
tion. This criterion was suggested in their work (21) on an empiri-
cal basis from tests data obtained from a single cylinder direct
injection engine.

The fuel packets injected during ignition delay give rise to the
first peak in the heat release diagram. Lyn suggested that the total
combustion process occurs in three stages as shown in Figure 1.3.
From his experiments, he found that the diesel combustion process
is very insensitiﬁe to the cylinder temperature. It is the mixing
process that plays a dominant role. Lyn's burning rate law formed
the basis of many subsequent diesel engine models (7,14).

In general, zero-dimensional or thermodynamic models require
the foliowing set of equations:



TABLE 1.1

List of Phenomenological Models of Direct Injection Diesel Engines
in Chronological Order

Author(s) Year Purpose Concept used
1 WTLyn 1963 Heat release Burning rate law
2 G L Borman 1964 Performance The rmodynamic
cycle simulation
3 N D Whitehouse | 1969- Heat release Single-zone burning
and R Way 1970 law
4 J Shipinski 1969- Heat release Single droplet,
P S Myers and 1970 spray burning
0 A Uyehara
5 D Adler and 1969~ Evaporation Quasi-steady inte-
W T Lyn 1970 and mixing gral approach
6 HC Grigg and 1969- Heat release Fuel-spay air-
M H Syed 1970 entrainment
7 E K Bastress 1971 Performance Thermodynamic
KM Chng and analysis with
and D M Dix Nitric oxide empirical rate
processes
8 I M Khan 1971 Nitric oxide Spray mixing
G Greeves and and Soot
D M Probert
9 S M Shahed 1873 Nitric oxide Burning rate law
W S Chiu and
VS Yumlu
10 N D Whitehouse | 1974 Heat release Two-zone spray
and B K Sareen- mixing
11 S M Shahed 1975 Combustion Spray mixing
WS Chiu and and
W T Lyn Nitric oxide
12 D Hodgetts 1975 Nitric oxide Multi-zone spray
and H D Shroff mixing
13 H Hiroyasu and| 1976 Combustion Intermittent
T Kadota Nitric oxide spray mixing
and Soot

/Continued...




Author(s) Year Purpose Concept Used
14 C J Kau 1976 Heat release Spray mixing

T J Tyson Nitric oxide

and M P Heap and Soot
15 M Meguerdichian|1978 Heat release Multi-zone

and N Watson

spray mixing
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i) Conservation of energy

i1) Conservation of mass

iii) Conservation of momentum

iv) Equation of state for the working fluid
v) Composition equations

Ideally, the solution of these equations with certain assump-
tions seems very attractive for engine simulation work. In a real
situation, the description of processes such as mass transfer and
heat transfer, and their unsteadiness have to be considered. This
leads to the need to solve many additional equations for complete
and accurate results.

Borman's work (7) is typical of thermodynamic cycle calculation
in the diesel engine. He attempted the complete mathematical simu-
lationof the diesel engine by coupling equations describing the '
thermal and flow behaviour during changes in the engine cycle.

He assumed a homogeneous mixture condition, presented a rigorous

heat transfer analysis, and accounted for unsteady flow conditions

and dissociation in his calculation. In a way, he used Lyn's approach
for heat release calculations, but it was based on experimental pres-
sure time diagrams. In the subsequent literature, the procedure of
obtaining the heat release diagram from the experimental pressure
trace utilized by Borman was termed the 'apparent heat release rate'
method. The analysis includes heat transfer and dissociation effects.
McAulay et al (22) have presented comprehensive results on engine
performance from this model.

- Arguing that'Lyn's burning rate law does not account for
oxygen availability in the engine cylinder, Whitehouse and Way (8)
developed a semi-empirical formula for calculating heat release
rate in turbocharged direct injection engines.

The generalized forms of their fuel preparation rate (P) and
reaction rate (R) equations are:
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where Mi is the mass of fuel injected up to the time under consi-
deration, Mu is the amount of fuel available for preparation, Pos
is the partial pressure of oxygen, N is the engine speed, T is
temperature, d6 is crank interval, and K, K', x, m and A are
various constants. The authors have published values of these con-
stants for specific engines.

The assumption of single droplet behaviour is implicit in
their constants in equation (1.1). Figure 1.4 illustrates the
results from this model. A single zone model such as those consi-
dered cannot indicate the effect of air fuel mixing on the combus-
tion process since it assumes that a single constant controls this
process for all engine conditions. Therefore, the prediction of
maximum power and emission is not possible.

Shipinski et al (9) utilized single droplet behaviour in their
spray burning model. Since their approach did not account for
mixing controlled combustion, they used an empirical spray burning
coefficient (CE). This 1is given by:

n
Ce = oy (1.3)

where m and n are the constants determined from experiments. These
constants show the effect of the engine configuration and the con-
ditions inside the engine cylinder on the burning rate.

The one-dimensional model of Adler and Lyn (10) is developed
on the basis that transient jet phenomenon can be described by
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steady-state conditions, by treating an elemental section of the
spray as a quasi-solid body under equilibrium of the inertia and
drag forces in the flow field {see Figure 1.5). The equations

of continuity, momentum, energy, and diffusion are applied to a
differential volume element of the spray. This first attempt,
however, was limited to a simple solution of complicated equations
for evaporation and mixing processes only. For this purpose, the
authors adopted concepts such as equivalent velocity, equivalent
temperature, an evaporation function and similarity profiles for
solving integral equations. The approximations of rectangular spray
cross-section, the arbitrary value of the deflection coefficient
representing the gas forces on the spray, and the determination of
drag coefficient from the analysis of droplets as solid spheresin
clouds were used in their work. These assumptions are simple and
far from the real situation. No results regarding effect of combus-
tion are available from the analysis.

Breaking away from the conventional droplet burning approach,
Grigg and Syed (11) proposed a model based on the process of air
entrainment into the fuel sprays. They assumed two types of spray
geometry - conical and doughnut shapes (see Figure 1.6). The air
entrainment was computed from Schweitzer's penetration (23) equation.
The turbulent mixing in the fuel sprays, and chemical kinetic con-
trolled burning rate in geometrically similar jets were considered.
The values of the diffusivity coefficient in turbulent mixing and
the steric factor in the Arrhenius type burning rate equations nee-
ded adjustment to match the experimental results. The effect of
evaporation of drob]ets was implicit in the constants., They found
that the first peak of the heat release diagram is controlled by
chemical kinetics due to low temperatures during delay period.

After that the air entrainment and turbulent mixing are the control-
ling factors. Both conical plumes and doughnut models calculated
similar entrainment rates (see Figure 1.7). This looks a surprising
coincidence which the authors could not explain. The air entrainment
was found inadequate in case of naturally aspirated engines (see
Figure 1.8).
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Other one-dimensional models for direct injection diesel
engines include:

i) NREC model (Bastress et al (12))
ii} CAV model (Khan et al (13))
i17) Cummins model (Shahed et al (14,16))
iv) Two-zone model of Whitehouse and Sareen (15)

The NREC model described six parameters controlling the impor-
tant engine processes, namely, injection, evaporation, ignition,
mixture formation and dilution, heat release, and heat transfer.
The parameters are provided as input to the model and need adjust-
ment with experiments. They are not in any way related to the
controlling physical processes. This model, therefore, remains
difficult to use in practice.

The CAV model 1is based on the fuel spray model of Grigg and
Syed (11). It considers the fuel spray as a gaseous‘jet. Two
empirical constants termed diffusion constant and entrainment ratio
are used in the model to calcuiate the fuel preparation-burning
rate and the effect of swirl on the air entrainment respectively.
The model considered the wall impingement in an unconfined manner
and neglected the cross flow effects of air swirl. At any instant
the jet geometry is divided into four zones as shown in Figure 1.9,
These are:

i) the surrounding air zone
ii} the entrainment zone
iii) the intense reaction and products zone (the heat release and
NOx-formation zone) |
iv) the fuel rich zone (soot formation zone).

The Zeldovich mechanism is used to predict nitric oxide forma-
tion in the intense reaction zone where high temperature favours




its formation. The soot formation in the rich zone is based on

an Arrhenius type equation involving an equivalence ratio func-
tion. Results of nitric oxide and soot predictions (24) obtained
from this model for varying injection timing and fuelling levels

are shown in Figures 1.10 and 1.11. The nitric oxide results are reason-
able while soot-predictions show considerable scatter (Figure 1.12).
.The poor predictability for the effect of load, speed and inlet
temperature using this model is confirmed by Wilson and Waldman et al
(25). Blumberg et al (26) pointed out a possibility of some inhe-
rent difficulty in the soot results of the CAV model. The soot burn
up calculations of the model showed no-alteration in the overail
trends of soot formation results, despite the soot combustion being
shown to be about half of the formation (see Figure 1.13). The
decrease in temperature and partial pressure in the soot combustion
region during the expansion period with increasing coagulation.
diameter of soot particles is probably a reason for constant com-
bustion rate of soot in the model.

The calculation of local equivalence ratio stratification
in the regions of soot formation and nitric oxide formation is
chosen in a very artificial manner as:

15 (X - x X
¢soot - Zi -a) X (1.4)

- 15 x! (1.5)

where X is the quantity of fuel injected, x is the fuel prepared
for heat release, x' is the fuel burned, A is the mass of air
entrainment, a is the air consumed and Ma is the micromixed air.

The temperatures in these regions are approximated as the
thermodynamic mean temperature in the whoie jet for the soot cal-

14
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culation, and the equilibrium temperature calculated from the
heat release for nitric oxide evaluation.

The micromixing is based on the molecular diffusion constant
rather than any fundamental mixing length criterion. These cal-
culation procedures and the absence of a proper account of heat
losses from the heat release zone may be the contributing factors
in the variability of the results. However, the model shows the

correct trends.

The chemical kinetically controlled combustion assumption of
Grigg and Syed (11) during the early phase of combustion was
adopted by Khan et al.

The Cummins model was developed in two stages: preliminary
model (14) and spray-mixing model (16)}. The preliminary model is
empirical in nature due to the use of Lyn's burning rate law
approach. Subsequently the model has been improved by describing
the spray mixing process using turbulent jet theory. The gaseous
jet assumption was used but the effect of wall impingement was
neglected. The parameters defining the jet were obtained from
extensive combustion bomb experiments conducted at elevated pressures
with and without swirl. The model schematic is shown in Figure 1.14.
The burning zones Bi’ limited to a maximum value of ten and bounded
by lean and rich limits of combustion 0.3 < ¢ < 3, appear progres-
sively between air zone A and fuel core region C during the combus-
tion period. The assumptions of stoichiometric combustion, the local
equilibrium of burned mixture and continuous dilution of burning
" zones are used in the model. The various thermodynamic parameters
and the performance are evaluated using conservation equations.

The results concerning performance and nitric oxide predictions

are shown in Figures 1.15 and 1.16, Figure 1.17 shows the effects
of injector hole size and air swirl on these predictions. The per-
formance results show good agreement while the nitric-oxide predic-
tions were less accurate, differing by a factor of two. However,
the results showing the effect of injector hole size, and air swirl
agreed well with experiments.
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Four recent studies have introduced two-dimensiona]ity‘in
the description of spray behaviour in diesel models.

Hodgetts and Shroff (17) showed the need for more than two
zones to predict nitric oxide emissions. They found that the two
zone approach is adequate only at full load conditions, but at
part load, results are not consistent until at least ten zones
are considered. This is because at part load air fuel mixing
characterization is critical for combustion calculatien, In their
multi-zone two-dimensional model the temporal history of tempera-
ture, equivalence ratio and air entrainment are considered for
each zone, as shown in Figure 1.18. They modified the preparation
rate equation from Whitehouse et al (8) by introducing a turbulence
factor. The burning rate is controlled by an exponential type
equation suggested by Whitehouse et al (8). The jet structure follo-
wed from a quasi-steady analysis using the penetration equation
given by 0z (28). Contrary to intuition, this work and the work of
Whitehouse and Sareen (15) showed a reduction in the air entrain-
ment rate in the wall region. This is explained by reduction in
penetration length due to increase in thickness of annular region
occupied by the burning zone outside the jet.

Using an axisymmetric spray with 400 isolated packages, Hiroyasu
and Kadota (18) developed an intermittent spray-combustion model.
They described all major physical processes concerning diesel com-
bustion through their own correlations developed over a period of
time and summarized in reference (29). Axial division of the spray
coincides with the location of the fuel elements injected during
each specified interval of time. The radial division is based on
equal solid angles with their vertices at the nozzle orifice. A
schematic of their model is shown in Figure 1.19. In the spray, each
small isolated zone consisted of Tliquid fuel, fuel vapour and air.
The droplet evaporation is calculated by means of a single droplet
analysis and stoichiometric combustion is assumed after the delay
period. The mixing between zones, and jet impingement on the wall
is neglected. The assumption of adiabatic compression (or expansion)
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is used to calculate local temperatures from the original burning
temperature of the zone. Therefore, the heat transfer calculation

between zones is of no consequence, Overall heat transfer obtained
from Woschni's equation (30) is applied in the energy balance so

as to arrive at the engine cylinder pressure diagram. Good agree-
ment is reported between computed and experimental pressure time
diagrams at different operating conditions.

This model has been used to predict nitric oxide soot and
C0 emissions. NOx calculations were carried out using the Zeldo-
vich mechanism. The net soot concentration in the exhaust is com-
puted from the difference of soot formation and combustion rates.
The formation rate is based on an Arrhenius type equation by con-
sidering liquid and vapour phase pyrolysis. Soot combustion is
handled by using the equation of Lee et al {(31). Both these rate
equations needed empirical constants to be adjusted from engine
experiments based on exhaust soot level. CO emissions were cal-
culated by assuming instantaneous equilibrium in each zone. A
comparison of predicted and experimental results for exhaust emis-
sions are shown in Figure 1.20 for variations in injection timing
and engine speed respectively. Nitric oxide concentration is over-
predicted from the model. The CO and soot predictions appear rea-
sonable for the injection timings used. However, soot concentration
decreased with speed unlike the experimental results.

The Ultrasystems model was developed in two stages. The first
stage carried out by Wilson et al (25), was mainly concerned with
engine development work and produced data for pollutant formation
studies. A basis for detailed modelling was established by follo-
wing four activities: ‘

i) Emission data were correlated with engine parameters.
ii)} Existing models were then assessed.
iii1) A model of heat release was outlined.
iv) High speed photographic studies were undertaken in a pre-chamber
engine to determine combustion development.
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Exhaust measurements of NO, soot and hydrocarbons were made
on a single cylinder diesel engine. In addition to confirming
the effects of air-fuel ratio and injection timing, the effect
of engine geometry, mixing parameters {orifice size and air
swirl) and the state of the intake mixture {exhaust gas recircu-
Tation and water injection) were found to change nitric oxide '
emissions by 40 percent or more with corresponding changes in soot
concentration.

With this experience, the second stage carried out by Kau
et al (19) developed a computer model for a direct injection diesel’
engine. This was based on a two-dimensional spray-mixing approach.
The important feature of the model is the modular arrangement of
various elements. These elements describe cycle thermodynamics,
fuel spray injection, entrainment, vaporization, ignition, mixing,
heat release and emission formation, and are built from fundamental
and empirical information. In each case empirical constants are put
into two categories:

i) constants affected by gross changes in the engine;
ii) constants requiring adjustments for different operating con-
ditions (listed in Table 1.2).

The model assumed a quasi-steady, axisymmetric spray and
neglected the effect of piston motion, relative motion between drop-
lets and air, transition of free jet to wall jet, effect of fuel
volume and the curvature of the piston bowl. A schematic of the
model is shown in Figure 1.21. The effect of evaporation, entrain-
ment, impingement and swirl are considered in the calculations. At
any instant the total cy]indér volume was considered to comprise
four hypothetical zones - the air zone, vaporizing liquid fuel zone,
fuel vapour zone, and the burning zone. The mass and energy con-
servation equations were written for these zones. The mechanism of
- heat release depends on the isolated droplet assumption,. which
has been modified to provide for flame confinement and vitiation
of the atmosphere through boundary conditions at finite distance



TABLE 1.2

Adjustable Empirical Constants in Ultrasystems Model (19)

19

Constants

Description

Remarks

Csef

mix

nor

Parameter controlling air
entrainment into the spray
prior to ignition

Parameter controlling random
mixing process between the
burning zones and the air
zones after ignition

Parameter controlling vitia-
tion of the air prior to
mixing with the burning

zone

Droplet heating up. time

Parameter to match the
measured ignition delay
data

Parameter to match the mea-
sured exhaust soot concen-
tration

Parameter to match exhaust
NO value

Shows strong influence
on premixed combustion
and therefore, on NO
level as well

Shows strongest

effect on NO

No strong influence

Assumed to be equal to
a typical physical
delay time

Same value as assumed
by Khan et al (24)
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from each droplet. This revision over the classical isolated
droplet theory was necessary because the classical approach gave
a total flame volume greater than the available cylinder volume.
The complex cloud combustion is described by three modes of heat
release: homogeneous premixed, homogeneous diffusion and hetero-
geneous. An empirical ignition criterion for each zone was set
from the data of Shipinski et al (9). After ignition, the mixing
process is modelled as a completely random process involving only
air and burning zones. Thus, the air is continuously vitiated
and is proportional to the rate of dilution expressed as:

dm m m
D 1 aa bm (1.6)

do iy (Myy * My,

aa ﬂ‘l)

where Bix is a characteristic mixing time and is proportional to
the ratio of the turbulent length scale squared and the turbulent
diffusivity. This random mixing criterion is utilized to calcu-
late nitric oxide formation in two regions:

i) Spherical diffusion flame around the droplets.
ii1) Homogeneous burned gas away from the droplets.

Except in the early period of combﬁstion, the first region is
found to contribute very little to the nitric oxide formed in the
engine. Therefore, only the gas phase region is a major contribu-
tor of nitric oxide. This fact substantiated the gas jet assumption
of the earlier model (14) used for predicting nitric oxide.

Soot formation and oxidation are computgd by the relationship
of Khan et al (13} and Lee et al (31) respectively.

The model predictions were compared with one experimental data
set, subsequently referred to as the baseline condition. The effect
of variations in injection timing, speed, load, exhaust gas recircu-
1atioh, compression ratio, swirl, turbocharging and nozzle hole diameter




21

were studied with respect to the baseline results. Figure 1.22
shows the corresponding results. The sensitivity of the model to
the empirical constants is shown in Figure 1.23. The parameter
controlling random mixing has shown the strongest effect on the
results. The predictability of this model is summarized in Table
1.3.

TABLE 1.3
Summary of Predictive Capability of Ultrasystems Model (19)

Variable Exhaust NO. Exhaust Soot

Fuel injection timing Good Good |
Load Good Fair

Engine speed Good Good

Compression ratio Poor Fair

Exhaust gas recirculation Good " Poor

Swirl Good Poor

Turbocharging ratio Good Fair

Nozzle holes, number .

and diameter Good Fair

The recent work of Meguerdichian and Watson (20) reports a
multi-zone gaseous jet model (Figure 1.24) for prediction of mixing
and heat release in diesel engines. The general approach of the
model is to apply the first Taw of thermodynamics, the equation of
state and the burning rate equation to small individual zones,
within a fuel spray. The burning rate equation is of an exponen-
tial type and includes instantaneous values of zone temperature and
available unburnt fuel and air. This work avoids use of any igni-
tion delay correlation. Instead, the moment of ignition was predic-
ted through mixture ratio and temperature conditions. The effect
of the wall was considered by changing a free jet in cross flowing
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stream. At the transition from the free to wall region, the jet
cross-sectional area and fuel and air mass flow rates are assumed
equal. The zoning pattern in the model is on an equal fuel mass
basis. The criterion of stoichiometric combustion in regions
within Timits of inflammability ({0.378 < ¢, < 4.54) is utilised.
The burning rate calculations are therefore governed by equivalence
ratio and fuel mass burnt fraction in each zone. The simultaneous
sotution of the energy equation, the equation of state and the bur-
ning rate equation in the burning zones yields instantaneous temp-
erature, volume and pressure values. The instantaneous change in
the mass of burning zones was due to additional air obtained from
the concentration profile used. There is no explicit way of cal-
culating air entrainment in the model.

The effect of swirl is considered assuming that every zone of
the non-swirl case possessed a corresponding zone in a jet affected
by swirl, This is reflected in higher entrainment rates obtained
by modifying local concentration values in swirl. The local concen-
tration of a zone in the presence of swirl (Csz) was given by:

c =—C§E‘- C (1.7)

where Cz is the local concentration without swirl and Csm and Cm
are the centreline concentrations at any instant with and without
swirl. The centreline concentration (Csm) and the deflection of
jet is obtained from Patrick's equations (32).

The spatial distribution of temperature and burning rate were
plotted and the two variables showed similar patterns except in
completely burned zones where subsequent distribution by the con-
centration profile of air caused a reduction in temperature. The
overall heat release predictions showing the effect of injection
timing, swirl ratio and inlet air temperature for a turbocharged
engine are computed by this model. Figure 1.25 shows these variations.
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The authors reported an underestimation of the first pressure peak
in the heat release diagrams. They attributed it to the fact that
the predicted ignition was earlier than measured. To overcome
this difficulty, they adjusted the centreline concentration. This
would indicate that the spatial variation of concentration, if
plotted, would not be reliable.

A summary of the salient features of the one- and two-dimensional
models described above are included in Table 1.4.

In conclusion, therefore, it is felt that a new phenomenological
model based on spatial and temporal droplet distribution, droplet
evaporation and air entrainment needs to be developed, in which
features such as wall impingement, jet interaction and the effect
of turbulence on mixing must be considered in a quantitative manner.

Considering the zoning pattern§ adopted inexisting methods, it
appears that the solution of the energy equation in a large number
of zones would require long computational time. Here, the applica-
tion of an integral approach using similarity profiles in the jet
will enable an economical model to be developed.

It also appears possible that the calculation of jet deflec-
tion, air entrainment into the spray and turbulent mixing in pre-
sence of swirl will foilow the general principles indicated above
for the quiescent engine situation.

The existing literature on soot formation and emission from
Diesel engines does not appear to be well developed, the basic
mechanisms of formation and combustion not being clearly resolved
within the engine context.



TABLE 1.4

Surmary of the Process

Description in Some Useful Phenomenological Models

Process Grigg Bastress | Khan Shahed Whitehouse | Hodgetts |Hiroyasu | Kau Meguerdichian
and et al et al et al and and and et al and Watson
Syed {NREC (CAV (Cummins | Sareen Shrof Kadota (Ultra-
model) mode1) mode1) systems
model)
Injection - Injection - Uses an Injection | Uses an |Uses an Assumes -
quantity injection | quantity experi- {injection | uniform
is input schedu- is an mental schedu- injection
as data ling arbitrary | injection| ling
at each input data | diagram
crank
angle
Penetra- | Uses - Uses Uses Uses Uses Uses - Uses Dent's
tion Schweit- Schweit- | equation |Dent's 0z's equation (33} equation
zer's zer's developed | equation equation | deveioped With an impul-
equation equation | by (33) (28) by Kadota sive jet fac-
(23) (23} Chiu et al ‘ et al and tor
(27) given 1in
Ref. (29)
Evapora- | Implicit | Described | Neglected | Neglected | Taken Same as | Considers [ Considers [Neglected
tion through through account White- spray evapora-
a con- constant through a | house droplet, |tion
stant in eva- constant et al evapora- {using uppen
poration in the tion .| 1imit dis-
rate preparation through tribution
equation equation SMD & drop| function
size dis- | and maximun
tribution | drop size
equations | equation

ve



Entrainment; Calculated - Considered Through In terms In terms From Using No explicit
from pene- from coni- mixture of jet of pene- spray steady expression.
tration cal jet equiva- shape tration configu- state implied
equation shape and lence and its distance ration jet through con-
using its move- ratio movement theory centration
momentum ment along value
continu- with obtained
ity empirical | from pro-

constant | file shape

Ignition Uses Uses Uses From - Uses Uses Uses Uses a
experimen- | Tsao's(35) experimen- Lyn- Wolfer ignition Shipin- criterion
tal value | equation | tal value Valda- type delay ski's of the
of igpi- for the of igni- min's igni- equation ignition |mixture
tion ' #gnition | tion data tion deveioped | delay condition
delay delay delay (36) delay by Kadota | correla- |and the

equation et al (34)| tion (9) | temperature
to predict
moment of
ignition

Heat Uses Implicit | Assuming a Used Lyn's|Conside- Arrhenius | Stoichio- | After Uses mixing

Release Arrhenius | through a| triangular burning red an type metric delay per-| controlled
type bur- | constant | burning law in Arrhenius ! equation combus - iod.fuel | Arrhenius
ning rate rate law prelimi- |type reac- tion vapour in | type equa-
equation nary modeltion rate in each each zone | tion for

{14) sub- |equation packet reacts burning of
sequently jthrough with fuel in
refined by |mixture availa- each zone
stoichio- |prepara- ble air

metric tion term

mi xture in it

burning

(16)
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Transfer dicted an Annand‘'s | Annand's Woschni's |Woschni's | Annand's | Eichel-
results empirical equation ! equation equation equation equation | berg's
are low- heat (37) (37) (30) {30) (37) equation
ered by transfer
10% to parame-
account ter given
for heat as an
transfer input
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dered dered characte- dered impinge- loss of intro- entrain- | analysis
rised by ment by normal com-i ducing ment using
using thicken- ponent of | constant equation | Glauert's
Glauert's ing the the jet and} in air is modi- | equations
equations outer ring| 50% reduc- | entrain- fied (38)
(38) of the tion in air|ment
spray and | entrain- equation
decreases | ment
air
entrain-
ment
Swirl Assumes Not Suggests Effect of | Consi- Assumes Reflected | Constant Entrain-
that swirl | explicit | an swirl on | ders the jet dis- | by intro- | in air ment in
has no empirical free jet | momentum tortion in | ducing entrain- | the jet
other parameter penetra- | equation presence constant ment is increa-
effect 'entrain- tion for com- of swirl in air equation | sed by
except ment ratio’ is puting using entrain- is modi- | changing
burning to increase | consi- penetra- solid body | ment fied local con-
the air entrain-{ dered tion and rotation equation centration
sprays ment rate deflec~ assump- values com-
in presence tion of tion pared to
of swirl the spray quiescent
[ {39) . case
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FIG. 1.1 Classification of Diesel Engine Models
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FIG. 1.9 Spray Geometry for the CAV Model (13}

i EAST \\
ATE
Z 4000 \ £ 2000
& (80 mm3/ CYCLE) o
o 3000 2 15004
- ~—=- PREDICTED =
¥ 2000 —— EXPERIMENTAL 2 1000F
5 T
>

> 00k
x5 1000 NORMAL RATE w 500

ol (60 mm” jCYCLEY = 0

20 10
INJECTION TIMING BTDC

FIG. 1.10 Results of NOx Predictions from the CAV Model (13)

12r
. " /
€ O0BF NORMAL RATE ,—~ o 10r /
o INJECTION S o8b /
) %7 INJECTION (80mm3/CYCLE) . O6F “
5 04 -~ T g 04 -
2 oy --—-PREDICTED = ~
x ——EXPERIMENTAL X 02F 7
(1)
] A o i 1 ¥ I ¥
30 20 10 0 30 40 S0 60 70
INJECTION TIMING °btdc FUELLING MM3 STROKE

FIG. 1.11 Results of Soot Predictions from the CAV Model (13)



—
[a%3
1

o=
<0
¥

<
-~
T

EXPERIMENTAL EXHAUST SOOT glrn3

4 I )

04 08 12

CALCULATED EXHAUST SOOT g/m3
(Cs=9-36x10°)

FIG. 1.12 Experimental Versus Calculated Exhaust Soot Values
from Khan et al (24)



SOOT FORMED

14 // \\
AN
| / N
: /
/ % SOOT BURNT
1-0;_,_/ e — 60
~~.
) / ~
mg 8 / 50
"§‘ / SO0T EXHAUSTED

-2F
0 A 4 3
30 20 10 TOC

INJECTION TIMING °CA

FIG. 1.13 Results of Soot Formation and Oxidation from Khan
et al (24)

A
AIR

BURNING
IONES

FIG. 1.14 Schematic of Cummins Spray Mixing Model (16}



CALCULATED WORK {JOULES)

WORK {JOULES)

8500 S150p
W
o125k
7500 o]
%]
Z1-0p
6500 ~
S 15k
z
8500 o 50
gg 3
4500 S cf
3
e e I L J 00 é1 A L A A )
3500 4500 5%m 6500 7500 8500 00 25 -5 75 100 125 150
EXPERIMENTAL WORK (JOULES) EXPERIMENTAL NITRIC OXIDE EMISSIONS
(GMS/CYCLE x100)
FIG. 1.15 Engine Performance Results FIG. 1.16 NOX—Prediction Results
from the Cummins Model (27) from the Cummins Model
(27)
7000 L 70001
=2
=3 /////,4r—-\Q\
=
0 4
/\’ g
6500k— 6500
— MEASURED
O PREDICTED
’
- 10 = 10
E
& 9 o 9}
™~ i
e 8 o 8
i ol x 1
o ) [=] &F
4 5 A & " =z 5 A e
5x364 Tx254 9229 0 3000 5500
INJECTION CONFIGURATION AIR SWIRL LEVEL (rpm)

FIG. 1.17 Effect of Injector Hole Size and Air Swirl in the Cummins
Model (27}



1|  AIR RESIDUALS

FUEL JET

T

FIG. 1.18 Schematic of Hodgett and Shroff Model (17)

FIG. 1.19 Schematic of Hiroyasu and Kadota's Model (18)



1.0
08

Co (%)
=
o

0'2 o TR — ()

12

10} EXPERIMENT ————
oe} CALCULATION ————

06F
OLY

F

SO0T {g/m3)

3000

_ﬁ_‘___‘\
2000 =0~ r“aa\\\\\

T

i ~
1000 o,
15 1

25 20
INJECTION TIMING (degree)

NG {ppm)

0

12

08

o4 = ey

S00T (g!m3}

EXPERIMENT ——— ——
- 3000 CALCULATION

.\\

-Q—_\T__-v.__us'_——_-_n

2000

NO (ppm)

1000 _
500 1000 1500

ENGINE SPEED (rpm)

-

FIG. 1.20 Comparison of Predicted and Experimental Results from
Hiroyasu and Kadota (18)



/‘l .
—B—
T — /TRANSIENT
% REGION
INITIAL
REGION a—— MAIN
REGION ;
v /
WALL “
REGION
FIG. 1.21  Schematic of the Ultrasystems Model (19)
12p
EFFECT OF CR EFFECT OF EGR
1-0F
2|2 —~ e
== o¢f o out
(=] L =z
= ‘""--..
= =z
= 02 N " W 00 . . ‘
w5 1% 1 5 00 10 20 ')
3 COMPRESSION RATIO ‘é EXHAUST GAS RECIRCULATION
S
w g 1"F
g 12 < EFFECT OF SWRL
o EFFECT OF TURBOCHARGE i 12 _
or
08 i P 3 o8
12 14 16 10 20 30
INTAKE PRESSURE RELATIVE SWIRL MAGNITUDE
2:0p
= 15 -
2[2 EFFECT OF TIMING
O
=
= 1of 15¢
b EFFECT OF SPEED
2 S~
< 05 ‘ 4 . 10
o ~ =20 "12 —_—
w INJECTION TIMING S
o ————
= 15¢ 0-S R :
o EFFECT OF LOAD 1500 1800 2100
o ENGINE SPEED
10} -
////
05 A -
03 0-45 &6

) EQUIVALENCE RATIO
FIG. 1.22 Results from the Ultrasystems Model (19) at Various Operating

Conditions



2.0

T

EMPIRICAL

CONSTANT A
181 Csef e
Cmix —_—
c —— - —
1.6' nor
%vidi ——
HU T
14F /
/ A
12
A
[e} . - ool
212 1.0 - e
5/7
0.8}—<f
/7 /
Q6
0.4
02
0
00 10 20

C/Cq or T/T,

FIG. 1.23 Sensitivity of the Ultrasystems Model (19) to the
Empirical Constants
FIG. 1.24 Schematic of the Multi-Zone Model of Meguerdichian and

Watson (20)



g

g

- —— PREDICTED
x === EXPERIMENTAL
2 15k ~

&

< sop

i

[}

Z 25¢

—

o

A 3 'l Il ']
-40 -2 00 20 40 60 B0 100 120
ENGINE CRANK ANGLE (degree)

—~ 5
& —— PREDICTED =2 EFFECT OF TIMING
=100r Q ——— EXPERIMENTAL w100F
& \ 2500 rpm v
o | e / \ ? o
$75 / \ 0.9 MPa ‘E Sf L. ~T° ADVANCE
Lt K 3 a 4\
& sof o SOF r
& = '
2 25f _ 3 5r 7
5 . e RETARD
>— s
bt L i M -1 F R 1 3 i 1
-40 -20 00 20 40 60 80 100 120 -4 -20 00 20 40 60 80 10
ENGINE CRANK ANGLE (degree) ENGINE CRANK ANGLE {(degree).
3100_ EFFECT OF SWIRL RATIO 2100p EFFECT OF TRAPPED MASS
w (]
> %
@ 15[ P 2 Bk e 105
g A E‘r-' ALY
o
& &
g o1 Z 25F
- —
o) &
i 1 L L J L L i I L i
-4 20 00 20 40 60 80 100 120 -40 20 00 20 40 60 80 W00
ENGINE CRANK ANGLE (degree) ENGINE CRANK ANGLE (degree)

FIG. 1.25 Results of Cylinder Pressure and Parametric Studies from
the Multi-Zone Model of Meguerdichian and Watson (20)
at speed 1000 rpm and load 0.45 MPa



27

CHAPTER 1II
BASIS OF THE PROPOSED MODEL

2.1 Introduction

The proposed model is a synthesis of the equations descri-
bing the various engine process mechanisms, in conjunction with a
thermodynamic analysis. The simplified process equations are arri-
ved at from the relevant Titerature. A review of recent studies
in related areas.enabled better description of the physical and
chemical processes of the diesel engine combustion process. The
following features are incorporated in the model:

i) Spray evaporation.

ii) An air entrainment relationship is used in conjunction with
jet penetration, to determine local air fuel ratio in the jet.

111) A droplet size distribution is evaluated to account for atomi-
sation.

iv) The jet structure is decided from two-phase, quasi-steady,
turbulent jet theory using similarity profiles for fuel con-
centration, temperature and velocity in the jet.

v) Mass transfer theory is used to calculate the vaporisation rate
of the fuel with the capability of accounting for the presence
of combustion,

vi) Stoichiometric combustion in regions falling within specified
limits of inflammability is postulated.

vii} The effect of wall impingement is considered.

viii) Turbulent mixing is characterised in terms of the energy dissi-
pation rate of the injected fuel jets.



The detailed description of the model related to quiescent
chamber direct injection diesel engines follows in the next sec-
tion. However the modifications required for the swirl type engine
are described in Chapter V: .

The concept of an equivalent diameter (defined as the nozzle
diameter through which the fluid is emerging . with the same initial
momentum and the same velocity, but with the density of the surroun-
ding fluid rather than the nozzle fluid) is given by

p .
. f
d, -do/-a-a— (2.1)

and 1s consistently used in themodel so that the fuel spray in the
diesel engine is treated as a confined jet with variable density.

The physical basis of the model is shown schematically in

Figure 2.1.

2.2 Physical Basis of Modelling

This section outlines the various elements and the underlying

assumptions of the model.

2.2.1 Fuel Injection

Fuel is injected into the high temperature compressed air
charge in the engine cylinder. In the absence of a fuel injection
model, the complete experimeﬁta] injection pressure diagram is
approximated by straight-line segments.

This is shown in Figure 2.2.
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The instantaneous total volume of the engine cylinder is com-
puted from

) < 2
V(o) = V_, + £ [1 - Cos(e) + L_-/fL 2 - (=53My  (2.2)

where: VCE and VS are the clearance volume and the swept volume
respectively, L and L. are the stroke and connecting rod
Tength, o the crank position with respect to top dead

centre

The trapped mass and the instantaneous properties of the air
in the cylinder are calculated from the slider-crank relationship
(equation 2.2}, the initial air charge properties, the assumption
of a polytropic constant equal to 1.35, and the use of the ideal
gas equation of state. The calculation of trapped mass on instan-
taneous basis as above is found to match within 5 percent of the
value obtained from specified experimental results with volumetric
efficiency between 85 and 90 percent.

Injected fuel quantity (Q) is evaluated from the fuel jet
velocity and the nozzle orifice area A0 as indicated below:

- 2 AP}
Q=Cy (-E;TJ A, (2.3)
where AP is the difference between the fuel 1ine pressure (Pinj)

and the engine cylinder pressure (Pcyl) over the discretised time
step, Cd is the orifice discharge coefficient and 0e the fuel
density.

A suitable mean value of discharge coefficient is adopted in

computation such that the quantity of fuel injected over the injection
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period attains the prescribed 1imit. There are two reasons for
making such an adjustment, if needed, from a normally recommended
(40) value of Cd = 0.8. First, the possibility of having lower
actual injection pressure than predicted from the simulation of

the injector line pressure diagram for the injection system having
a long fuel delivery pipe and secondly the error in approximation
of the injection diagram itself. A value of the discharge coeffi-
cient computed on the basis of local injection conditions will be
more representative than adopting a mean value. However, in the
absence of a detailed injection pressure simulation in this model,

such an assumption is unavoidable.

2.2.2 Spray Penetration

Many expressions are available for the calculation of spray
penetration in diesel engines and are reviewed by Hay and Jones (41).
They evaluated the twelve of the existing penetration correlations
and found that the correlation suggested by Dent (33) covers a wide
range of engine conditions. Dent's correlation is based on a large
selection of experimental data and is given by the expression:

b (Y (2.4)
a

S = (8 uJet

ZDAP)%), d,' is the equivalent

where UJet is the jet velocity (=
diameter, oe is the fuel density, t 15 the t1me from the start of

injection, and Ta is the surrounding air temperature.

The early injection period is outside the range of the above
correlation. Hence, for t < 0.3 ms, the penetration is calculated
using a low value of discharge coefficient (Cd = 0.39) following
Hiroyasu (29).

S = 0.39 (E-ég)it (2.5)
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2.2.3 Entrainment

The heat release rate depends on the entrainment of air into
the jet. The entrainment process is a consequence of momentum
exchange between the fuel spray and its surroundings, hence fluid
from the surroundings is drawn radially inward through the jet
across its conical surface. The mass flow rate of the injected
fluid (hf) across a section at right angles to the jet axis is
the function of axial distance (S) from the nozzle.

Air entrainment into the free jet is calculated from the
expression of Ricou and Spalding (42).  They deduced an expression
for mass entrainment rate for axisymmetric turbulent jets from
extensive experiments, which has the form:

moo0.32 2 | (2.6)
me 0 '

where m (= haE + ﬁf) is the total mass flow rate of air entrained
(ﬁaE) and fuel injected (ﬁf) over the time the jet penetrates to
a distance S.

2.2.4 Jet Structure

Since Schweitzer's (23) classical work on spray penetration,
many workers (11,13} tended to apply steady state jet theory to
attain a simple and more realistic model for diesel engines. An
integral solution of mass and momentum equations helped to achieve
economy in the computational aspects of the problem. Dent has
successfully extended the work of Forstall and Shapiro (43) on
co-axial gas jets to the calculation of a penetration formula.

It has given adequate support to the use of jet theory in diesel
engines. Also, works of Rife and Heywood (44) and Morris (45)
established that the description of the fuel spray can be effectively
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achieved by jet theory. The assumption of a two-phase quasi-
steady jet, and the successful application of fuel mass and
momentum conservation equations by Rife and Heywood in rapid
compression machine experiments was a useful first step for more
elaborate use of this assumption in diesel engine modelling.
Successful application of these assumptions to diesel engine com-
bustion models have been discussed by Kau et al (19).

Keeping in mind the fact that droplet behaviour in the jet
is to be accounted for, the results of Abramovich (46) for two
phase jet growth, and similarity profiles for radial distribution
of velocity and mass concentration at any axial position S of the
jet are applied in the model. The equations are:

dr. p. +p.
Jet a Jet
—3c— © 0.1 (—————==) (2.7)
pjet '
U o (1 -y 3/2)2 (2.8)
U p
f u,3
= (1) (2.9)
fo U
where et is the jet radius, s the density of air and Pjet the

mean density of fluid within the jet boundary. At any instant, U
is the Tlocal velocity at the normalised radius Yp (= Y/rjet), Um
is the jet centreline velocity at penetration S. The fuel mass con-
centration at'Yp is denoted by f and that at S on the jet centreline

by fm.

The application of mass and momentum conservation equations
in conjunction with the entrainment equation (2.6) and similarity
profiles for mass concentration and velocity yield fm and Um by




the procedure described in Appendix A. The results of the analysis

are:
ra m
) et fyp
0 (1 -v_3/2)
fo= P (2.10)
maE + mf
and
_P
Uy =1 o (2.11)

where me is the mass of fuel at Yp, and P and R are integral
p

constants defined as:

1 Y
- py, iU
P2 U @

=
n

1 Y
2 [T ary

B i1s the density function, expressing the density of the fluid in
the jet comprising liquid, vapour and air components, discussed
in Appquix A.

Entrainment of heated air from surroundings into the jet
requires consideration of jet temperature profiles in a manner
similar to that used for velocity and concentration considered
above. Thring and Newby (47} and others have shown that mean con-
centration and temperature profiles are identical, provided the
normalised temperature is expressed as follows:
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(2.12)

where T is the local temperature at Yp, Ta is the surrounding
air temperature and Tf is the fuel temperature at the nozzle ori-
fice. The value of fuel temperature is taken between 300-350 K.

The similarity expressed in equation (2.12) is not valid during
combustion. Hence, from the start of combustion the local tempera-
tures are computed using the conserved property rule (48) expressed
in terms of instantaneous total enthalpy and mass fractions in a
simple chemically reacting system (SCRS).

One of the useful conserved properties considered here is the
mass fraction of excess fuel defined as:

Xo
2 .
X = (X - =) (2.13)

where X is the mass fraction of the excess fuel, Xf and XOZ are
the fuel and oxidant mass fractions respectively and s is the
stoichiometric oxygen-fuel ratio.

With the SCRS model it is assumed that a reaction between two
reactants (fuel and oxidant) occurs in fixed proportion by mass to
produce a unique product. Also the specific heats of all mixture
components and their transport properties are assumed equal at any
point in the mixture. Here, these assumptions are applied to the
mixture of fuel, air and products in the gaseous state available in
radial annular regions considered in the jet. Also, anadiabatic steady-
flow mixing process is applied to each of these regions with the stag-
nation enthalpy term as a conserved property. The contribution of
the kinetic energy is neglected to arrive at the stagnation enthalpy:

h o= CT + XeHy (2.14)



where Cp is thermal capacity of the mixture and H0 is the enthalpy
of reaction.

In Figure 2.3, the fuel vapour stream FG and the air-products
stream AG flow together to form a mixture MG' Suffix G indicates
the gaseous state of the bulk fluid. An extensive property equa-
tion is applied to the system in its general form expressed for
any property y as '

Fu. +(1-§) vy =9 (2.15)
fs $ A Mg
which leads to
by - ¥
F=-0 A8 (2.16)
b = Y

Applying conditions prevalent in the combustion situation,
that is the FG stream contains only fuel and AG stream contains
oxidant but no fuel so that

X =0, X =1, X =0
OZ‘FG

and equating the terms obtained for different mixture stoichiomet-
ries in equations (2.13) and (2.14) respectively, we obtain

i) fefg,

(T - T)/(Tg = T, + H/C) =

(- X

0

/s 4+ Xy p /S)/(Y + X /S) (2.17)
M 0,5Ag 0,14

2" G
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i) f>f,

[T - T, = (Xg, 5 /) (He/ )1/

(Te - T, - (X02,AG/S)(HO/Cp)]

= (Xe gy * Xy pa /SI(1 + Xy a /) (2.18)
f,MG 02,AG | OZ’AG

ii1) f=f
(T - TNTe = T, +H/C)

/)11 + X, (2.19)

X /s)
( 0,,A A

G 2’

where Xf and XO are local fuel and oxygen mass fractions respectively.
2

H0 is the enthalpy of reaction and Cp is thermal capacity of the mix-

ture. Suffix st represents the stoichiometric condition.

For computing local temperature (T7) from the above equations,
the value of mass fractions using similarity profiles are used.
The value of fuel temperature Tf and thermal capacity Cp are assumed
equal to the local saturation temperature (0.9 times the critical
temperature for conditions near critical point) and1100 J/kg K res-
pectively. The effect of heat transfer and dissociation are neglec-
ted in the derivation of the above equtions.
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2.2.5 Droplet Size and Distribution

The atomisation and dispersion characteristics of fuel sprays
are of importance in obtaining efficient combustion with low smoke
emissions in the direct injection diesel engine. Availability of
data on fuel spray atomisation and droplet size distribution are
scarce in the literature. However, droplet size distribribution
correlations can give some indication of the effects of atomisation.

It is assumed here that the quantity of fuel injected over a
discretised time interval is atomised and distributed in size
around an instantaneous Sauter Mean Diameter (SMD), computed from
the relation of Knight {(49) which can be written in the form:

P-0.458 60.209 N 0.215 (2.20)

SMD = 8.0 & £

where Ve is the kinematic viscosity of the fuel.

The distribution of droplet size as a function of the cumulative
volume fraction (ch) of the injected fuel was obtained from Simmons'
(50,51) extensive correlations of gas turbine spray droplet data
in the normalised size range 0.082 < (dp/SMD) < 3. The applicability
of Simmons' findings to the diesel engine case were verified by
comparison with the experimental data of Lee (52) and Retel (53).

The comparison obtained over a range of conditions are shown in
Figure 2.4, The list of conditions are given in Table 2.1. The
cumulative volume fraction (ch) as a function of the normalised
droplet diameter Dp = dp/SMD in the range 0.082 < Dp < 3 is

Vg = exp (0.05328 Dp - 0.54174 Dpz) (2.21)

In the discretised time step it is assumed that the droplets
in the normalised size range 0.082 to 3 are distributed radially



TABLE 2.1
Test conditions for atomisation data of Figure 2.4

Test condition Range
Lee (52) Retel (54)
Injection pressure (bars) 30-400 1150-450
Air density (kg/m3) 4.9-25 -
Orifice diameter {mm}) 0:2032—0.762 0.4
Orifice length/diameter 0.5-6 1-5
Cylinder pressure (bars) - 1-30

according to the concentration profile described by equation (2.9)
and the cumulative volume fraction equation (2.21) such that the
decrease in droplet size with radius is equal to thé-rate of change
of injected fuel volume fraction with radius, divided by the rate
of change of cumulative volume fraction with droplet size. Expressed
algebraically this is

LR (2.22)

where Vfi is the vb]ume of fuel injected.

Simmons, using a binary droplet division model for atomisation,
showed that in the normalised droplet diameter range 0.082 < Dp < 3
there are sixteen classes of droplet size. In the present study
it is assumed that the size classification results in a set of
radial annular sectors each containing droplets of a particular nor-
malised diameter Dp, with the Targest droplets on the jet axis and
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the smallest at its edge. This would appear reasonable in the
light of the experimental studies of Lee (52).

Simmons suggested the binary division modei for atomisation
such that each successive division of droplets resulted in two
equal size droplets of diameter = %T7?'X the diameter of the
originating drop. In droplet size range 0.082 < Dp < 3, this
results in 16 classes shown schematically in Figure 2.5. The
representation of droplet classes following a geometric progression
in normalised diameter can be expressed as:

aD = (TRX \1/n (2.23)

where AD ~is the interval size in normalised droplet diameter and
n is the number of droplet classes.

The droplet sizes obtained using this classification coincide
with the size classification of Simmons, Further, it was found in
the present study that the droplet sizes could conveniently be rep-
resented by ten classes following a geometric progression without
affecting evaporation results. The droplet sizes in these ten
classes are represented in Figure 2.6.

With the specified values of D_ and the use of equations
(2.9), (2.21) and (2.22), a numerical solution for Yp is obtained.
The details are outlined in Appendix B.

In the presence of evaporation there will be a reduction in
droplet size between successive discretised time intervals, there-
fore aredistribution of droplet size is carried out at the end of
each time interval.

The redistribution procedure is suggested assuming that;
i) there are j sizes of droplets represented by diameters d

) P;
(3 =1, 11) respectively.
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ii) the new diameters of droplets, on evaporation, are repre-

sented by d for all the classes of droplets,

Pj

i11) the reduced droplet sizes fall within the Timits of two
specified droplet sizes, say k and k+1 respectively, such
that

d. <d ‘' <d
Pk P50 Py

Now redistribution on a weighted volume and surface area
basis is represented by

=

a
w
'

=N d 3+N d3 (2.24)
Pj Pj Pk Pk Pke1  Pial

=

(=%
N
I}

N d 2+N  d2 (2.25)
i P P Pk P Prn

where N , N and N are the number of droplets in size d_ ,
P3 Py Pk+1 Pj
after partial vaporisation, and in sizes d_ and d after redis-
‘but Pk P+
tribution,

Simultaneous solution of equations (2.24) and (2.25) deter-
mines the value of droplet numbers in sizes k and k+1 and hence the
volume and mass of droplets in these respective classes. These masses
are added to the mass available from distribution of injected fuel at
any instant during the period of injection.

It should be noted that the redistribution results in a reduced
number of droplets in each sector. When evaporation is very rapid,
the redistribution will not occur in the immediately adjacent sector.
Droplets falling outside the Towest size limit are considered as
vapour.
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The number of droplets (Np) in any annular radial sector
is obtained from:

where Vp is the total volume of droplets of diameter dp at Yp.

Figure 2.7 is a schematic of the sequence of events described
above. "

At the end of injection, this distribution and redistribution
procedure becomes inoperative. Instead a mean value of Sauter Mean
Diameter is computed following the definition:

r N d3
SMD = —P B

d2
I Np p

where Np and d_ are the number of droplets and their diameter in
respective sizes at the last instant of the injection process. Sub-
sequently the evaporation is considered based on this SMD value

with reduction in total number of droplets from instant to instant.

2.2.6 Droplet Evaporation

The evaporation of fuel sprays containing droplets of a wide
range of sizes is a complex phenomenon. Kamimoto and Matsuoka (54}
demonstrate that consideration of fugl evaporation is of importance
in diesel engine combustion calculations. In large engines having
high injection rates and long injection periods, the heat absorption
during evaporation of droplets need consideration in heat release
predictions. There are various correlations (55-58) proposed as a
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result of experimental studies limited to an isolated droplet

at atmospheric or near atmospheric pressure. The spray behaviour
based on an isolated droplet assumption has successfully been
verified by Kamimoto and Matsuoka (54). Their results have shown
reasonable trends using the correlation of Ranz and Marshall (56),
which is

Nu =2 + 0.6 Rel/2 pr 1/3 (2.26)

where Reynolds Number (Re) is based on the droplet diameter and
local velocity at Yp. Prandt] number (Pr) is taken equal to 0.7.
During evaporation, the effect of relative velocity of the drop-
lets was considered important by Kamimoto and co-workgr.

From the onset of combustion, an appreciable reduction of
the relative velocity between the droplet and the surrounding atmos-
phere reduces the drag force on the droplet. Bolt and Saad (59)
from experimental studies on various fuels found that the existence
of the flame around and in the wake of the droplet tends to decrease
the drag force. Hence the assumption of Nusselt number equal to 2
holds for the calculation of mass transfer rate from the droplet
surface.

On this basis, the present study includes the isclated droplet '
mode] and uses equation (2.26) during evaporation and assumes value
of Nu = 2 after the start of ignition.

Calculation of mass transfer rate (m") from the droplet sur-
face follow from the Reynolds Flow model, illustrated in Figure 2.8.
According to this model the mass transfer rate per unit surface area
is given by

m" = g.B (2.27)
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where g is the conductance, and B is the driving force.

In the case of intense mass transfer situations it can be
shown from Kays {60) that the Reynolds hypothesis can be modi-
fied as

"= g% In (1 + B) (2.28)

=
it

and
ék _In(1+8B (2.29)

where g* is the convective mass transfer conductance = (éL).
P

Assuming Lewis number (Le) equal to unity, g* is obtained from
Nu in equation (2.26) as

h k Nu
g* = ol s (2.30)
t; PP

where k is the thermal conductivity, and Cp the specific heat.

The driving force B is a dimensionless quantity and it repre-
sents the ratio of conserved properties in the mass-transfer flux
and the Reynolds flux. The value of B is evaluated from conservation
laws - mass conservation or energy conservation. Hence, the transfer
number is represented by

~ .S _nm"
Bm— T—-‘_‘—T—"'? (2.3])
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and
C (T =T ) T
By = e T Ty (2.32)

respectively, where TG and TS are the temperatures of the air vapour
mixture surrounding the droplets, and the droplet surface respec-
tively. The corresponding fuel vapour mass fractions are )(1,,G and
xf,S‘ [hfg + Cpf (TS - To)] is the specific enthalpy of saturated
fuel vapour at TS relative to a datum temperature To‘ Equation
(2.32) is solved for Tg and B.  The evaluation of B is based on

an iteration between expressions (2.31) and (2.32) in order to

reach a common solution due to intersection of Bm and Bh curves
shown in Figure 2.9(a).

Under engine conditions which support rapid evaporation,
the possibility exists for the presence of localised saturated
air-vapour states (that is B = 0). Under these conditions, loca-
lised droplet evaporation will cease. g

In the presence of combustion, the‘Transfer Number must be
modified (61). Under these conditions, evaporation from a fuel
rich surface to an oxygen rich gaseous state results in equations
(2.31) and (2.32} taking the form:

%0,,6
5 s
B_ = ( ) (2.33)
m
1 - Xf,S .
[c, (Tg = Tg) + ~—c— H,)
B, = (2.34)

[hfg + Cpf (TS - To)]

respectively,
where TG and TS are the temperatures of the air-vapour-product mix-
ture surrounding the droplets, and the droplet surface respectively.
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The corresponding oxygen and fuel vapour mass fractions are X0 G
and Xf g+ S is the stoichiometric constant for fuel-oxygen
mixture and H0 is the enthalpy of reaction.

Under supercritical conditions, the Bm and Bh curves do not
intersect, Figure 2.9(b), hence it is impossible to obtain an itera-
tive solution. Therefore, the evaporation rate is calculated using
only equation (2.32) or (2.34) whichever is applicabte. This follows
from the work of Natarajan and Brzustowski (61). The value of Ts
is equal to 0.9 times the criticg] temperature of the hydrocarbon
fuel.

Further, since the mass evaporation rate equals the time rate
of change of mass of the droplet, equation (2.27) and (2.30) toge-
ther can yield an expression for the reduction in droplet diameter
which is:

_ !;]n .
- —A—EE - 2 E-.F ) (2035)

The evaluation of mean properties during evaporation and
combustion are discussed in Appendix C.

The verification of the evaporation model is carried out
using unpublished experimental results (62) obtained in the I.C.
Engines Laboratory of the Mechanical Engineering Department,
Loughborough University. These experiments were conducted in a
combustion bomb using laser interferometric techniques. The com-
parisons of these results with model predictions are shown in Figure
2.10 for various sets of data given in Table 2.2. A comparison of
air-fuel ratio contours with experimental data is also shown in
Figure 2.11 for data set B. The good agreement between experimental
and model results validates the use of the above calculation proce-
dure.



TABLE 2.2

Experimental conditions for study of transient n-Pentane jet (0.21 mm orifice diameter) in a bomb system

Nozzle opening

Injection quantity

Injection duration

Bomb condition

Code press bars mm3/injection m sec press bars Temp K
A 110 7.0 1.2 3 433
B 110 7.0 1.2 3 403
c 110 11.0 1.5 3 403
D 110 11.0 1.5 6 403
E 110 7.0 1.2 6 403

9%



2.2.7 Impingement and Wall Jet Structure

The position of the jet in the engine cylinder is determined
from simple geometric considerations of the piston shape and jet
penetration. Figure 2.12 shows that the relative position of the
jet tip with respect to the wall distance (H) is considered to decide
the impingement on the engine cylinder wall. The spray angle a,
will control the position of the point of impingement of the jet.
The distance along the jet axis from the impingement surface at
which the free jet plume begins to diffuse and form a wall jet is
computed from Giralt et al (63). The onset of impingement, and the
commencement of deflection of the free jet is given by following
relationships:

3 . H
Y,=1.24d, for gr <68 (2.36)
or
Y, = 0.153 g for S > 6.8 (2.37)
v = 0153 - o> 6. .

where Yw is the distance of the wall jet from the wall.

Figure 2.13 schematically represents the impingement and wall
Jet regions.

The wall jet analysis based on a quasi-steady assumption is
essentially that described by Rajaratnam (64) with the effects of
viscous friction at the wall neglected. The similarity profiles
given by equations (2.8) and (2.9) are assumed to hold over the wall
jet, the width of the wall jet at any wall penetration distance Sw
is denoted by b. This assumption in the present work implies that
the effect of the boundary layer adjacent to the wall of thickness &

is neglected and the region further from the wall is essentially that

found in a free jet.
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In the impinging region, Era and Saima (65) observed that the
boundary layer thickness & is about one-third of the half-velocity
width (q. ) of the wall jet and decreases rapidly with increase in
nozzle Reynolds number.

The wall jet penetration (S ) is obtained from the equation
for decay of the wall jet maximum velocity U with distance S
The wall jet penetration is derived in a s1m1Yar manner to that
for the free jet (33). Rajaratnam (64) showed that the decrease
of maximum wall jet velocity Umw with Sw is directly related to the
jet orifice conditions U0 and do' by the relation

Umw = 1.03 U0 do'/Sw (2.38)
but
dSw
Uu = (2.39
m, = 9 )

hence by substitution for (2.39) in (2.38) and integrating

- cead g
Sw (2.06 UJet d0 t ) C (2.40)
but
Sw = 0 at t, = 0
resulting in
C=20

where tw is time from commencement of the wall jet.
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The air entrainment rate into the wall jet is calculated
from the following empirical equation of Hertel (66):

m. +m S
2T o865 X (2.41)
Me do

The origin of Sw is considered to be the intersection of the
jet axis and the impingement surface.

The jet width (b) perpendicular to the wall is expressed in
terms of (bg)’ the distance between the position of maximum velo-
city and the point where the velocity has reached half its maximum
value at a given Sw from reference (64)

b, = 0.087 S, (2.42)

3

The total jet width is assumed equal to three times bi' this
follows from results of reference (65).

The application of similarity profile (equation 2.9) in the
outer region of the wall jet is verified from results (62) obtained
in our laboratory and is shown in Figure 2.14,

2.2.8 Ignition Delay

There are several empirical ignition delay formulae available
in the lTiterature. Most of these relationships show that the igni-
tion delay can be expressed in the form:

E/RUT
. _Ae
id, = LA (2.43)

pn
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where A is the constant specified for each combustion chamber, E is
an exponent dependent upon the properties of the fuel, T is the
absolute temperature, p is the absolute pressure and n is an expo-
nent determined experimentally. )

The commonly used formulae in engine studies include those of
Wolfer (67), Tsao (35), Shipinski (9), Sitkei (68), Stringer (69),
and Hiroyasu (70). A.summary of these equations is given in
Table 2.3,

Wolfer's equation is for the pressure rise delay in a constant
volume vessel and follows the form of equation (2.43). Hiroyasu
calculated ignition delay for various fuels in a constant volume
vessel. He introduced the percentage oxygen in the pre-exponential
term and gave the values of the constants and exponents. Shipinksi's
formula incTudes the fuel cetane number.

Sitkei provided a formula for the illumination-.delay in a pre-
chamber engine. He uses the multiphase character of the hydrocarbon
ignition. The equation includes three terms, the first term describes
the physical ignition delay due to evaporation, the second due to
premixed flame, and the third for the diffusive burning flame.

The equation presented by Tsao et al (35) is for the temperature
fise delay in a modified CFR open chamber engine. Stringer proposed
another form for the ignition delay from data obtained in a steady
flow system '

i.d, = ot (2.44)
p- (BT - K}

The values of constants B and K, and exponent n' for various fuels
are available in his work.

i

In a recent study, Hardenberg and Hase (71) presented an empi-
rical relationship for the pressure rise delay in direct injection



TABLE 2.3

List of Various Ignition Delay Correlations

p-1-8) ¢

Author Correlation Remarks
(4650)
Wolfer . _ 6 p-1.194" | P and T are pressure and temperature res-
i.d.(ms) = 0.338 x 10° P € pectively at the point of ignition
. _ ,8.48 x 10°
Tsao i.d.(ms) = 0——Tr-————-+ 0.415) P and T are pressure and temperature res-
1210 26.36 x 103 pectively at the point of injection, RPS
{(1.332 - —=) RPS + (==~ - 26.66) is engine speed (s-1).
+ (1.8 x 1073 T - 1.45)(16.66 - RPS)}
4350
. _ (=)
Hiroyasu i.d.(ms) = 3.05 x 106 P~1.31 4-2.02¢ P and T are pressure and temperature res-
Po pectively at the point of ignition. Po
- 2 is partial pressure of oxygen in the “2
¢ =021 P fuel air mixture at the point of ignition
Shipinski j.d.(ms) = 10.472 p-0.386 (N=0.63 P and T are mean pressure and temperature
(4644.4) respectively during delay period.
e l CN is fuel cetane number
Sitkei j.d.(ms) = 0.5 + (430.86P"9°7+4.915 x 103 P and T are mean pressure and temperature
3927.5 respectively during delay period
(332)

/Continued...

ts



TABLE 2.3 ... continued

Author Correlation Remarks

~0-83
1.428 x 10" P P and T are mean pressure and temperature

Stringer i.d.(ms)
(0.216 x 1073 T - 0.1506) | respectively during delay period

t

Hardenberg i.d.(ms) = %g%? [(0.36 + 0.22 vp) vp = mean piston speed
and Hase Ru = universal gas constant
T. & P, = intake temperature and pressure
o A RuTir ¢-1 ~ T7190 p;r.© - 12.4 ] | respectively.
r is compression ratio
k=1 and CN is fuel cetane number
c =k - ; kj= 1.4, F = 1.1
+
(Fvp 1)
618840

EA = (EN_I—ZS) J/mole

A
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diesel engines. Their analysis was based on a large number of
experimental data from naturally aspirated and turbocharged diesel
engines. The correlation obtained is a functional relationship of
fuel quality and the pressure and temperature in the cylinder during
the delay period, and a mean polytropic exponent ¢ was determined

as a function of the piston speed, to specify the mean pressure

and temperature conditions at the point of ignition calculated from
intake manifold conditions. The effect of cetane number is included
in finding the activation energy

618840
+

EA = 'C-N—-'z's— J/mO]e (2.45)

An extensive study using about two hundred data points from
three engines and the above correlations of the ignition delay
showed (see Figure 2.15) that the empirical correlation of Harden-
berg and Hase (71) is the most suitable. Table 2.4 shows the value
of correlation obtained in each case. The specifications of the engines
used for ignition delay are given in Table 2.5, The data points include
various conditions of injection pressure, fuelling rate, orifice dia-
meter, turbocharging ratio, intake temperature and engine dimensions.

A comparison between experimental and predicted delay data using
Hardenberg and Hase's correlation is shown in Figure 2.16. On rejec-
ting about twenty percent data points which fall beyond twenty per-
cent accuracy of the experimental results, the correlation was further
improved. These data points are shown separately on the diagram and
are found to be mainly for low load and retarded injection timing
conditions. Hardenberg and Hase's equation is, therefore, found
unsuitable for these conditions. This is attributed to the fact
that the calculation of polytropic exponent ¢ in these two cases
will be in error, particularly under the highly retarded injection
timings of some of the data used.



TABLE 2.4

Engine specifications for ignition delay correlation

Values of correlation coefficient for various ignition delay

formulae
Author Correlation
Wolfer 0.65
Tsao 0.54
Shipinski 0.25
Sitkei 0.21
Stringer 0.10
Hiroyasu 0.66
Hardenberg 0.77

- TABLE 2.5

Engine 1 Engine 2 Engine 3
Bore (mm) 216 100 140
Stroke (mm) 241 128.6 152
Compression ratio 12.9 18.8/17.26 14.3
Fuel cetane number 47 54.7 43
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2.2.9 Combustion

Following the ignition delay period, combustion in the spray
occurs in regions where actual fuel vapour to air ratio (¢v)
falls within the limits of inflammability. These Timits are
0.028 < ¢, < 0.2 in accordance with Halstead et al (72).

In each of the burning regions stoichiometric combustion is
postulated. In a discretised time step, the mass of fuel burned
(dmvb) and the air consumption in burning (dmac) are calculated
depending upon actual mixture conditions in that region at that
instant. The calculation of these masses follow from Table 2.6.

TABLE 2.6
Calculation of fuel and air mass consumption during combustion

Lean region ¢y < 1 Rich region ¢, > 1
Mass of fuel [ Total fuel mass available Stoichiometric fuel
burnt vapour-air ratio

times the mass of
available air

Mass of air con- | Stoichiometric air-fuel Total mass of air
sumed ratio times the mass of available
fuel available

These two masses add up to give the total mass of combustion
products in each sector.

In a discretised time interval, the amount of heat release
due to combustion is given by

(dQ

rel )
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where H0 is the enthalpy.of reaction of fuel.

2.2.10 Heat Transfer

Heat transfer from hot cylinder gas to the wall is given
as

(2.47)

where Ac is the area of the engine cylinder head,piston and wall sur-

faces, h, is the instantaneous heat transfer coefficient, and TCh

i
and Tw are the mean cylinder gas and wall temperatures respectively.

The instantaneous heat transfer coefficient (hi) is calculated
using Woschni's correlation (30) '

. Ve T
0.2 - s 1
= 0.8 g. 0.53 - 0.8
hy = 0.01279 p0-8 p=0-2 7 (6 v, *+ G L (P - Py}

(2.48)

where vp is the mean piston speed, VS is the swept volume and Po

is the instantaneous motoring pressure. The constants C.l and CZ
are assumed to be 2.28 and 0.00324 m/s °C respectively during com-
pression and expahsion strokes,as indicated by Woschni. The datum
pressure, temperature and volume are Py T1 and V] respectively,
and are evaluated at intake valve closure.

The mean wall temperature is assumed to be 550K and the mean
cylinder gas temperature is represented as the weighted mean of
surrounding gas and jet fluid temperatures by the equation:



m, . T. . +m T
T = Jet "jet a,sr a (2.49)

ch mf + ma

where Tjet

eratures respectively and m

and Ta are the mean jet and the surrounding air temp-
a,sr’ mjet’ mys Me refer to the masses
of air in the surroundings, the fuel in the jet, total cylinder

air and the total fuel mass respectively.

Total heat transfer is apportioned to the surrounding gas
and the jet regions in relation to their mass and temperature as:

- ll'l. T.
_ Jet "jet .
dQ = dq (2.50)
trjet rrljet Tjet * ma,sr_T;- tr
and
m T .
dd = a,3r _2a dQ (2.51)
trg Mot Tiet *Ma,sp g oF _

These terms are used in the overall energy balance to compute
conditions in the engine cylinder at any instant.

The total surface area AC of the engine cylinder comprises the
cylinder head, side walls of the cylinder and the piston surfaces.

For the Shallow-Hesselman geometry the computation of piston
surface area is indicated in Appendix D.

2.2.11 Turbulent Mixing

At the end of the injection period, the jet momentum due to
fuel injection will be zero, and therefore air entrainment as compu-
ted from equation (2.5) and (2.41) wil] cease to have relevance. The
mixing process by which available air continues to be utilised will
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now be controlled by the turbulent kinetic energy dissipation
in the fuel Jets.

The mass transfer rate of air by turbulent mixing into the
burning products from the unutilised air available in the jet and
the surrounding regions can be expressed as C1 (ma/r) where m,
is the mass of air, 1 is the turbulent mixing time for the
breakdown of large scale eddies, and C] is a constant to be dis-
cusseddin detail later. The depletion rate of available air mass

- ma .
is -3¢ - Therefore by mass conservation:

dma mﬂ |
@ G ) (2.52)

Rearrangement of equation (2.52) and integration yields
1n (ma) = C]t/r + 62 (2.53)

where t is the cumulative time from the end of the injection process
and C2 is the constant of integration. C2 can be evaluated using the
initial condition at the end of injection. At t = 0O, mo=m.

yielding 02 = In(maa), where M a is the total unutilised air avail-

able at the end of injection.

Substitution 6f the value C, in equation (2.53) yields:

m
2 = (:_\)(p(-(:_I Tt'-) (2.59)
aa )

3

The mixing time (t) is characterised by the following equation
for large scale eddy structure
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. - (_LEE)1/3 (2.55)

where L is the length scale and e is the energy dissipation rate
of the eddy structure.

Length scale L is taken to be the nozzle orifice equivalent
diameter (dé). Dent (73) has characterised the turbulent energy
dissipation in a quiescent chamber Diesel engine in terms of injec-
tion variables and engine speed by the expression

e = Clam) (=52 (2.56)
ip nd0

where N is the engine speed, eip is the injection period, Vf is
the volumetric delivery of fuel per stroke of the injection pump,
n the number of holes in the injector nozzle, and d0 the injector

orifice diameter. C is a known constant (v 4.924 x 10%).

The constant C] in equation (2.52) is evaluated by equating
the time mean entrainment rate over the whole injection period to
the right hand side of equation (2.51). This procedure is justified
because it gives a means of relating the turbulent mixing rate due
to dissipation to the entrainment of air due to the injection process.

2.2.12 Thermodynamic Analysis

The basis of the analysis follows from Shahed et al (16).

The conservation equation are derived for the whole jet and
surrounding gas as:

Mass conservation:

For jet:

Rate of change of mass _ Rate of fuel mass , Air entrainment rate
in jet injected into the spray



dm, dmfi dm

jet ac (2.57)

This can be subdivided further as:

Rate of change of _ Rate of fuel _ Rate of fuel
mass of fuel in jet mass injected mass evaporated
nfjet _ dmfy . dmyy 2 58
de - de de (2.58)
Rate of change of _ Rate of air ~ _ Rate of air mass
air mass in jet mass entrained consumed during
combustion
Majet . WM M 3 (2.59)
de de de
Rate of change of _ Rate of mass of _ Rate of mass of
fuel vapour in jet fuel evaporated fuel vapour burned
dm
fvjet . dme, ] dm,,, )
5 de do (2.60)

Rate of change of Rate of mass of air
mass of combustion = Rate of mass of + consumed during

products fuel vapour burned combustion
HMep LTI Y (2.61)
de de de
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The interaction of mass elements is shown in Figure 2.17

For the surroundings:

Rate of mass of surrounding

Rate of change of
medium entrained in the jet

mass in surroundings

dm dm
ae - ae 2.62
6 sy = @ (2.62)

Each of the energy conservation equations will follow from:

:§§§13€ec?222ingf _ . External work done Heat transfer rate
energy in the region by the region to the region

Enthalpy associated
with the flow rate of Heat release rate

masses across bound- during combustion
ary of the region

dQ d(McH.) dQ
d o dv Hep FUF rel
Hﬁ(mu)region - p(de)region+(de )region+( de )r99i0n+( de )
(2.63)

In conjunction with these conservation equations, the equations
of state are also written for the jet and surrounding fluid.

Also, at any instant, the total cylinder volume equals the
sum of surrounding and jet volumes.

Appendix E gives a detailed derivation of the set of equations

used in the thermodynamic analysis carried out in the model.



2.2.13 Low Load Calculation

The overall structure of the model is maintained for low
Toad calculations, however in a large number of cases the injec-
tion period is less than the delay period, under these circum-
stances turbulent mixing is considered as the mechanism for fur-
ther entrainment of air as discussed earlier for the high load
conditions. The structure of the jet is maintained up to the
ignition delay period. Photographic studies (62) carried out in
the I.C. Engines Laboratory of the Mechanical Engineering Depart-
ment, seem to justify this assumption. At the point of ignition
delay the total air-fuel ratio of the jet plume is considered.
Therefore as air is entrained into the mixture by the turbulent
mixing process it will immediately burn because of the stoichio-
metric burning assumption used.
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CHAPTER IT1I
GENERAL STRUCTURE OF THE COMPUTER PROGRAM

3.1 Introduction

A computer simulation program is developed using the physi-
cal basis described in Chapter II. The phenomenclogical descrip-
tion of various processes is dealt with in separate subroutines,
giving a modular arrangement to the complete simulation program.
Fortran language is used in coding the statements and computations
are carried out using the ICL 1904S computer available at Lough-
borough University of Technology.

3.2 Flow Charts and Program Modules

A flow chart of the computer model is shown in Figure 3.1.
A connection of the flow chart with the structure of the model is
discussed below. The titles of the subprograms used in the model
appear in brackets at appropriate locations,

There are ten major subroutines, supported by others, used to
describe the processes affecting diesel engine combustion, The lists
of these subroutines are given in Table 3.1. The function subpro-
grams are meant to represent various equations used in computation
relating the physical processes and the property evaluation of the
working substances. The 1list of these functions are included in
Table 3.2.

The principal aim of the model is the accurate performance
prediction of an engine at various operating conditions with economic
use of computer storage and running time. Also, the prediction of
soot emission and the effect of swirl will need additional modules
in the program. They are described in subsequent chapters.

The engine geometry and operating conditions including the
injection pressure diagram, are assumed as input data read in the



TABLE 3.1
Usage of Subprograms

Main Supporting Subprogram.
Processes Subprogram Subroutine Function
1 Injection INJSIM - -
2 Droplet Size DVNR - FDDV
Distribution
3 Impingement : _
and Wall Jet IMPING, WALJET GEQOM, VGEOM
4 Jet Struc= | axucr, RoLuct - FC,FT,FU
ure
5 Evaporation CPA,CPF,
and Combus- EVAP B o CONT2,CONT3
tion ENL, FUNT,
VIST2,VIST3
6 Redistribu-
tion REDIST - -
7 Turbulent
Mixing MIX EVAPM -
8 Mass Balance MASSB - ENTR,ENTRW
9 Heat Transfer WOSCH - HTC
10 Thermodynamic CROUT _ CPA,CPF,CPY
Analysis ENF,ENT ,ENV
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TABLE 3.2

List of Function Subprograms  in Alphabetical Order

Name Description

CPA(T) Specific heat polynomial for air at 1%

CPF(T) Specific heat of 1iquid hydrocarbons 7%

CPY(T) ?gﬁcific heat of hydrocarbon fuel vapour at

CONT2(T) Conductivity of air at 1%

CONT3(T) Conductivity of fuel vapodr at 19K

DVDTH(THR) Derivative of piston displacement with crank
angle

ENF(T) Enthalpy of liquid hydrocarbon at TOK

ENL(T) %g;halpy of vaporisation for hydrocarbon at

ENT(A,T) Enthalpy of air at TOK

ENTR(X,D) Air entrainment law for free region

ENTRW(X,D) Air entrainment Taw for wall region

ENV(A,T) Enthalpy of hydrocarbon fuel vapour at TOK

FC(Y) Similarity profile for concentration at Y

FDV(DR) Drop-size volume fraction distribution func-
tion

FDDV{Q) First derivative of drop-size volume frac-
tion distribution function

FT(Y) Similarity profile for temperature at Y

FU(Y) Similarity profile for velocity at Y

FUNI(T) Saturation pressure for hydrocarbon at TOK

FUNZ2(P) Saturation temperature for hydrocarbon at P
(N/m?)

FW(YW) Integral functions of mass and momentum con-

) servation equations

HTC(T) Heat transfer coefficient

RHOFV(NFAV,T,P) Density of hydrocarbons in liquid or vapour
phase

VIST2(T) Absolute viscosity of air at TOK

VIST3(T) Absolute viscosity of hydrocarbon fuel
vapour at TOK

VOL(THR) Slider-crank relationship for piston displace-

ment
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subprogram  READ.

The computation begins at inlet valve closure, and until
start of injection the instantaneous cylinder volume, pressure
and temperature conditions are computed using subprogram
PREINJ and MOTOR.

The synthesis of the injection pressure diagram in subroutine
INJSIM allows the calculation of the following quantities in sub-
routine AUXMN over the discretised time step (aAt):

- Injected fuel quantity

- Spray penetration

- Sauter Mean Diameter of atomised droplets
- Instantaneous engine motoring conditions
- Cylinder trapped mass

The relative position of the jet tip with respect to the
piston geometry (subroutines GEOM, VGEOM) allows the consideration
of jet impingement (IMPING) and the possibility of their interaction
in the wall region (WALJET). The jet structure defined in subrou-
tines AXLUCT and RDLUCT allows the transition from a free to wall
Jjet condition,

The fuel droplet size distribution and air entrainment into
the spray is computed for each discretised time interval in sub-
routines DVNR and MASSB respectively.

Fuel vaporisation rate using mass transfer considerations is
evaluated with and without combustion in subroutine EVAP, The igni-
tion delay and inflammability 1imits are used as criteria for the
heat release calculation (EVAP).

The droplet redistribution (REDIST), mass balance (MASSB) and
thermodynamic analysis (CROUT) follows the evaporation-combustion
calculation in the model.

On completion of fuel injection, the jet analysis is replaced
by the turbulent mixing rate calculation (MIX) followed by thermo-
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dynamic analysis at each instant until exhaust valve opens. The
values are integrated using subroutine EULER.

3.3 Model Input
The data required as inputs te the program are listed in
Table 3.3.

ftems 7 to 9 in Table 3.3 are stored in block data STOR.
A1l other variabies are read in the form of input data cards in
the program. The values of pressuré, fuel injection rate,
angles, orifice hole diameter and enthalpy of reaction are read
in bars, mm3/CA/hole, degree, mm and megajoules/kg respectively.
However, these values are converted to respective SI units before

computation begins. All calculations are consistently carried out
using SI units. The interval size for computation can be specified

as input which is generally taken as 19 CA.

3.4 Model Qutput

The various computation results from the model are printed
using subroutine WRITE.

The outputs from the model as a function of crank angle are:

-~ Cylinder pressure

- Rate of heat release

- Air entrainment and mixing rate

- Mass fraction of fuel vaporised

~ Mass fraction of fuel burned

- Mean jet and total trapped charge temperatures
- Heat transfer rate from the gaseous charge
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TABLE 3.3
Data Input to the Model

Input concerning

Variables

Engine dimensions and
operating parameters

Injector dimension and
injection conditions

Valve timing

Fuel characteristics
and other conditions

Specification of
engine geometry
(Ref: Figure D1 of
Appendix D)

Physical properties
of working fluids

Empirical and univer-
sal constants

Coefficients for
property polynomials

Others

Engine bore, stroke, speed, compression
ratio, and connecting rod length

i) Number of injector holes, orifice
diameter, injection timing, dura-
tion of injection, angle of spray
axis relative to cylinder head,
mean injection pressure, and mean
fuel injection rate

ii) Approximated values for injection
pressure diagram in terms of crank
position

Inlet valve closing and exhaust valve
opening time in terms of crank posi-
tion with respect to the top dead centre
at compression

Inlet fuel temperature, normal boiling
point of fuel, critical temperature of
fuel, critical pressure of fuel, fuel
cetane number, enthalpy of reaction for
fuel, intake air temperature and pres-
sure, and mean cylinder wall temperature

Bowl dimensions (height and depth),
angle of piston crown, radius of cur-
vature for piston bowl, X and Y coor-
dinates of various location points A,

B and C with respect to cylinder head
centre and point A respectively, nozzle
immersion depth, distance of piston
crown from cylinder head at TDC and
angie of curved portion of piston bowl

[ (ag)

Density, molecular weight, thermal
conductivity and viscosity of liquid
fuel, air and fuel vapour respectively

Universal gas constant, polytropic
index, stoichiometric air-fuel ratio,
nozzle discharge coefficient and

some conversion factors

Coefficients of specific heat, enthalpy
and density polynomials for working
fluids viz air and fuel

Discrete values of radial droplet size
distribution with radial position




69

3.5 Summary

The computer simulation program as designed here, uses 3200
cards. The modular arrangement of the model proves advantageous
in updating the process description. Continuing advancement and
understanding of related areas demands such flexibility in the
model structure. The run time for a job over a closed cycle
period is 900 mill units (1 mill unit is about } second) for the
ICL 1904S computer which is of the order of 5 to 6 seconds on an:
IBM 370 computer. The memory storage requirement of this program
is only 18000 words. |
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CHAPTER IV
SO0T PREDICTION MODEL

4.1 Introduction

From an environmental pollution standpoint, the emission of
soot particulates from the Diesel engine exhaust is a limiting fac-
tor to their wide application. Due to the heterogeneous and mixing
controlled nature of combustion in Diesel engines, they emit a
greater quantity of soot particulates compared with spark ignition
engines. Despite its importance, the emission of soot is one of the
least understood aspects of diesel combustion.

A major part of soot particulates is solid carbon generated
during combustion. The concentration of soot in diesel exhaust is
the net result of its formation and oxidation in the combustion
chamber. Therefore, an understanding of soot formation and oxida-
tion mechanisms are required independently. Such stﬂdies, however,
are difficult to carry out in the engine combustion chamber. Hence
most of the available information relates to either open diffusion
flame studies, or the oxidation of carbon in air and oxygen/nitrogen
mixtures to establish its controlling mechanism,

Considering the volume of literature on soot formation mecha-
nisms, there is little in the Titerature (13, 18, 19, 79) on the
prediction of exhaust soot emission from diesel engines. A brief
review of the existing literature on soot emission and the mecha-
nisms of formation and oxidation is presented below. From this an
attempt is made to develop a soot emission model applicable to die-
sel engines.

4.2 Literature on Soot
4.2.1 Soot Formation

Several authors (80-85) have reviewed soot formation phenomena
in open flames and/or engines. In an early review for the formation




and combustion of soot in laboratory hydrocarbon flames, Broome

and Khan (80) emphasised that the socot results solely from the
vapour-phase pyrolysis of fuel molecules in the presence of high
temperature and insufficient oxidant. There is the possibility

for many routes to be followed by the basic reactions in the forma-
tion of soot, depending on different physical and chemical condi-
tions. They presented a simplified qualitative scheme for such
reaction paths as shown in Figure 4.1. The effect of operating
variables on diesel engine exhaust soot were summarised by them in
Figure 4.2. '

Essentially Broome and Khan (80) divided the soot formation
into three major stages:

i) Nucleation and formation of precursors.
ii1) Growth of the nuclei into soot particles.
1ii) Coagulation of soot particules into bigger agglomerates.

For the formation of soot, there are two basic mechanisms sugges-
ted in the literature - polymerization and thermal decomposition. -
In general there is agreement about the kinetically controlled nature
of soot formation. The former mechanism proposed by Homann (86) con-
Siders the nucleation due to the bonding of large molecules produced
by simultaneous polymerization and dehydrogenation of the original
hydrocarbons. Contrary to this view, Tesner {87) considers that at
high temperature, the probability of decomposition processes con-
trolling are greater than that of polymerization. Apart from these
two nucleation theories, there are six other theories advanced by
various investigators (81). In the face of such uncertainty, the
existing soot models (13, 18, 19, 79) ‘have used an Arrhenius type
relationship for the soot formation. These are summarised in Table
4.1, Basically these models are developed on the groundsthat soot
formation is affected by pressure, temperature, and equivalence ratio.
Each of these engine studies needed empirical constants to obtain
quantitative results at different engine operating conditions.
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TABLE 4.1
Summary of Existing Diesel Engine Soot Models

AUTHOR FORMATION OXIDATION REMARKS
E P E

: V n sf 0 S0
Khan et al S¢ = Coy—¢ P exp(-¢r) $ =C nD?2 exp{- =) ¢, T, P and V are the local
(13, 92) f 5 NTP RT ¢ o P -;fl RT unburnt equivalence ratio,

- q - 5 - _ " temperature and pressure and
Cs 9.36 x 10% n =3 Co =7.5x 10 volume respectively for soot
Esf= 40000 cal/mol formation zone, VNTP is the

volume of cylinder '’ contents
at NTP and pg
pressure of

_ . dmfi ESf GmS E. dm
E;;g{:su and Sf (Cg a * Cgmfg)P exp( TTTQ S Cqu > d Po
(16) ' _ ' tion rate, m,, is the mass of
Ege = 19860 cal/mole Tiquid fuel '§n the package at
any instant, P is cylinder
pressure, V and T is the pack-
age volume and local tempera-
ture respectively, m_ is the
mass of formed soot ~ and p
is the partial pressure of 2
oxygen

is the partial

2 oxygen.

exp(- 13?) d£1 is the fuel mass injec-

Vom, T

- E
Kau et al = A ¢ (—-v—)z(%)wexm-{-[i)

S
f \ cylinder contents, V is the
3.52 A. =6.51 x 10 Tocal volume, V is the

sf 40000 cal/mol : S0 volume of burniRE’I zone, ¢,
sf P and T are the local equi-
valence ratio, pressure and
temperature, m_ is the mass
of soot formed; and Y_ is the
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TABLE 4.1 continued

AUTHOR FORMATION OXIDATION REMARKS

: v Eot So i Sc 2 po2 o Es 3
Watson and S =K T Mg, P exp(- ) =[1 - _"H_ ___I_ exp(- )] is the initial
Janota f f NTP fu °f RT So c RT 580t concentration,

(79) V is the zone volume

VNTP is the volume

of cylinder contents
at NTP, m is the
mass of uEBurnt fuel
in the zone, P, is the
partial pressure of
fuel, Po is the par-

tial pregsure of oxy-
gen, T is the local
temperature and p

and d_ are the medn
soot aens1ty and
particulate size res-
pectively
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Although successful, these attempts are not fundamentally based
and it is difficult to be certain about their generality.

It is reported by Wagner (82) that in any combustion system
soot usually forms at temperatures between 1300 and 2800K and
at lower C/0 ratio (~ 0.5), than would be predicted theoretically.
Dyer and Flower (88), through experiments in a combustion bomb, go
further to suggest that the experimentally determined threshold for
soot formation is related-not only to the equivalence ratio but also
to the flame temperature as shown in Figure 4.3. This has been
confirmed by Plee et al (83).

The review of McArragher and Tan (89) suggests that there are
limited studies (90-91) showing the effect of pressure on soot con-
centration. However, there is a pronounced effect of pressure on
soot emission. The soot formation rate increases with pressure
depending upon the type of flame and the fuel used. Tesner's expe-
riments (93) in diffusion flames Suggest that the formation of soot
particle nuclei start from acetylene nuclei. The dominance of
acetylene near the surface of a burning droplet within an envelope
flame is also shown (Figure 4.4) in the experiments of Gollahali
and Brzutowski (94). Tesner (87) has regarded formation of soot
as a branched chain process. He also considers the destruction of
active nucleii on the soot particle surface as an essential mecha-
nism. In order to relate the rate of formation of active particles
with experimental results on soot formation, he considers a two
stage formation process:

i} The rate of formation of radical nucleii is written as

d
qE=N *(f-9) n-gnN (4.1)

where "o is the spontaneous formation rate of particles
(particles/m3/s), n is the concentration of the radical nuclei
(particles/m3), N is the concentration of soot particles
(particles/m3), f is the linear branching coefficient, g is the
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linear termination coefficient, and g0 is the coefficient
of linear termination on soot particles. N, is expressed

by

h =a N_exp (- ESf) (4.2)
o 7 3 No &P 1" T .

where NO is the concentration of acetylene in molecules/m3.

ii) The total rate of formation of soot particles by considering
termination process at the surface of the soot particles is
expressed as

A= (a - biyn (4.3)

where a and b are constants.

A successful application of this scheme in turbulent flames
has been demonstrated by Magnussen and Hjertager (95-96). Encouraged
with this attempt which relates closely to the engine case, it is
thought that Tesner's model should be applied here. Also, as pointed
by Ahmad et al (85), the equations of Tesner et al are a unique set
describing the important subprocesses involved in soot formation.
Ahmad et al have successfully verified a model in steady high pres-
sure turbulent spray and jet flames using Tesner's scheme.

4.,2.2 Soot Oxidation

The soot oxidation process depends on the diffusion of the
reactants to, and the products from, the reaction sites at the parti-
cle surface and also on the kinetics of the reaction itself. In the
engine, coagulation and oxidation occur simultaneously.



In all the existing diesel engine soot models at present,
the soot oxidation process is defined as kinetically controlled
in terms of the local temperature (T) and the partial pressure of
the oxygen (p0 ). A semi-empirical equation of Lee et al (52) is
adopted in a112 the models. The equation of Lee et al for the sur-
face oxidation rate (q) of a soot particle in a hot laminar plume
of a gas diffusion flame is expressed as:

4 Poz 50 2
q=1.084 x 10 f;;-exp (- TTTJ (g/cm?s) (4.4)

They determined a first order dependence on the oxygen concen-
tration and an apparent activation energy of 39300 cal/mol. The
measurements of Tesner and Tsibulevsky (97) in diffusion flames and
that of Park and Appleton (98) in a shock tube, for conditions given
in Table 4.2, show a similar dependence on partial pressure of oxy-
gen. At high oxygen partial pressures (> 4 atm) Park and Appleton
confirmed the findings of Nagle and Strickland-Constable (99) regar-
ding the zero order dependence of the rate.

_According to the theory of Nagle and Strickland-Constable, there
are two types of reaction sites, A and B, on the carbon surface res-
ponsible for oxidation. Site A is more reactive than B and they are
inter-convertible. On this basis they proposed the following semi-
empirical relation,

i) At low temperature (1050-1700K), the surface is entirely covered
by A sites. At Tow partial pressure {< 0.2 atm) of oxygen

_ 2 _ 30000
Q- 2.4 %107 g, exp (- Fpr) (4.5)

At higher partial pressures (0.1 - 0.6 atm)

_ 34000

qg=11.3 exp ( ——RT-—) (4.6)



ii) At higher temperatures (> 1700K), where thermal rearrangement

produces an increasing proportion of B sites,

= -8
q=3.10 p0

2

exp (81800)

(4.7)

ii1) At still higher temperatures (> 2500K), the A-site oxidation
becomes negligibly small compared to the B-site, and

= -2
q=5.35x10 Py

15
) exp (~ —7%99)

(4.8)

A summary of these measurements of soot oxidation rates is shown
in Figures 4.5 (a) and (b).

TABLE 4.2

Conditions of Scot Oxidation Measurements

Jones

P
0, (atm) 0 MEAN PARTICLE
AUTHOR 2 1 Ragr

Lee, Thring and )
Beer 0.04-0.1 1300-1700 400
Tesner and
Tsibulevsky 0.1 1400-2000 -
Eg:k and Apple- 0.05-13 1700-4000 45-180
Nagle and Strick- e .
land-Constable 0.1-0.6 1000-2000 -
Fenimore and 1074-0.3 1530-1890 )
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Fenimore and Jones (100) from their experiments of dry soot
oxidation showed a weak dependence on the oxygen concentration in
contradiction to the preceding workers. They claimed that the
primary agent responsible for soot oxidation was the hydroxyl radical
OH. Page and Ates (101) also confirmed the effectiveness of hydroxy!
radical in soot oxidation in fuel rich flames,

Radcliffe and Appleton (102) found it unnecessary to involve
the hydroxyl radical in an oxidation mechanism. They argue that
the rates measured (100,101) in rich flames may be due to traces
of oxygen greater than their equi]ibriym estimates, but still too
small to measure, They found that the oxidation rates measured in
flames and that of pyrographite are in reasonable agreement. There-
fore, the suggestion of Rosner and Allendrof that the OH radical
removed a carbon atom less frequently (1 percent) than found (10 per-
cent) by Fenimore and Jones supports the view that the contribution
of the OH radical on the rate of soot oxidation is ;mall.

In an early work, Magnussen (103) established a rate equation
SALP N
for oxidation of soot in(Turbulent flames jn the form

No - % lawaew

q = ——tp— (4.9)

where K1 is the rate of adsorption of oxygen and K2 is the rate of
desorption of CO on the soot particle surface. These rates are
expressed as

K, = 3.05 x 10 p022 exp (- 2529 (4.10)
and
K, = 9.84 x 1075 exp (3P) (4.11)
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In this study Magnussen found that the calculated oxidation
rates are higher than the observed rates. He therefore suggested
that the role of turbulence is vital for estimating realistic soot
oxidation rates in turbulent flames.

Becker and Yamazaki (104) and Prado et al (105) suggest that
any model in a turbulent fuel combustion system has to combine both
the mixing of a fuel and air, and the chemistry of soot formation
and burnout. Neither of these two processes is well understood and
only very approximate global - modelling of soot formation is at
present possible. '

4.2.3 Current Status

At this stage, the soot emission predictions in turbulent flames
and engines appear in a state of confusion. As regards chemical
kinetics, there have been many studies predicting soot oxidation rate
as discussed above. The study of Nagle and Strickland-Constable (99)
covers a wide range in terms of temperature and partial pressure of
oxygen. They suggested that the soot oxidation rate in high partié]
pressure regions have zero order-'dependence with respect to partial
pressure of oxygen {Figure 4.,5(b)). They presented three equations
(4.5) - (4.8) for the four of temperature and oxygen partial pressure
regimes, this makes their use cumbersome. Out of these four
equations (4.6) and (4.7) will appear suitable for engine conditiuns.
However they bear a different relationship with temperature and
varying dependence with partial pressure of oxygen as against -equa-
tion (4.4) of Lee et al. However the equation of Lee et al is widely
applied in existing Diesel soot emission studies. This equation has
first order depencence on oxygen concentration. From an engine study
{83) there is an evidence of influence of intake oxygen concentration
(Figure 4.6) on oxidation of scot particulates and precursors. Also,
there is an undisputed view, in the literature, that additional to the
chemical kinetics, the air-fuel mixing process influences soot-forma-
tion and combustion over a wide range of engine operating conditions.
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Piee et al (83) have shown that the soot particulateemission can
be correlated in terms of the adiabatic flame temperature (Tf) and
a turbulent mixing parameter involving engine speed {N), total
fuel quantity injected (V) and the rate of fuel injection (me).
The correlation is of the form

E

P - q r RT :
N me vfi e (4.12)

where p, g and r are empirical constants and E is the activa-

tion energy. This suggests that in an Arrhenius type of rate equa-
tion which is widely used in existing Diesel engine scot oxidation
models, the air-fuel mixing can be accounted for through a suitable
mixing parameter in the pre-exponential term. If one considers after
Magnussen (106), and Becker et al (104) that the soot burn up takes
place in the fine structure of the turbulent eddy - -the so called
Kolmogorov structure, then it would be quite reasonable to assume
that the soot burn out in these regions would indeed be on a mole-
cular scale and therefore an equation such as that of Lee et al (52)
vould be applicable.

4.3 Proposed Model

Based on this concept the proposed model incorporates the effect
of air-fuel mixing by modifying the Lee et al soot oxidation rate equa-
tion. Although the equation in its present form overestimates (when
extrapolated in the region of high temperature) compared to other oxi-
dation rate equations (Figure 4.5(b)), this seems to be the most
appropriate in situations where the combustion takes place at a mole-
cular level. Furthermore as will be discussed later, only a fraction
of the small structure containing scot will actually burn up, so that
this modification to the equation of Lee et al will result in burn
up rates per unit mass comparable to the other data:shown in Figure
4.5(b). Magnussen and co-workers (106, 107) have already suggested
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that in turbulent systems the chemical reaction between oxygen-
containing eddies and soot-containing eddies occurs when the reac-
tants are mixed on a molecular scale at a sufficiently high temp-
erature. In general, the large scale eddies (assumed to be of the
order of the equivalent diameter of orifice, L+ 1073m) break up into
fine scale eddies (of the order of Kolmogorov Tlength scale

n~ 107%m). This turbulent structure is represented in Figure
(4.7). At any instant only a fraction y of the soot containing
fine structure within the eddy will be burning. The fraction of
the total fuel burning in the fine structure is simply the ratio
of the local concentration of reacted fuel (mfb) to the total fuel
concentration (mfu + mfb) given by

Mfb

In terms of turbulent dissipation (e) and the kinetic energy
(k), Magnussen has expressed the mass fraction of the total fluid
contained within the fine structures as

r* =97 (Eﬁ)i (4.14)
k?

where v is the kinematic molecular viscosity. Therefore, the term
r*y will represent the mass fraction of the fine structure burned.
Also, he defined the mass transfer between the fine structures and
the surrounding large structure by

. U* *
ms= ZFT (4.]5)

where L* is the characteristic length of the fine structure and
U* is its characteristic velocity. These quantities are given as



L* = 1.43 (%;)i (4.16)

and

U* = 1.78 (ve)? (4.17)

In equation (4.14), the specific turbulent kinetic energy term can
be expressed in terms of turbulence velocity u' as

k=u'2= (Le)2/3 (4.18)
hence equation (4.14) becomes
1 .
r* = 9.7]:‘/-;i - (4.19)

where 1/¢ is the measure of the mixing rate by which the fine struc-
ture breaks down and intermixes fuel and oxygen to the molecular
level. This is represented as

1 E13
v G (4.20)

Dent (73) has calculated the turbulent energy dissipation rate
(e) in terms of fuel injection parameters for a quiescent chamber
Diesel engine as

V..
e = C (g (72 - (4.21)
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where C is a constant, N is engine speed, eip is the injection
period, Vfi is the fuel quantity (mm3/cycle), Ao is the total ori-
fice area.

He has also shown a correlation of the mixing rate with exhaust
smoke for quiescent and swirl assisted engines.

Considering theRDamkoh1er number for the fine structure soot

burn up defined as (Riggm') it is found that in the fine structure,
ix

kinetics seem to be controlling the burnout of soot because RChem
(+105 s71) < R.. (v 106 s71)

where
°Cs (4.22)
R = q .
chem Pe as
Rmix = 1/t . (4.23)

where C_ is the net soot concentration (kg/m?), ds is the average
soot particle diameter (m), Pg is the density of soot (kg/m3) and q
is the surface reaction rate given by equation (4.4) of Lee et al.

The surface temperature of the soot particles reacting in the
fine structures can be taken equal to the local adiabatic flame temp-
erature (computed earlier from equations (2.17) - (2.19)) of the
reacting eddies. At the finest Kolmogorov scale there is no oxygen
gradient at the soot particle surface because of the high mixing
rates in these regions as illustrated above from the Damkholer number.

This analysis suggested that the air fuel mixing can be accounted
for in a kinetic rate equation of the soot oxidation. Although fuel
burning and soot formation are considered on a gross basis, the soot
burnout is assumed to occur in a fraction of the fine structure.

The equation of Lee et al provides only for the gross oxidation rate
of soot which appears to be a reason for overpredicting the oxidation
rate. One can, therefore, consider the multiplication of the equation
of Lee et al by yr*, to account for the reacting mass of the soot and
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oxygen in the small structure. From the experience during this work,
this seems a plausible assumption. The substitution of equation
(4.4) in (4.22) derived from Lee et al and the multiplication of
the fine structure burning fraction, the new soot oxidation equa-
tion thus takes the form

p
S, g5 9 M

S 39300
= = exp (- Zpr) r*y (kg/m3.s)  (4.24)
@ e d AT (

where Vb is the burnt gas volume and me is the net soot mass avail-

able for oxidation.

Comparison of equation (4.12) suggested by Plee et al (83)
as NP 9 Vﬁ.r exp (- é%) with above soot oxidation rate equation
indicatesthat the proposed modification brings the desired engine
mixing parameter in the kinetic rate equation for soot oxidation through
expression of r* in terms of engine injection parameters which is

V..
C N fi
v (e 3/2
a eip) (7§:)

Summary

In this model, the net soot release rate is given through soot
formation and oxidétion rate calculations. A summary of the equations
used and the flow chart for the model is presented in Table 4.3 and
Figure (4.8), respectively. The values of mean soot density and
particle size are assumed equal to 2000 kg/m? and 250 R respectively.
The value of mean particle size is in conformity with the findings
of Vuk et al (108).



TABLE 4.3

Summary of Soot Formation and Oxidation Equations

exp(- '-'r—') r¥y
ii) Nuclei reduction
dn -
n —_—

c -.
a e Cnin

PROCESS EQUATIONS REMARKS
Formation i) Nuclei formation my is the mass of a soot
E particle
_ fu _ _sf
ny=8, 1 exp(- =)
d
a%==n0+(f-g)n-gonN
ii1) Particle formation
=T 43
i 59" o5
X< (a-biyn
(part/m3/s)
_dN
Sf -'a'f.l'ﬂp
(kg/m3s)
Oxidation 1) Soot oxidation
_ Meb C . s the minimum of
Y W min
fb " fu fuel or oxygen concentra-
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1 _C (N3zo, fivg tion in fuel rich eddies.
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v ip 0 n and Cfu represent the
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m = %f%g 0%)5 tration
0
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E
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Input:  Unburnt (mg,) and burnt (mfb)
fuel mass fraction, and local
pressure (p), temperature (T), and
equivalence ratio (¢)
partial pressures of fuel (pf)
and oxygen (p0 ), volume of the
burnt gas (V)
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FIG. 4.8 Flow chart for the sooft model
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4.4 Calculation Procedure for the Net Soot Release

The net instantaneous soot from the engine exhaust is the
result of soot formation and oxidation rates yielding

- S (4.27)

where éf is the rate of soot formation and §0 is the oxidation
rate. '

The soot formation occurs in rich regions (equivalence ratio
greater than 1) of the jet and is calculated from the equations
listed in Table 4, 3.

The soot formation is assumed to occur in the whole eddy while
oxidation takes place in the fraction of the fine structure. A uni-
form temperature is assumed to calculate the formation and oxidation
rates at any instant. Plee et al (83) have already demonstrated that
soot emission in diesel engines can be correlated with the stoichio-
metric flame temperature and hence it lends some support to the assump-
tion of using the local adiabatic flame temperatures in computing soot
formation and oxidation rates. The local flame temperature values
reported in the work of Plee et al are of the order of 3000K . The
maximum local temperatures computed in this work are of the same order.

The number of molecules contained in 1 kmole of gas is given by
Avogadro's number (~ 6.02 x 1026 molecules/kg mole). Therefore, the
number of molecules contained in 1 m3 of gas may be expressed
through equation of state as

N =7.35 x 1022 £ molecules/m3 gas (4.28)

Using Avogadro's number in equation {4.28), the value of N0 in
equation (4.2) can be expressed in terms of the partial pressure of



fuel (pfu) and temperature T as
Pf
N, = 12.2 x 1075 Me, —1 (kg/m3) (4.29)

Finally, equation (4.2) for the spontaneous rate of soot nuclei
formation is expressed as

- pfu ESf ) 3
N, = 8, —F €XP (- —T*) (part/mi/s) (4.30)

where a_ is the modified constant from Tesner. Its value is given

in Table 4.4.

Also the value of other constants used in equations (4.1) -
(4.3) are given in Table 4.4.

TABLE 4.4
Constants in Soot Nuclei and Particle Formation Equations (4.2 ~

4.4) from Tesner et al (87)

constant | a f-g 9 b Y Esf(Ca1/mol)

value 105 | 102 | 1071351 8.0x1071% | 7.254x1030 9x10%

The value of activation energy in the soot oxidation rate equa-
tion (4.24) is assumed equal to 39300 cal/mol following Lee et al
{52). Also the soot oxidation is assumed to occur above a tempera-
ture of 1600K following Spalding (109).

The reduction in soot nuclei concentration follows the basis
of Magnussen et al (107). - In terms of the instantaneous time-mean
nuclei concentration (n) and fuel concentration (Cfu) values and the



mass transfer rate (m) between surroundings and fine structures is
written as

dn
'aT;E =mC . U (4.31)

where f' is the smallest of f' and C’ /5, where'f is the local
oxygen concentrat10n and s is the sto1ch$ometr1c cons%ant

The mixing time, and the net soot- particle and nuclei concen-
trations at any instant are computed on the basis of the local jet
volume. At the end of injection the volume occupied by the burned
products and the entrained air in the engine cylinder is the basis
of computing soot density. Note this volume is slightly less
(= 5%) than the cylinder volume at E.V.O.

4.5 Calculation of Exhaust Soot in Terms of Bosch Number

The net soot concentration at exhaust valve opening is reduced
to NTP using the relationship

. v

. evo
Snet Sevo VNTP (4.32)

where Vevo is the Qolume of burned mass at exhaust valve opening
which is reduced to the corresponding volume at NTP (VNTP)'

This procedure is adopted to arrive at respective Bosch smoke
number values for the exhaust soot for comparison of experimental
and predicted results. The conversion of soot concentration to
Bosch smoke number is obtained from the table given in reference
(110).
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In the computer simulation program subroutine SOOT includes
the above calculations for the soot emission.
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CHAPTER V
MODEL FOR SWIRL IN DIESEL ENGINES

5.1 Introduction

The effect of swirl is of considerable [importance in deve-
Toping the high speed Direct Injection Diesel engine. The in-
cylinder air motion assists the fuel injection process in the
mixing of fuel and air and hence the engine combustion process.

There have been successful attempts (111-114) to measure air motion
inside the engine cylinder. However, very little has been achie-

ved in terms of modelling. In many of the engine modelling studies
(12, 13, 18, 19), the effect of swirl is accounted for quite
implicitly by using empirical constants in entrainment equations

or by changing the local concentration values (20), in an enhanced
mixing assumption. The attempts of Adler and Lyn (10), and White-
house and Aburghers (39) in this direction are more involved, but
both these studies used complicated setsof equations concerning mass,
momentum, and energy conservation. The solution of these equations,
therefore, is very cumbersome. The former study does not account

for combustion and wall impingement effects, while the latter has
incorporated the two zonme combustion model (15) and the air entrain-
ment calculation for the wall jet from literature of radial and
parallel wall jets along with the spray trajectory calculations.

A recent study of Sinnamon et al (115) has shown that an analytical
spray model can be-developed to calculate the penetration and trajec-
tory of a spray in an engine combustion chamber with air swirl. Their
model consists of solutions of integral continuity and momentum equa-
tions in a steady state gas jet with simplified assumptions.

Based on the assumptions of Sinnamon et al, a simple phenomeno-
logical approach for the modelling of swirl type engines is described
below.
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5.2 Physical Basis of the Model

5.2.1 Calculation of Swirl Ratio

The air swirl motion during the compression period is evalua-
ted by applying the principle of conservation of momentum to the
contents of the engine cylinder as described by Dent and Derham (113).
Neglecting the effects of fluid friction, the rate of change of
angular momentum of the solid body swirling flow can be written as

at (Igw) =0 ' (5.1)
therefore

IC we = constant » | (5.2)

where W, is the swirl and IC is the moment of inertia during the

compression period.

The moment of inertia of the cylinder contents, at any instant,
for a deep bowl cylindrical combustion chamber concentric with
the engine cylinder axis can be written as

m, w30 2l ()2

[ = 5.3

where m, is the trapped air mass in the cylinder, 2(6) is the instan -
taneous stroke, d is the bowl diameter, D is the engine bore and
Vis the volume of the bowl,

During the induction period, equation (5.3) can approximately
be written as

m .
=5 Q2 (5.4)
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Since the angular momentum is constant during the compression
period, IC we in equation (5.2) can be equated to the angular mom-
entum of the cylinder contents at inlet valve closure (wo).
Rearrangement of equations (5.2}, (5.3), and (5.4) yields

D
32 w, .
v ()t Mol (G2
[ )
P e

Thus, knowing the intake swirl level (wo), the swirl during
compression (mc) can be computed from the above relationship. In
engines, the mean swirl at intake is represented by the swirl ratio
defined as the ratio of swirl revolutions (Ng) to the engine revolu-
tions (N), that is '

N

SR = (5.6)

which is a known quantity. Invariably, the assumption of solid body
rotation results in the following expression for the tangential velor
city

Ug, =0 | (5.7)

where w is angular velocity (rad/s) and r is the radial distance
from the centre of the bowl. The general validity and acceptance of
this assumption is demonstrated by various workers (17, 20, 116, 117).



5.3 Modifications in Quiescent Chamber Model

When fuel is injected in the presence of air motion in the
engine cylinder, many features of the quiescent chamber analysis
presented in Chapter II are altered, which include:

i} Spray trajectory (spray penetration and deflection).
i1} Air entrainment into the spray.
iii) Wall impingement.

iv) Turbulent mixing.

Modifications applied in the model for these features are des~
cribed in this chapter.

5.3.1 Spray Trajectory

5.3.1.1 Penetration

Sinnamon et al have shown that the spray penetration distance
predicted from their gas model primarily follow the penetration
correlation of Chiu et al (27). The comparison of penetration
results from the correlation of Chiu et al with those obtained from
the correlation of Dent (used in this model} are shown in Figure 5.1,
The predictions from these two correlations and the gas jet model of
Sinnamon et al are in good agreement for the non-swirl case. This
suggests that Dent's penetration equation can be applied with the
modification suggested from the experimental studies of Chiu et al
to incorporate the effect of swirl on penetration. In the presence
of swirl, according to Chiu et al, the straight penetration decreases
by an amount given by

S - Sm S Y3
—— = 0.35 (m_o_)o-lw (5_3)



where Sw is the penetration in presence of swirl, d is the ori-
fice diameter and Ja and Jo are the momenta of air and fuel jet

respectively
Jy = Py sz w? (5.9)
and
’ 5.10
Jo = Pe Ujet (5.10)

It is worth noting that the relationship developed by Chiu
et al in its present form is applicable to central injection only.

5.3.1.2 Spray Deflection

Spray deflection results from the normal component of the air
motion and the drag forces on the jet. Assuming an axisymmetric
circular jet Sinnamon et al have described the following equation
for the change in the direction of the jet centreline

2 U, E Cy U U |
H-—t st | (5.11)
fet U2 R T Mg Up2 R

where Ut and Un are the tangential and normal components of the swirl
velocity Usw, rﬁet is the jet radius, Um is the jet centreline velo-
city, Cd is the drag coefficient, 2 is the arc length of the jet, R

is the integral defined in Appendix A after equation (A.13) and

p
e = G0t iy [y (U - Uy) + 2 (U] (5.12)
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where P is the density at the jet centreline.

Combining equations (5.8) and {5.11) in a vectorial approach,
the position of the deflected jet is located in the engine cylinder.
The parameters a (i =1,3) and S, (i =1,3) are the angles and
coordinates of the jet centreline *ith respect to the three coor-
dinate axes X, Y and Z respectively (Figure 5.3). The initial
direction vector of the jet is known in terms of the position of
the jet centreline with respect to the coordinate system,

The swirl velocity can be exbressed in vectorial form as:

U =u, XS (5.13)

The suffix i in the analysis represents the x, y and z components
of the vectorial quantity in question. '

The swirl velocity is assumed to rotate about the cylin-
der axis and impinges on the jet at an angle 0, Considering Uﬁet
and Uﬁw as the jet and air motion velocity vectors at any point A
on the jet surface in an elementary plane containing these two vec-
tors, the swirl velocity can be resolved in two components - one
parallel to the jet velocity (called tangential component UE) and
the other normal to the jet but in the elementary plane (called nor-
mal component, Ub). These are obtained by writing

Uf = (Ugm.t) t : (5.14)
and
Uh = (U'sUJ - Ui) (5.15)

9%



The magnitude and direction of these velocity terms as required in

equation (5.11) can easily be obtained from these vectorial equa-
tions. Also the arc length dz is computed by

ds
w

dg = (5.16)
Cos ay

where a "~ is shown in Figure (5.3) and is assumed equal to
zerp at the start of computation. Subsequently, it is determined
through the analysis of the jet deflection at each instant.

The change in the position of the jet tip under the effect
of swirl is written vectorially as

(5.17)
1 1

where 51 is the unit vector normal to the plane of 3@.

5.3.1.3 dJet Width

Adler and Baron (118) have suggested a simple modification in
the jet growth equation of Abramovich (46) used earlier in the quies-
cent engine case and given in equation (2.7 ) as

dr. u O
Jet m: jet
= 0.11 + (5.18)
(U + Upd (o ¥ pjet)

where Um is the excess jet centreline velocity (Urn - Ut) and Ut is
the tangential component of air velocity.
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5.3.2 Air Entrainment

The entrainment in a deflecting jet is composed of two compo-

. nents:
i) the entrainment due to the tangential component of the jet,
ii} the entrainment due to the normal component.

Combining these two effects, Sinnamon et al (115) have expressed
the entrainment equation in the following form:

T e o 2mjep [3y (UyUp) + 2,10, 1] (5.19)

where 3, and a, are the axial and normal entrainment parameters,
and o is the density at the jet centreline. '

Also, similar relationships have been used by many other workers
(119-121). These are Tisted in Table 5.1. The first two studies relate
to engines and both of them give identical values of the axial entrain-
ment parameter. This value is normally evaluated by reducing equa-
tion (5.19) tb the non-swirl case and comparing it with entrainment
equation (2.6) of Ricou and Spalding referred to in the quiescent
chamber model. The value from the other two investigations seem too
high. Also, there is considerable disagreement in the value of normal
entrainment parameter ag.

When derived from the Ricou and Spalding equation, it is diffi-
cult to find how Sinnamon et al have arrived at the (pmpa)é term
in their expression which instead should have been Py 23S appearing
in the equation of Rife and Heywood (119). In the present investi-
gation the entrainment equation for the deflecting jet is used in
the following form:




TABLE 5.1
List of Entrainment Equations for Deflecting Jet

VaTue of
. Constants
Author(s) Equation - " Remarks
1 2
. dm 3
. Sinnamon et al =(p p )e2nr. 0.035 0.05
(115) de ‘m”a jet
. dm _
. Rife and Heywood T —anjetpa 0.035 0.19
(44,119)
[31(Um'ut)+azlun|]
Kamotani and LI 0.07 0.32 i‘l = 15
Greber (120) az Jet"a 0.18? Ja
J
[a; (Up-Uy)+a, U ] 32 = 60
a
. Stoy and g%~=0.32ﬂp CQSE A is area
Benheim (121) jet and C is
the cir-
[a4 (VU _-U_)+a,|U |1 cumference
1 m 7772 n of the jet
for circular jet ‘
dm _ )
Y i ﬂpdjet 0.08 0.354 | From Hirst
0.32- | From
[aq (Uy-Uy)+a, U 1] 048 | Woolers
{123)
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dm

G = 2y Py [0.035 (U - U) +0.05 [U ) (5.20)

5.3.3 Ignition Delay

The ignition delay equation of Hardenberg and Hase (71) used
earlier has shown good correlation for the swirl engine data as
shown in Figure 5.2.

5.3.4 Wall Impingement

At low swirl ratios, the possibility of the jet impingement on
the wall exists. Hence, an analysis to establish the impingement
and the entrainment in the wall region is essential. Although there
is a large literature (64) available on wall jets, there was
great difficuity experienced throughout this work in adopting any
of the existing analysis, this is essentially due to three facts:

i) The wall jet diameters considered in the Titerature are small
compared to those found in the engine.

ii) No literature dealt with the developing region of the wall
jet.

1ii) Wall jet to co-flowing velocity ratios were >>1 in the litera-
ture compared to the engine case which is =].

The commencement of the jet impingement is decided by the rela-
tive position of the outer edge of the deflected jet with respect to
the wall distance as shown in Figure 5.4. A preliminary attempt is
made to characterise the wall jet by using the coaxial jet analysis
of Forstall and Shapiro (43). According to them

U 4 +12 (U /U, ,)
X - s’ “Jet
T 570 (5.21)

et S
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where U, is the excess jet centreline velocity (= U - U/} at
Sw’ Ujet is the velocity of the jet at the point of impingement
and dow is the diameter of the jet at the wall established from
the geometric consideration at that point,

since

U, = a5 (5.22)

SW US
—-2—:-..41"12 (U’;;-E)(UJEt US) d0t+C

At t = 0, Sw = 0, giving C = 0.

Hence, wall penetration (Sw) can be expressed as

u
s, = [(1+3 (U}i)} (U - Ug)(8 dqwt)]i‘ (5.23)

where t is the time from the instant of impingement.

Similarly, the jet width is obtained from results of Forstall
and Shapiro as

S
b s /d -y
e Jet (5.24)
(dg,/2) 4+ 12 =
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The total width of the wall jet is assumed equal to three times
the half width (bi) which is in accord with the Jliterature (65).

Morris and Dent (117) have shown that the fuel air-mixing
process in a swirl engine can be approximated by assuming a
steady state jet is injected into a steady air swirl flow. On
this basis they defined a mixing parameter in terms of the ratio
of the jet momentum flux @Jo) to the flow momentum flux (Ja).

Dent (124) has arrived at an expression for the wall jet
entrainment using the concentration data of Morris ('45) in terms
of the total air momentum (Ga) to the jet momentum (Go) represen-
ted as

G, = p, U2 RH (5.25)

_ _ 2
o Pjef Ujet Ay (5.26)

where R is the bowl radius, H is the bowl depth and Ao is the nozzle
orifice area. This yields an equation from Figure (5.5) which has the
form: !

AFR = u
+1 = 2.58 (77) (5.27)
0

where do' is the equivalent orifice diameter. This equation is
used to compute the air entrainment in the wall region of the co-
flowing jet.

5.3.5 Turbulent Mixing

There is a pronounced effect of swiri on the turbulent mixing
and hence the turbulent mixing rate computed from the jet energy in




case of quiescent chamber engine needs modification. The effect
of swirl and squish motion on the turbulent mixing rate needs to
be accounted for. Using hot wire anemometry Brandl et al (125)
have measured the turbulent velocity in the Direct Injection
Diesel engine for various port designs and injection timings.

By using their data, a correlation is obtained between mixing rate
l-(= 3.87-%;) and the mean air swirl velocity {(w). Figure 5.6
ghows such a plot and the relationship obtained from these can

be represented as

= = 9.627 (5.28)

Sw

The effect of this mixing rate in conjunction with the mixing
rate due to jet energy dissipation given in equation (2.55) is
considered in parallel such that

o (5.29)
Igix swirl jet

swir) and Rjet are the mixing rates due to swirl and the jet

respectively. They are represented by inverse of their respective

where R

mixing time expressions resulting in

1= (5.30)

Tswirl ¥ Tinj

Apart from these modifications, the evaporation calculation in
the presence of swirl requires consideration of relative velocity at
each point. This is included through calculation of Re in terms of
Tocal excess velocity (U - Ut) given by modifying equation_(2.8) to
the form

103




u-u

t
= = (1 - %/2)2 (5.31)
m Ct ( g

where Uy - Ut is the excess centreline velocity.

In general, the swirl analysis proceeds in terms of the value
of the excess velocity. The other features of the model remain the
same as described in Chapter II.

The swirl scheme is incorporated in the computer model through
subroutines SWIRL and DEFL. They provide for the calculation of
swirl levels and spray trajectory at any instant. However, the
other modifications described above are introduced in the program
at appropriate places.
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CHAPTER VI
RESULTS AND DISCUSSION

6.1 Quiescent Chamber Diesel Engine

6.1.1 Results

The main outputs from the model as a function of crank angle
are the cylinder pressure, rate of energy release, air entrainment
and mixing rate, mass fraction of fuel vaporised, mass of fuel
burnt, mean jet and total trapped charge temperatures, heat trans-
fer rate from the gaseous charge, and the soot formation oxidation
and release rates.

The comparison of measured cy1inder'pressure diagrams taken
from a single cylinder engine (refer to Appendix F for specifica-
tions} with model predictions for various test conditions are
shown in Figures (6.1) - (6.8). The test conditions are listed
in Table 6.1.

The plots relating other output variables for Set A of the
listed data sets are given in Figures (6.9) - (6.13). A typical
plot of radial temperature distribution in the jet is included
in Figure (6.14).

On the entrainment diagram. points 1, 2 and 3 indicate chan-
ges in the flow regime,

1 - free to wall jet transition
2 - interaction of adjacent wall jet flows, and
3 - onset of turbulent mixing following end of injection.

These points are shown on Figure (6.10) to indicate their
position in all entrainment diagrams.

Sets F, G and H are at low load and idling conditions. Figures

(6.6)-- (6.8) represent the corresponding cylinder pressure diagrams.
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TABLE 6.1

Test Conditions for Single Cylinder Quiescent Chamber D.l1. Diesel Engine

| Test. _ oata A B c D E F G !
Condition
Engine Speed (rpm) 1300 1900 1300 1300 1300 1300 1900 700
Injection Timing (CATDC) -18 -10 -10 -24 -16 1 0 1
Injection Duration (OCA) 24 28 24 30 30 7 10 5

| Fuelling Rate (m:na/éycle) 142.3 142.3 142.3 191.6 191.6 20 20 20
Intake pressure (bars) 1.19 1.25 1.19 1.57 1.57 1.125 1.125 1.125
Intake Temperature (K) 333 333 333 333 333 350 350 350

ot
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Results for sets B and H are included in Figures (6.15)-(6.21).

Figures (6.22) - (6.25) show the results for a parametric
study to test the effects of injection scheduling based on con-
ditions of set A.

6.1.2 Discussion

In general the agreement between predicted and experimental
pressure data is good. The results are obtained within an accuracy
of about ten percent.. However at low load and idling conditions,
the model tends to underpredict during the expansion. It was found
necessary to increase the entrainment constant in equation (2.6)
to a value of 0.7 instead of 0.32 to ensure adequate entrainment
during the delay period. There is some justification for the use
of a higher entrainment constant from the results of Ricou and
Spalding (42) who have shown that this constant increases in the
transition Reynolds number region for the orifice flow. For the
idling and Tow load cases considered, the Reynolds number are of
the order of 8000 and 11000 respectively which are well within the
transition region for the jet flow. However this cannot account
for the factor of 2 increase in the entrainment constant. It is
1ikely that assumptions concerning the quasi-steady nature of the
flow and the simple nature of the droplet distribution model are
limiting features.

At Tow Toads and highly retarded timings, it is found that the
ignition delay correlation of Hardenberg and Hase (71) was inade-
quate. The reason for the deviation from Hardenberg and Hase's
correlation is 1iké1y to be in the use of a mean polytropic index
to compute average pressure and temperature during the delay period
which occurs in compression in general. Its evaluation in the expan-
sion stroke will cause an error.

The air entrainment rate has a pronounced effect on the fuel
evaporation rate during the delay period. This fact is responsible
for the first peak in the heat release and will be effected signi-
ficantly by the injection timing and fuelling rate. Advanced injec~
tion timing increases the delay and hence has a higher first peak.
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The strong effect of the wall jet flow on air entrainment is
apparent in entrainment diagrams (Figures 6.10, 6.16) at high
loads. Also, the assumption of entrainment reducing to that for
the free jet once adjacent wall jets interact can be seen by a
flat region followed by a dip in these diagrams towards the end
of the injection. It would appear that the reduction in entrain-
ment is too severe due to the assumption made, as it is likely
that the wall jet entrainment will be reduced by recirculation
rather than being eliminated completely by the assumption made
here. However, the analysis as presented does highlight the role
of injection timing on jet interaction and hence reduced air
entrainment into the spray for a longer period of the fuel injec-
tion process. This feature is further sensitive to the tail region
of the injection diagram. For low load and idling cases, these
features are absent due to very short injection periods.

The turbulent mixing mechanism appears to characterise the
combustion process following injection in a reasonable manner.
The strong relationship between the entrainment-mixing and the
energy release diagrams, Figures (6.9) - (6.10), are confirmed.
It is noted here that approximately 50 percent of the total energy

transfer in the closed period of the cycle 15 due to the turbulent
mixing.- Similar trend jis observed in Figures (6.15-6.16) & (6.13-6.19).

The results concerning droplet evaporation appear to be con-
sistent with the findings of Kamimoto et al (54) in that the mass
fraction of vapour formed lags the injected fuel mass fraction by
about 2°CA. However, the model discussed here shows a slower
vaporisation rate in the early period of injection which is con-
sistent with a low mass transfer number B in the absence of com-
bustion, and also the inhibiting effect of air saturation on vapo-
risation during the period when air entrainment is low. However,
during combustion there is no possibility for vaporisation to be
inhibited by a saturation condition because the gas state condi-
tions (temperature and pressure) are far removed from a saturated
vapour state. The burned fraction curves in Figures (6.11) , (6.17)
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for the high load case showsthat at fixed crank positions the
mass fraction of vapour burned is significantly less than the
vapour present (evaporated mass fraction), this implies long
residence times before combustion, an important factor in soot

formation.

In the idling and low load cases, because of the lower
injection velocities and lower temperatures due to retarded
timing, the vaporisation rate is slower and the vapour mass
fraction curve in Figure (6.20) Tlags the injected wmass
fraction curve by about 100CA. Now combustion promptly consumes
the available vapour. |

The net energy release curves were computed from élgebraic
summation of the rate of change of internal energy of the air
charge and jet, the work done and the heat loss to the cylinder
walls, the work done being calculated from the computed pressure
diagrams, The oscillatory form of the early period df the diagrams
is due to the time required by the regions which have burned within
the limits of inflammability, to once again attain a flammable
mixture condition. This feature is reflected in the output of
this model.

The results of computation of temperature profiles in the
free and wall jet regions are shown in Figure (6.14). Curves (1)
and (2) are for periods before combustion has commenced. The
flattening of the profile (2) due to entrainment of hot surrounding
air into the jet is apparent. Curves (3) and (4) show the effect
of combustion in the free jet region., The high temperatures (appro-
ximately 3000K) near the stoichiometric concentration contours within
the jet correspond closely to the Adiabatic Flame Temperature for the
conditions prevailing in the engine. The corresponding integrated
mean temperature is of the order of 2300K which is of the same
order as measurements made by Kamimoto et al (126) and Flynn et al
(127). The broadening of regions coming within the flammability
limits as air entrainment increases, cause combustion to occur
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nearer to the centreline of the jet and hence the 'peakiness'
of the temperature profiles is reduced. This can be seen in the
difference between curves (3) and (4). The same features can be
seen in the wall jet curve (5) being representative for this

region.

In Figure (6.12), the mean charge and jet temp=
eratures show close similarity in magnitude and variation with
crank angle position with the experimental measurements of Kami-
moto et al (126). Figure (6.21) for the idling and
Tow Toad conditions show a rapid decrease in the jet temperature
during the expansion stroke, resulting from the highly retarded
condition of the fuel injection. This feature is important in
understanding poor combustion behaviour under light load and idling.
However, the peaky heat release curve is attributed to the atomi-
sation of fuel being assumed to be too fine. Knights (49) corre-
Tation for SMD is as Tikely as not to be based on medium to high
fuelling rates and therefore efficient injection processes. At low
load fuel injection is usually poor and the resulting atomisation

coarse,

To test this assumption a parametric study of the effects of
SMD on energy release rate and jet temperature was undertaken,
these results are shown in Figures (6.2§ - (6.2%) and lend support
to the argument for poor atomisation put forward.

The magnitude of peak heat flux appears to be of the right
order when compared against measured data of Oguri and Inaba (128),
at approximately the same speed and Toad conditions.

The model was used to test its sensitivity to changes in injec-
tion scheduling which is important for noise and emission control.
Figures (6.22) - (6.25) indicate that the model is capable of res-
ponding to this type of variation. The stepped injection schedule
produces a lower peak pressure, and a reduced and delayed peak in
the energy release, this is primarily caused by the lower entrain-
ment and vaporisation rates at fixed crank angle positions.
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6.2 Soot Results

The soot results for the data set A-E of Table 6.1 are shown
in Figure (6.28). The experimental value of exhaust Bosch number
is plotted against the calculated value using the model. The
correlation shows some scatter around the mean line. However,
the trends in the variation of exhaust smoke with injection timing,
exhaust gas recirculation (EGR), speed and load follow the experi-
mental data trends of Yu and Shahed (129) plotted in Figure (6.28)
and also tabulated in Table 6.2. It should be noted that EGR has
been simulated in the model by reducing the reactive (oxygen)
component in the cylinder charge and increasing the nitrogen compo-
nent by a corresponding amount.

TABLE 6.2

Comparison of Experimental Exhaust Bosch Number with the Model
Predictions

Data Set EGR = 0.0 EGR = 0.1 EGR = 0.2
Expt Model Expt Model Expt Model
A 1.1 2.35 2.6 2.9 6.0 4.0
B 3.5 6.0 5.8 6.5 8.4 7.5
C 3.3 3.6 5.7 4.45 8.5 5.4
D 0.7 1.0 1.5 1.15 3.6 1.8
E 1.9 1.6 8.9 1.8 6.4 3.85

With retarded injection timing, the smoke level increases.
This is due to lower temperatures in the cylinder with retarded
conditions because of heat release occurring later in the expansion
stroke (Figure 6.15). Similar trends follow with increase inEGR (Figure
6.29). The soot formation rate is considerably higher at higher
engine speed than the corresponding oxidation rate giving a higher
soot release. The higher formation rate is probably due to higher
fuelling levels, and the poor oxidation due to the lower temperatures
associated with a retarded timing of 10° btdc (Figure 6.30). The
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plots of soot formation, oxidation and release for various data
sets are included in Figures {6.31)-(6.35). The temporal varia-
tion of soot in the diesel engine is found to be similar to that
in flames. This fact was confirmed by Hiroyasu et al (130).

They also found that soot formation occurs predominantly during
the mid-combustion period where fuel is rich but most of it burns
out during the latter part of the combustion period where fuel
lean conditions persist. Similar trends are obtained in the pre-
sent study. The peak soot concentration seems to occur at the
end of injection period in most cases. According to a parametric
study on data sets C and E found that the twenty percent increase
in injection pressure reduces the exhaust smoke Bosch number from
3.6 to 1.6 and 1.6 to 1.06 respectively. This change is mainly
due to the increase in temperature. '

The model at present has shown quite consistent results on
the basis of the assumptions used. A recent soot modeliing work
of Ahmad et al (85) has shown some success in using a turbulent
mixing soot combustion model developed by Magnussen (107) in con-
Junction with Tesner's formation scheme. They showed quite reaso-
nable predictions for high pressure spray flames. 1In this area
more work needs to be done to reach more exact quantitative pre-
diction of soot.

6.3 Effect of Swirl

The results from a high speed Direct Injection Diesel engine
are shown in Figures (6.36)-(6.41). The detailed engine specifica-
tion is given in Appendix F and the test conditions of the results
are included in Table 6.3. The data set is for three speeds (1100,
1700 and 2400 rpm) and two injection timings. The agreement of the
cylinder pressure with experimental results are quite good for 1100
and 2400 rpm cases. However, due to lack of an adequate wall jet
analysis, for the impinging jet, the 1700 rpm data are not adequately
predicted. It was found necessary to alter the point 6f jet impinge-



TABLE 6.3

Test Conditions for High Speed Direct Injection Diesel Engine

Test cata S 52 $3 54 $5 s6
Condition -

Engine speed (rpm) 1100 1100 1700 1700 2400 2400
Injection timing (° ATDC) -10.5 -0.5 -9.5 -2.5 -15.5 -7.0
Injection duration (°CA) 12 12 15 15 21 20
Fuelling rate {mm3/cycle) 75.0 76.8 75.3 74 .88 74.6 75
Intake pressure (bars) 0.977 0.977 0.977 0.977 0.977 0.977
Intake temperature (K} 298 298 298 298 298 298
Mean intake swirl ratio 2.06 2.06 .. 2.086 2.06 2.06 2.06

Ell
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ment from the centre line {curve 1) at 1100 rpm to the leading
edge of the jet (curve 2) at 2400 rpm. The data for 1700 rpm

was found from Figure (6.38) to need adjustment of the impinge-
ment point to somewhere between the values used for 1100 and 2400
rpm, but it was decided not to make this adjustment because of
lack of time,

Plots of other variables for set S1 are shown in Figures
(6.42)-(6.45),

The predictions from the soot model for the above data set
indicate a qualitative trend only. In adopting the soot model des-
cribed for the gquiescent chamber case, one modification is needed.
The mixing rate used in evaluating r* is calculated on the basis
of the composite effects of the mixing rates due to swirl and injec-
tion processes respectively as indicated earlier. These rates
are considered in parallel, and are characterised by equations
(2.55) and (5.28). g

Table 6.4 shows the results of soot predictions at 1100 rpm.
These results provide a trend for injection timings.

TABLE 6.4

Comparison of Soot Predictions with the Experimental Results Obtained
for High Speed Direct Injection Engine at 1100 rpm

Data Set Exhaust Bosch Number
Experiment Model
S1 g | 5.95
| S2 3.7 4.64

More work needs to be done in this direction.
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CHAPTER VII
CONCLUSION AND FUTURE WORK

7.1 Conclusion

In general the modelling of the quiescent chamber engine in
regard to combustion, performance parameter prediction and smoke
emission, has been adequately demonstrated in this thesis. Some
areas for further work are discussed later.

The modelling of the high swirl d%rect injection Diesel engine
has only been partially successful, primarily due to lack of time '
to develop a suitable analysis/empirical relationship for the
wall jet development. The soot model appears to yield the right
trends in some cases, and further work needs to be done in this
area. From the results obtained a better description of the wall
jet behaviour will in all probability improve the soot prediction
because of changes in the air entrainment and hence oxidation pro-
cess.

7.2 Future Work

In the quiescent chamber model better characterisation of the
combustion mechanism can be incorporated to account for vitiation
of the burning regions with combustion product thereby reducing
the combustion temperatures.

A better description of wall jet "interaction to produce higher
entrainment rates than presently estimated, needs some consideration.
However, this is not a major point.

A better description of the SMD for low load prediction is
necessary for effective prediction in these cases.



The soot model appears to have the correct features with
regard to formation and oxidation. However this must be consi-
dered as empirical at the present time. Adjustment of local com-
bustion temperature will upset the critical balance between the
formation and oxidation mechanisms. A possible approach is that
of Magnussen (107), where large and small scale structures are
assigned their own temperatures.

The work on swirl presented here must be considered as pre-
liminary in nature. However, the major area for further investi-
gation certainly appears to be the impingement and wall jet
development.
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APPENDIX A

DETERMINATION OF CENTRELINE CONCENTRATION AND
VELOCITY AT ANY AXTAL POSITION

Centreline Concentration (fm)

The local concentration at Y_ in equation (2.9) can be

p

expressed as:

m

pr
f=f—n (A1)
ay  fy

p P

where m and m are the masses of fuel and air at Y_ res-
pr aYp p

pectively.

The total mass of air entrained into the spray in the time
the jet penetration is S is mog- This can be evaluated from equa—'
tion (2.6) and expressed as a function of f over the whole jet
radius rj at S by the following relationship:

1-°f
me { )

2 (A.2)

_2 f

Mag =

O~ 73

On separating the terms of the right hand side, the above
equation becomes:

meg=2] —P -2}} "t (A.3)



but
r.
J
2 ) me =
0 Yp
and

f=f (1- vp3/2)

where me is the total fuel mass injected up to that instant, there-
fore equation (A.3) becomes:

me _
2 fj '» (A.4)
m = - m .4
aE "5 - Y3/2)F, f

-

Rearrangement of equation (A.4) yields:
5y

2 T 1=y

‘0" .

f = P (A.5)
m maE + ITIf

Centreline Velocity (Um)

Considering an axisymmetric two phase jet flow of fuel drop-
lets with negligible relative velocity in the entrained air, the
conservation equations at any section of the jet are written as:

Mass conservation for nozzle fluid
A.

. et
me = } pf U dA (A.6)
0
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Momentum congservation for jet

A'et

J
G= [ pU2dA (A.7)
: ‘

where ﬁf is the fuel mass flow rate and G is the momentum flux.

The initial momentum of the liquid jet is

Gy = e Usor (A.8)

where ﬁf is the mass flow rate and Ujet is the jet velocity at
the nozz?e respectively.

The total cross sectional area of the jet of radius r

any section is AJet

sectional area will be

jet at
For any other radial position Y , the cross

A=nY? (A.9)
Differentiating equation (A.9), yields
dA = 2w Y dY (A.10)

In terms of normalised radial position Yp (= ?5!_0, equation
(A.10) can be written as: jet

dA = 2 Ajet p p (A.11)
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The mass and momentum equations (A.6) and (A.7) are written
in normalised form by normalising concentration and velocity with

corresponding centreline values as

e = 0y Agey Up T P (A.12)

and

= 2 )
6= 0y Ajer UpZ R - | (A.13)

where P and R are integral constants, expressed as

r Y
P =2 2y by (% av
g (5) (?;) (U;)' p
R =2 fl (IE) (JL)Z dy
0 L P

Equating momentum to mass ratio at any instant to the value
of the initial momentum to mass ratio, we obtain from

gi - _0 | . (A.14)

and equation for centreline velocity in terms of centreline con-
centration and integral constants P and R

T =gt =p.f (A.15)



where Uﬁ refers to the normalised centreline velocity.

Density Function (8)

For a mixture of air and fuel in liquid and vapour form,
the total volume can be written as

Ve = Vg, +V, + Y, (A.16)

t

where fg, v, a and t are suffixes for liquid fuel, vapour, air
and total mixture respectively.

In terms of masses and density of these constituents, we
can write equation (A.16) as

m ‘
Lo X2 (A.17)

Simplification of equation (A.17) for local density {p) of the
mixture of liquid fuel, vapour and air components yields:

p m p m o] m
_izﬁf.& __a_.+m_l _E+Fn_a_ (A.18)
p My sz t pg t

But

Bl_ha
+

=

& o

[ad

It
—

(A.19)

=
o | <
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Therefore, substitution of (A.19) in (A.18) and further simplifi-

cation gives:

Pa

P = m m
fe Pa v
1 - (—=Y(1 - =} + —< (] - —

The denominator in equation (A.20) is represented as:

m p m o
fe a v a
B=[1-(=(1-=%)+=" (1 - %)
My Pry’ Mt Py

(A.20)

(A.21)

where Pry is defined as the 1iquid fuel density and ey is the fuel

vapour density.
p m

When 35 << 1 or ﬁ! << 1 then (A.21) reduces to the form

v t

m o
fa a
a=[1-—=2(1-=2)
My e

(A.22)
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APPENDIX B
DROPLET-SIZE DISTRIBUTION

The radial droplet-size distribution is applied to the
injected fuel volume (Vfi) through equation (2.22).

For any radial position change from Yp to Yp + AYp, the
normalised droplet diameter is considered to change from Dp to

Dp - ADp.

The variation in the liquid fuel volume with respect to

radial position Y_ in the element of volume av, and thickness ax

P
is expressed as:

AWy, ) .
p = 2 A xpf B
= zur® v, 2L (B.1)

where rj is the jet radius, f is the local fuel mass concentra-
tion, Py is the liquid fuel density and p is the local density
expressed as:

p=—2 (B.2)

where

1 - Pa
i

(- )f1

2
1]

At S =0, f =1, hence from equation {(2.9)

m

f=(1- vp3/2) (B.3)
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The volume fraction of injected liquid fuel is written
as:

(dvfiy ) 21TI"J.2 Yp Axpf
—__R.. = 1 (B'4)
2
Vf‘i [ g 2171‘3. Yp AXpf de]

Using equation (B.2), equation (B.4) can be expressed as:

(dVe. )

pP_ -

—
Ve, [~£ (f/a) Yp de]

fiy (Y f/a)

(B.5)

In evaluating the value of a, 1t is assumed that the effect
of instantaneous air density variation on equation (B.5) during
the injection period is small, because pa/of << 1.

Since it is assumed that the total mass of injected fuel

in various droplet sizes, ranging between the normalised limits
of 0.082 and 3.0 are conserved over the total jet width.

Rearrangement and integration of equation (2.22) yieids:

" &y - Dp
(1/Ve;) g (dvﬁY /de) b= 3{0 (dvcf/de)de (B.6)
P

In equation (B.4), the right hand side represents the cumula-

tive droplet size/volume fraction given in equation (2.21). There-
fore,'the numerical solution of equation (B.6) gives discrete values
of droplet diameter Dp for various radial positions Yp (0<Y_<1)
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Selected discrete values are used as input data to the model.
These values are shown in Figure 2.6 with a schematic of the
radial distribution at S = 0.
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APPENDIX C

EVALUATION OF MEAN THERMODYNAMIC
AND PHYSICAL PROPERTIES

The calculation of thermodynamic and transport properties of
the working fluids in the engine cylinder is essential for the
energy balance and the mass transfer analysis.

The local values of such properties of the component fluids
and their mixtures are evaluated using the relationships and cri-
teria enumerated below. The quantities evaluated include:

i} internal energy,

ii) mean specific heat,

i1i) density

iv) enthalpy of vaporization,
v) conductivity,

vi) viscosity.

Internal Energy

The internal energy is expressed as:
u = Cv dT (C.1)

where constant volume mean specific heat CV for any fluid is compu-
ted based on the constant pressure specific heat Cp and the gas con-
stant (R) values using relationships

C. =C_-R, for ideal gaseous substances

and C

1]
o
-

for liquids.



Mean Specific Heat

The constant pressure specific heat for hydrocarbon fuel is
computed from relations available in reference (74) as:

1) mean specific heat of hydrocarbon fuel (Tiquid state)

Cp = (38692.0 + 53.585 T) (C.2)

f ot

ii) mean specific heat of hydrocarbon fuel (vapour state)

Cp = (0.296285 + 0.000586T) (4000 - pf) (C.3)
v

where P is the fuel density at 293K and T is the local tempera-
ture in K. '

The mean specific heat of air is represented in a polynomial

form (75) as

5 .
C, = I 7,7 (C.4)

Density

The density of pure hydrocarbon is evaluated in terms of
reduced temperature and pressdre, following the procedure of
reference (76). According to this method, the density at any pres-
sure and temperature is obtained from constants expressed as:

2 s
c= § AT (C.5)
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where T is the reduced temperature (= T—) T is the critical
temperature and A are the coefficients §1ven in terms of reduced
pressure (= P_) by the expression:

L .
A= § B P (C.6)

where Bo- are the coefficients, given in Table C.2. To reduce

i
computation time, with optimum accuracy, only a few coefficients
are used.

Thus, the density Po of any substance at a given pressure p,
and temperature T, will be

C

o= T . (c.7)

where C2 is the constant determined at the given point T, and ”
and C1 are the density and the corresponding constant at a ref-
erence condition.

The pressure of 1 bar and temperature of 293K are chosen as
reference for a liquid fuel while the critical point is the ref-
erence for the vapour phase.

Enthalpy of Vaporization

This is needed for determining the transfer number. Under
high pressure, high temperature conditions the enthalpy of vapori-
zation is a function of droplet temperature Ts' The enthalpy of
vaporization for petroleum hydrocarbon is given by:
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. 706 {354.1 - 0.3768 T) (C.8)

h
fgs Df

where Pe is the fuel density at 293K.

This relationship is taken from reference (74).

Conductivity

Faeth and Olson (77) used tﬁe relationship for conductivity
of fuel vapour as

T
k =k (C.9)
v Y 1;;

where kV is the conductivity at normal boiling point Tb and T 1is
the local temperature (OK).

The conductivity of air (78) as a function of temperature T
is given by

T,tC
Kap = 41, T () (c.10)

where kT is the value of conductivity of air at 1 atm and reference
C

temperature T0 (= 273K) and C is a constant having a value of 125.

Viscosity

Sherwood and Reid (76) express the viscosity of gaseous sub-
stances as a function of temperature T by the relationship:
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T +C
0 ] T
= - ) (3—)3/2 c.1
o G (1

where,'uT is the reference value of the viscosity at temperature

T0 and C10 is the constant. The values of uTo, To and CT are chosen
for calculation of fuel vapour and air viscosities and is explained
in Table C3.

During evaporation and combustion calculations, the mean values
of the physical properties of the system are evaluated following
recommendations of reference (Glj. They suggest that the mean
values depend on the droplet surface temperature T and the local

temperature T calculated using equations (2.17) - (2.19).

The summary of the definition of the mean values of p, v,
Cp and k, used in the model, are shown in Table (4.



TABLE C.1

Values of coefficients of specific heat polynomials

i=0 1 2 3 4 5
Z, 0.8857742E3 0.3731415E0 _-.145183E-03 | 0.3133865E-07 |-0.3534357E-11 | 0.1628437E-15
TABLE C.2
Values of coefficients of density polynomials
i=20 1 2
A
B 1.6368 -0.04615 2.11380E-03
0.
1
A,
B -1.9693 0.21874 -8.0028E-03
0, s
i
A3
8 2.4638 -0.36461 12.8763E-03
0.
j
Ay
B -1.5841 0.25136 -11.3805E-03
0

8yl



TABLE C.3
Constants for Viscosity
N

Substance To T0 C]

Fuel vapour | Viscosity at Critical 1.47 times the
value of temperature normal boiling
critical point
temperature

Air Value of 273K 120
viscosity
at 1 atm &
temperature
To

TABLE C.4
Definition of mean properties
Property Evaporation Combustion
v and p Value of surrounding gas | Value of surrounding
at arithmetic mean temp- | gas at weighted mean
erature Q(Ts + T) temperature
(0.25 TS + 0.75 T)
Cp and k Mean of fuel vapour Mean of fuel vapour

value at T_ and surroun-
ding gas vilue at T

value at Tg and
surrounding gas value
at T
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APPENDIX D
CALCULATION OF SHALLOW PISTON GEOMETRY

The total surface area (A.) of the engine cylinder is
computed from the overall engine dimensions, and the shape and
instantaneous position of the piston. The procedure for a
typical geometry shape is as follows:

For a shallow piston, the volume and area of the piston
bowl is determined by splitting the half geometry of the piston
in to four simple geometric shapes, indicated as 1, 2, 3 and 4
in Figure D.1. The calculations for the.individual sections are
shown in Table D.1 with reference to the symbols used in the
Figure D.1.

The surface area of the bowl (Ab) is written as

Ay = 21X g, (D.1)

o

where X is the distance of the combined centroid from cylinder
axis measured parallel to cylinder head and Lo and L, are the
lengths of the sectors in regions 2 and 4. These are given as:

LU s I
=
>

(D.2)

but .



where Ai and Xi are the individual area and the x-coordinate of
the four geometric regions,

X
I |
and L2 Tos oy (b-3)
24 = Ry ap (D.4)

The volume of the bowl is

V, = 27X Aot (D.5)

The total cylinder area comprises of the four surfaces, the
cylinder head (A;), the side walls (A ), the flat portion of the
piston crown (Ap), and the piston bowl surface (Ab). '
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TABLE D.1

Geometry calculations for shallow piston

(XC-XB)

R2 .
+ T(ap-51 nup)
where:

_ -1,H
ap = 2Cos 1(F)
H= v/R? - (2

1
C=x J(h1+thana2)2+(XC+XB)2

Section Centroid Area Volume
X Y
X h
1 B 1 2
- va hy-Xg mhy Xg
2 2 x h.+ X X. tan 1 %.2 tana 2 %3 tana
I8 17 3 g *ef9p 7B 2 374 2
3 and 4 Xp + £(X.~Xp) S(h#Xg tana,) | (h +Xy tanay) -
combined

25l
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APPENDIX E
MASS AND ENERGY BALANCE FORMULATION

Mass Balance

At any instant i, corresponding to crank position 8, the
cylinder contents will constitute the following mass elements
(see Figure 2.17).

i) Tliquid fuel mass (my, m]iq)

ii) entrained air mass (ma, mair)
iii) fuel vapour mass (mv, mvap)
along with the following additional mass elements included during
combustion

iv) burnt fuel mass (mvb’ mvap,b)
v) mass of air (i.e. oxygen) consumed during burning (mac, Moir c)
where subscripts 1, a, v, vb, ac are used for these mass elements
distributed in each sector j and subscripts liq, air, vap, vapb,
airc represent the integrated values of the respective masses over

the whole jet.

In a specific interval of time (say 1° CA), each mass element
is altered by an amount dm.

If dmHq is the total mass of fuel injected in the specified

interval and dma is the corresponding mass of air entrained in the

, Wwill be reduced by

ir
jet, then the mass i i .
jet, then t of surrounding air, ma1r,sr

an amount

(E.1)

1

1
[~
=

M. . = .
d'a1r,sr air
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The fuel mass 1s distributed in sectors as droplets sizes
Adpj such that the mass of liquid fuel in droplets is

BVC

f

(E.2)

where V¢ is the cumulative droplet-size/volume fraction distri-
bution function and dei is the volume of fuel injected. Thus,
the cumulative mass of 1liquid in arrays of dropletssize will be

(m]j) 91 ° (m]J) it (dm1j) _ (E.3)

For a few crank degrees after injection the droplet evaporation
is considered to compute the mass of vapour formed as

dn, = m"N A at (E.4)

where ij is the total number of droplets, Apj is the surface area
of a droplet of specified size in that sector, At is the time inter-
val and m" is the mass transfer rate, i.e.

-k Nu

B = 1In (1 + B) (E.5)
d
PJ‘ CP

where Nu is the Nusselt number and B is the transfer number. k and

Cp are the thermal conductivity and specific heat respectively.



155

As soon as the ignition delay period is over, the burning
of fuel vapour is considered for sectors within specified limits
of inflammability (¢1 <9, < ¢2). The local equivalence ratio,
L based on fuel vapour-air ratio is compared with the Timits of
inflammability 9 and ¢, and the computation of burnt masses pro-
ceeds in the lean and rich regions of burning as follows:

i) Lean region (¢, <1)

The mass of vapour burned in the fuel lean sector is

dm =m (E.6)

be

] (€.7)

where s is the stoichiomémetric fuel-air ratio.

The available air dma_ is greater than dmaC » then the liquid
J J
fuel mass in droplets of a particular sector are assumed to evaporate
and burn instantaneously. The equivalence ratio ¢, is modified to a

new value ¢ and the total fuel mass burnt in each lean sector
new
is modified as

dm =m, +m (E.8)
b, .
vb; j ]v
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where m] 3 0 < 1

i (smy -m ) 5 9 > 1 (E.9)

11} Rich region (¢v> 1)

The mass of vapour burned in the fuel rich sector is

dm,. =m s ' (E.10)

and the corresponding mass of air consumed equals the total air
available in the sector at that instant. Hence, in fuel rich

burning regions some mass of fuel will be left unburned which is
included in the next instant. '

Since both lean and rich regions assume a stoichiometric
combustion, the mass of combustion products will simply be:

dmcpj = dmy o+ dm (E.11)

Reference to Figure 2.17will verify the mass elements in each
sector.

After computihg these masses in each sector, the total change
in respective masses for the whole jet will be summed up as:

d dm

J

“ie



also

and

dm .. = } dm

air, © 5 ag
dmcombp - § dmcp‘1
dm =) dm

(E.13)

(E.14)

(E.15)

(E.16)

(E.17)

If there is any droplet mass left unevaporated; in any sec~

tor, then it is redistributed according to the redistribution pro-

cedure.

elements in the whole jet is made available as:

(Miglisan = (Mgl * 9Migq

. ). = D .
(ma1r)1+1 (ma1r)1 dma1r

u

+ dm

(mvap)i+1 (mvap)i vap

(Myapblis1 = (Mapbli * Ay apb

{m,. ) = (m . ); + dm.
air, i+l air /1 air,

= (Maip,spli * AN

(mair,sr)i+1

air,sr

For the next instant the total integrated value of these mass

(E.18)

(E.19) |

(E.20)

(E.21)

(£.22)

(E.23)
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Energy Balance

Following the first law of thermodynamics the overall energy
conservation equations for jet and surrounding fluids are written
as

1) Jat Fluids:

(Mg Cvair * Meombp Cvcombp * Myap vaap ¥ m]iqcp]iq]

deet *pdVyep = (uliqo B uvap) dmvap * (hgip,sr °

Uair,jet) dma sy (u]iqo B u]iqjet) dm}iq t dQpey *

thrJ_et (E.24)
i1) Surroundings:

Mair,sr Cvair dT - pdVyey = (yip,sr - ua%r,sr) Mir,sr pd"'p *

thrsr (E.25)

Alongside these two energy conservation equations, the equa-
tions of state are written as

1) Jet Fluids:
(Reombp™combp * RairMair * Rvapmvap) Aot = PdVjey -

Vjetdp - '(Rairdmair * Rvapdmvap * Rcombp dmcombp) Tjet (E.26)



11) Surroundings:

dmair,sr dT  _ sr dp

mair,sr

where

dvsr = de - deet

(E.27)

(E.28)

dV_ is the change in cylinder volume due to piston motion, and u
and h represent internal energy and enthalpy terms respectively

with usual meaning of subscripts.

The procedure for calculating the thermodynamic properties is

explained in Appendix C.
The following assumptions are made:

i) the surroundings constitute air alone.

ii1) the thermodynamic properties of the combustion products are

the same as that of air.

iii) the temperature of the 1iquid fuel at the nozzle is equal to

the inlet "air temperature.

iv) the cylinder pressure is uniform throughout.

v) the instantaneous cylinder volume equals the sum of the surroun-

ding and jet volumes, i.e.

V=Vt Vjet

vi) the initial jet temperature is equal to the temperature of

liquid fuel.
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Equations (E.24) to (E.27) contain four variables concerning
changes in jet and surrounding conditions in the cylinder. These
four variables are jet temperature and volume, and cylinder pres-
sure and temperature represented by Tjet’ Vjet’ p and T respec~
tively. The energy matrix formed from these equations is given in
Figure E.1. This matrix is solved using Crout's factorization
method applied to matrix equations of the type:

[A] [X] = [B].
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ma1 I“CV : mva DCVV

air ap

C

+m
Pliq

combp * mh'q

+ R

Rair Mair vap mvap

x| —

0 0 dT
-Vjet 0 dvy.
0 m_. C dp
air,sr Vair
1 1
5 T dT
FIGURE E.

Elements of Energy Matrix

(uy:  ~u _ ) dm + (h_. - u_. )
liq vap vap air, a'n*\].et
xdm_. + (u;. - Ug. ) dm,.
air I1q0 11qjet liq
- (Rairdmair + Rvapdmvap * Rcombpdmcombp)
Tjet
(hair " Yairdse M ip,sr pde *
dQ
trsr
dvp _ dmair,sr
v m

air,sr

(91



APPENDIX F

ENGINE SPECIFICATIONS

Engine I

Engine type:

Bore:

Stroke:

Connecting rod length:
Compression ratio:
Speed:

Inlet valve closure:
Exhaust valve opening:

Injector specifications:

Single cylinder direct injection
{quiescent) diesel engine

0.140 m
0.1524 m
0.3048 m
14.3:1

1300 rev/min
1339 btdc
1099 atdc

Number of holes:
Orifice diameter:

Engine 11

Engine type:

Bore:

Stroke:

Connecting rod length:
Compression ratio:’
Speed:

Inlet valve closure:
Exhaust valve opening:

Injector specifications:

Number of holes:
Orifice diameter:

8
0.2032 mm

Direct injection swirl type diesel engine
0.120 m

0.120 m

0.25 m

18.25:1

1100-2400 rev/min

137 btdc

126 atdc

0.34 mm
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