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ABSTRACT 

This thesis is addressed to the problem of predicting the emission of exhaust smoke 
from the diesel engine. A simulation program based on a zonal phenomenological 
combustion model has been developed, permitting analysis of soot modelling 
techniques. For the first time, a comparative study of the common soot model 
expressions has been undertaken. Model sensitivities and behaviour have been 

critically assessed in order to determine the key model parameters and to establish 
a more solid predictive capability. Validation of both the combustion and soot 
predictions was made by means of comparison with the extensive experimental 
data-set of Kamimoto. 

The combustion model results showed a very good match between -predicted and 
experimental heat release curves. The only notable weakness derived from the 

method chosen to represent the effect of air swirl on the jet. Otherwise, the 

combustion predictions were deemed to be sufficiently accurate to serve as an 
effective platform for soot model development and analysis. 

The predictions of exhaust smoke for different operating conditions revealed the 
importance of accurately describing the overall air-to-fuel ratio in the spray. The 

effect of load variation was poorly represented due to neglect of the transfer of 
combustion products between the model zones. 

Soot rate predictions were generally quantitatively poor, thus requiring expression 
calibration. The comparative study of soot expressions identified a ranking of 
sensitivities of the formation expressions. Though oxidation is conceptually simpler, 
more distinct qualitative differences were observed in the behaviour of the 

expressions. The predictions of exhaust soot were found to be highly sensitive to 
the 'matching' of the formation and oxidation expressions over the period of the 

combustion process, and with poorly matched expressions, a very high sensitivity 
to the soot model constants was shown. The best results were obtained by use of 
simple quasi-chemical rate expressions. 
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1ý - macroscale of turbulence [m] 
L- break-up length [m] 

- latent heat [J kg-'] 

- nozzle length [m] 
Lb - break-up length (Fig. 4.1) [m] 
LcºoUd - size of spray soot cloud [m] 
Le - Lewis number (= V pD12cp) [-] 
Lc - length of smooth spray column (Fig. 4.1) [m] 
Ld - effective origin of deformation cone (Fig. 4.1) [ml 
L�o8 - nozzle length [ml 
Ls - effective origin of spray cone (Fig. 4.1) [m] 
m- mass [kg] 

- mass of mixture [kg] 
- mass transfer into fine structure [s-'] 

- mass of fuel droplet [kg] 

- mean over whole of combustion period (Table 3.1) 
mm,,, - smaller of the fuel mass and the air mass divided by the stoichiometric air- 

fuel ratio [kg] 
mreac - instantaneous mass of reactants [kg] 
rim - non-dimensionalised exchange rate of mass with fine structures [s l] 

- mass transfer rate [kg s-1] 
map - spatially-resolved measurements (Table 3.1) 
n- total number of cross jet zones [-] 

- radical nuclei concentration [particles m 3] 
N- engine speed [rpm] 

- particle number density [particles m-31 
- soot particle number density [particles m 3] 

- number of moles of gas [moll 
N8 - swirl speed [rpm] 
0- oxygen [kg] 
Nu - Nusselt number (= hD/), ) [-] 
p- pressure [Pa] 
par - parametric variation given (Table 3.1) 
P- general parameter 
Pr - Prandtl number (= icp/X) [-] 
q- constant in surface tension expression (equ. D. 1) 

- heat flux [J m 2] 
Q- heat [J] 

- injection quantity [m3/stroke] 
r- radius [m] 



- xiv - 

rdef - tangential deflection from jet centreline [m] 
r, - swirl ratio [-] 
R- gas constant [J kg-' K11 
Re - Reynolds number (= pUL/p) [-] 
Ri - Richardson number (= g0/u,,,, 2) [-] 
Rxier - rate of transfer through heated fine structure [s 1] 
S- radial penetration distance of jet tip, or a zone mass centre [m] 
Sc - Schmidt number (= p/pD12) [-] 
Sill - laminar flame speed [m s 1] 
S, - instantaneous mean piston speed [m s'] 
S3 - radial penetration distance of jet tip, or a zone mass centre, 

under swirl deflection [m] 

soot - soot concentration or two-colour method KL factor (Table 3.1) 
t- time [s] 
t' - equivalent time [s] 

- time during oxidation phase, measured relative to t., when soot formation 
has been completed (equ. A. 5) [s] 

t. - time at which soot formation is completed [s] 
T- temperature [K] 

- flame temperature measured by 2-colour method or an appropriate 
model temperature (Table 3.1) 

Tbr - ratio of boiling temperature to critical temperature [-] 
T, - ratio of fuel droplet temperature to critical temperature [-] 

u- general velocity [m s'] 

- specific internal energy [J kg-'] 
Uthroat - velocity through throat of a prechamber-type engine (m s'] 
u' - turbulent velocity or turbulence intensity [m s'] 
U- zone velocity [m s'] 
U, - injection velocity [m s l] 
usq - instantaneous squish velocity [m s l] 
V- volume [m3] 
Vb - bowl volume [m3] 
Vj - volume of fuel injected (per stroke) [m3] 
We - Weber number (= pu�2rdro,, /ß) ['] 
X- mass fraction [-] 

- fraction of particle surface covered by active sites [-] 
- axis in direction of injection 

Xm, 
x - parameter defining the extent of mixing with 'spray average mixture 

Xr. 
-. pro - parameter defining fraction of mixture passed from reactants to products 

region [-] 



- xv - 

Y- mass fraction [-] 
- axis perpendicular to injection direction and perpendicular to cylinder axis 

z- distance from crown top to cylinder head [m] 
Z- axis collinear with cylinder axis 

a- empirical constant in turbulent entrainment equation (equ. 4.1) [-] 
ae - entrainment coefficient [-] 

- general evaporation expression constant (evaporation constant or 
burning constant) [m2 s'J 

- empirical constant in turbulent entrainment equation (equ. 4.1) [-] 
y- mass fraction in fine structure level of turbulence [-] 
S- small change 
ST - thickness of thermal boundary layer [m] 
A- change 
OH - heat of combustion [J kg-'] 
Ap - differential pressure between fuel and ambient gas [Pa] 

e- dissipation rate of turbulent kinetic energy [m2 s-31 

- emissivity [-1 
- constant for turbulence in Benson's evaporation rate equation (equ. 4.65) 

Neff - volumetric efficiency [-] 
11t - constant of proportionality in turbulence equation (equ. 4.76) [-J 
9- crank angle change [degrees] 

- angular coordinate 
- spray angle 

6, - angle of spray cone 
9d - angle of deformation cone 
X- thermal conductivity [J m1s1 K'11 

- Taylor microscale [m] 

- coefficient of viscosity [kg m-' s 1] 

v- kinematic viscosity [m2 s 1] 

p- density [kg m 3] 

a- surface tension IN m 11 
- Stefan-Boltzmann constant [W M-2 K4] 

ti - period of time, timescale [s] 
- relaxation time (equs. 4.64,4.95) [s] 

- equivalence ratio [-] 
(D - burner diameter [m] 
x- ratio of total burnt fuel to total fuel in fine structures or in a zone [-] 

CO - angular velocity [rad s'] 



- xvi - 

Superscripts 

-- start of calculation timestep 
+- end of calculation timestep 
*- high mass transfer 
1- general exponent 
m- general exponent 
n- general exponent 

Subscripts 

a - air 
ab - burnt air 
Ar - Argon 

atm - atmosphere 
b - burning 
brk - breakup 
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GLOSSARY 

API - measure of fuel quality on American Petroleum Institute gravity scale 
CO - carbon monoxide 
CFD - computational fluid dynamic 
CRC - Coordinating Research Council 
DI - direct-injection diesel engine 
EDC - eddy dissipation concept 
EGR - exhaust gas recirculation 
EPA - environmental protection agency 
HC - hydrocarbon 
IARC - International Agency for Research on Cancer 
IDI - indirect-injection diesel engine 
multi-D - multidimensional models 
n/a - not applicable 
N2 - nitrogen molecule 
NOx - oxides of nitrogen (nitrogen dioxide, NO2; nitrous oxide, NO) 
02 - oxygen molecule 
OH - hydroxyl radical 
PAH - polyaromatic hydrocarbon 
PCAH - polycyclic aromatic hydrocarbon 
PM10 - particulate matter having aerodynamic diameter less than 10µm, 

i. e. that passes through a size-selective inlet with a 50% efficiency 
cut-off at this point 

quasi-D - quasi-dimensional models, i. e those having and element of 
dimensionality by use of zones 

RCM - rapid compression machine 
SMD - Sauter Mean Diameter (diameter of droplet having same surface-to- 

volume ratio as that of the total spray) 
SOF - soluble organic fraction 
turbostratic - composed of planes oriented at random 
TWC - three-way catalyst 
zero-D - zero-dimensional models 



CHAPTER 1-1- INTRODUCTION 

CHAPTER 1- INTRODUCTION 

Over the past two decades, diesel engines have captured an increasing proportion 
of the market for automotive powerplants. This has come about for a variety of 
reasons, including a narrowing of the performance gap with petrol engines, the 

general rise in oil prices, changing public opinion and increasing concern over 
environmental issues. However, despite many clear advantages, the diesel engine 
also has a number of drawbacks, the most serious of which is the emission of 
smoke. The main concern over this pollutant is connected with its potentially 
serious effects on human health. As a consequence, in an environment of rapidly- 
changing technology and legislation, the situation facing the future use of diesel 

engines is uncertain. 

The increased popularity of the diesel is largely a reflection of its intrinsic 

advantages over petrol engines in terms of efficiency, maintenance, and the levels 

of some important emissions. Higher efficiency gives lower fuel consumption and 
hence a smaller output of carbon dioxide, which is the major contributor to global 
warming. Also, typical levels of carbon monoxide (CO) and hydrocarbon (HC) 

emission from a diesel engine are much lower than those of standard petrol-engined 
cars. 

In Europe, this situation is changing following the advent of the three-way catalyst 
(TWC) on new petrol-engined vehicles. The use of catalysts has been necessitated 
by the 1992 emissions legislation (91/441/EEC)111 which required a very severe 
reduction of CO, oxides of nitrogen (NO. ) and HC emissions. Catalyst-equipped 

vehicles emit CO and HC at levels comparable to those of a diesel whilst the diesel's 

advantage in terms of NO,, is reversed. Because diesel engines operate at lean fuel- 
to-air ratios, they cannot use TWCs, though oxidation catalysts are increasingly 

employed to reduce CO and HC levels. Thus, in standard mode, diesels are now 
at a slight disadvantage in terms of gaseous emissions. Also, in comparison to 
diesel, petrol-engine particulate emissions are negligiblelll. Thus, due to the 
improved emissions performance of TWC vehicles, the diesel engine has now 
become the main focus of environmental concern. 

The problems mitigating against more widespread use and acceptance of diesels are 
not confined simply to emissions. They are in fact complex and interrelated. 
Diesels are generally expensive, noisy and they have a low power-to-weight ratio. 
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Emissions of both smoke and NO,. are a major problem. Unfortunately, the higher 

temperatures and longer residence times associated with low smoke give high NO,, 
levels and vice versa, resulting in the well-known trade-off. Unpleasant smell is 

associated with hydrocarbon compounds adsorbed on the soot particles in the 

smoke. The high smoke levels at increased loads constrain diesels to operate at 
overall fuel-to-air ratios 20-30% lean of stoichiometry, and this contributes to their 

poor power-to-weight ratio. For smaller engines, indirect-injection (IDI) is used to 

permit higher running speeds with lower emissions and noise, but this reduces 
efficiency. Besides purely technical issues, the diesel has traditionally suffered from 

having a poor public image. 

Smoke is a broad term used to describe visible emissions from a diesel engine. A 

more precise expression is 'particulate' which is defined as all solid and liquid 

material which can be collected on a filter paper from diluted exhaust at 
temperatures below 52°C, excluding moisture 253,372. Particulate composition varies 
considerably according to engine type and operating condition. Generally smaller 
proportions of solid carbon (soot) and greater proportions of soluble organic fraction 

(SOF) are produced by DI diesels"' and under light loads258 (Fig. 1.1). 

Typical composition of diesel exhaust particulate matter I 

Unburnt fuel 

Sulphate and water 
6% Sulphate and water 

14% vmmmý- 10% 

Carbon 
31% 

Unburnt oil 
40% 

Direct injection engine Indirect injection engine 

Figure 1.111 - Particulate composition 

Unburnt fuel 
7% 
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The contribution of diesel smoke to atmospheric suspended particulate matter has 
been estimated using organo-metal tracer studies. A 1984 study in Vienna, where 
diesels made up 8% of the vehicle population, found that diesel particulates 
constituted 12-33% of the total aerosol mass". In terms of black smoke, which 
is non-reflective dark particulate matter, diesels were responsible for 39% of UK 

national emissions in 1991, but contributed substantially more in urban areas, e. g. 
87% in Londonl11. 

The human health implications of exposure to diesel exhaust smoke are potentially 
very serious. The particles contained in the exhaust are very small, about 0.2 

microns in diameter, and they therefore penetrate deeply into the human lung. 
Adsorbed to their solid carbonaceous core are a multitude of fuel-derived 
hydrocarbons and inorganic compounds, including poly-aromatic hydrocarbons 
(PAH). It has been noted that "most of the toxic trace metals, organics or acidic 
materials emitted from automobiles or fossil fuel combustion are highly concentrated 
in the fine particle fraction"360. Though it is hard to establish the effects with 
certainty, there is now a considerable body of evidence which links emissions to 
respiratory diseases and cancer cases. 

In the last couple of years, there has been increasing concern over the effects 
atmospheric fine particle concentrations, known as PM1032.117. This arises from 

studies which have shown a close correlation between mortality and morbidity and 
the atmospheric PM 10 concentration"'. This finding is consistent with clear 
evidence from epidemiological literature which implicates particulates in aggravating 
disease among bronchitics, asthmatics, cardiovascular patients and people with 
influenza36o Nevertheless, no convincing biological mechanism for the effects has 

yet been advanced"'. 

Traditionally the main health concern over diesel particulates has been their cancer- 
czusing potentially. Animal studies have shown an increased prevalence of lung 
tumours when exposed to high concentrations of diesel exhaustl8,36°. Moreover, it 
has been proven that some of the compounds contained in diesel exhaust are 
carcinogenic to animal skin29s, 343 

Despite this evidence, it is less easy to establish the cancer-causing potential of the 
much lower concentrations found in the atmosphere"'. In an attempt to assess this 
effect, many occupational and community-based studies have been carried out, and 
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Lung cancer deaths - US data 1959-1965 
(adjusted for age and smoking) 
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Figure 1.2298 - Effect of smoke on health 

though some have shown no enhanced risk (Terblanche, 19913), others do give 
a positive result, including one major US study (Fig. 1.2)298. Together with animal 
studies, this has led the IARC to classify diesel exhaust as'probably carcinogenic! "'. 

Besides adverse health effects, diesel exhaust soils building fabric and has various 
adverse climatic effects. In fact, smoke is the major source of grime in Cities 18,111, 

supporting a stone-cleaning industry valued at about £100M in the UK"'. The 

general climatic effects of diesel smoke are complex and poorly understood, but the 

overall effect on global warming is probably positiver l1. Local effects are more 
obvious, and in the urban environment, diesel exhaust is a major source of visibility 
reduction and can exacerbate foggy weather conditions. Finally, the smell and 
smoke from traffic is found objectionable by the public, even if exposure levels are 
safe. 

Smoke and NOx emission are interrelated and the environmental impact of the latter 
is also of serious concern. NO2 is toxic and World Health Organisation Air Quality 
Guidelines have been exceeded in fog-related incidents in British cities in recent 
years. NO,, also contributes to acid rain, photochemical ozone and global warming. 
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There has been a call for a 50% reduction in levels, and since a typical diesel 

produces twice as much as a TWC petrol engine, there is pressure to keep diesel 
NO,, emissions as low as possible"'. 

Thus, there can be no doubt that the environmental impact of diesels is serious. A 
detailed UK study which looked at the effect on urban air quality concluded that 
"increased market penetration of diesel cars at the expense of TWC petrol cars will 
on balance have a deleterious effect on urban air quality"111. The current view of 
some American workers is that the potential health problems created by particulate 
matter far exceed those posed by gaseous pollutants"'. 

The general response to the problems of particulates has been to set regulated 
limits. In recent years, legislation governing emissions from new and in-service 

vehicles has been put in place in many parts of the world. In Europe a new mass- 
based standard, 91/441/EEC, took effect on type approval for cars from July 
1992, replacing the old visibility-based limits"'. This sets a level of 0.18 g km' 

over the standard test cycle (88/76/EEC). The most recent proposal (COM (92) 
572 Final SYN 448) specifies a reduced level of 0.08 g km'1 from January 1995. 
A parallel reduction in diesel sulphur content from 0.3 % to 0.05 % will assist in 

meeting this standard. In America, a mass-based limit of 0.124 g km'1 (over the 
EPA cycle) was introduced in 1987. This was reduced to 0.05 g km'' in 1994 and 
low-sulphur fuel was introduced in 19931. 

In order to meet these new legislated standards demanding the simultaneous 
reduction of NOX and soot levels, a whole range of technologies has been 
developed. The main thrust has been towards improving the combustion process 
to achieve a better balance of efficiency, emissions and noise. Electronic injection 
is now used to give precise control of the injection profile and timing; higher 
injection pressures result in better fuel atomisation, whilst careful chamber and 
manifold design gives improved airflow and mixing; exhaust gas recirculation 
(EGR)265 and turbocharging are also increasingly applied, reducing temperatures and 
increasing full-load aeration, respectively. Intensive work on exhaust gas after- 
treatment techniques is being undertaken. The use of particulate traps to filter out 
soot is showing good potential but is not yet commercially viable for mass 
production 72,134,141. On the other hand, oxidation catalysts have been successfully 
applied on production cars for a number of years'77, and are likely to become 

standard on cars meeting 1996 limits. However, though they virtually eliminate 
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odour, they do not substantially reduce the mass of particulate emitted. 

Generally, advances have been made by using a combination of the above strategies 
together with meticulous development work. Increasingly this is assisted by 

computer modelling techniques. A model is a flexible tool which allows the 

engineer to apply basic knowledge of engine sooting processes at the design stage. 
It draws together information derived from a range of other sources, including 
fundamental empirical studies in simplified combustion systems and real engines. 
Overall, the above technologies have brought about a considerable improvement in 
the all-round performance of diesels, but there nevertheless remains intense 

pressure for a simultaneous reduction in soot and NO,, levels. 

There is no simple solution to the reduction of smoke, but the key to any significant 
advance will be an improved knowledge of the processes governing its emission. 
Despite much previous work, the fundamental aspects of these processes in diesel 

engines are still poorly understood. In reviewing combustion modelling of 
heterogeneous charge engines, Primus280,1987, identified "a more fundamental 
handling of carbon and hydrocarbon formation mechanisms for assessing carbon 
particulate emission" as one of the two critical issues at the time. There has been 

no major progress since that date, while there is an increased urgency about 
emissions reduction. 

The lack of an in-depth understanding of diesel smoke emission is partly a reflection 
of the complexity of the problem and is also due to the difficulty of studying the 
process in the engine environment. Though there is a mass of data, both from 
diesels and other experimental arrangements, it is not a simple task to extract 
information which can be used in a predictive sense. With in-cylinder 

measurements, it is difficult to separate out the formation and oxidation processes, 
since they overlap in time and space, and fluid elements are continually mixing. 
Relationships derived from basic experimental studies are generally only appropriate 
to the idealised environment of the particular combustion system. Great care must 
be taken if this knowledge is to be usefully applied to the diesel. 

Clearly an improved understanding of the basics of sooting processes and the 
development of more robust computational models go hand-in-hand. The focus of 
the current work is model development. Though insight into the emission process 
is available from other approaches, the use of simulation techniques offers the most 
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realistic method of addressing the enormous complexity of the diesel combustion 
process. Once established, a model which includes emissions prediction is a 
powerful tool with a variety of uses. For instance, since a soot emission model is 
usually based on a spatially-resolved combustion model, it allows investigation of the 
relationship of soot formation and oxidation to the mixture conditions. It is 

relatively straight-forward to use such a model to provide data on engine 
performance and, if needed, other emissions, and this information is an important 
background to the analysis of sooting behaviour. Also, by use of parametric studies 
it is possible to reveal the relationship between the sooting process and engine 
design parameters and to identify critical design features. Such knowledge 

contributes to the ability to produce designs which are 'right-first-time' and cuts 
down on the necessity of expensive development work. Finally, with reference to 
the current work, the key advantage of an engine simulation is that it can be used 
as a platform for the development of improved emissions models for diesel engines. 
Overall, there is a potential for gaining a deeper understanding of diesel soot 
emissions and for the productive application of this knowledge in engine design. 

An important characteristic of emission processes is their non-linearity which means 
that they tend to be very sensitive to the variation in conditions across the 

combustion chamber. Therefore any useful model must contain some 
representation of the different states existing in the mixture, whether it be a spatial 
description, using zones, or a characterisation of the combustion regimes according 
to mixture composition, as in stochastic models. In addition, it is important that the 
computational demands are relatively low, so that the full potential of any soot 
models can be exploited. The above requirements are best met by 

phenomenological models of the quasi-dimensional (multizone) or stochastic variety. 
Many such models have been developed, with the majority being of the zonal type. 

Soot calculations have been incorporated into ten phenomenological models. Eight 

of these are of the multizone type - those originating with Kau164.165,371 
Hiroyasu124,126,127,262,197, Dent57,19s, 237, Kono184, Kouremenos'90, Payri271, Zhou39 

and Bazari19,327. The others of the stochastic type include the indirect-injection 

engine model of Mansouri188,227,228 which was subsequently applied to direct- 
injection engines by Brown37, and the hybrid multizone model of Xiao378 used for 
indirect-injection engines. Altogether, soot formation has been described using 
eight different expressions, whilst five have been used for oxidation. The formation 

mechanisms range from a simple chemical equilibrium assumption to empirical 



CHAPTER 1 -8- INTRODUCTION 

correlations derived from both basic experimental studies and diesel engine 
measurements. The oxidation correlations were established using simple 
combustion experiments and in one case by the eddy break-up theory of turbulent 
combustion. Thus, no consensus has been reached on the choice of soot model 
correlations or method of application, though most of the later models (Kono184, 
Kouremenos19o, Wade356, Lapuerta349, Zhou389, Nishida262, Bazari19,327) have used 
the simple Arrhenius equations for formation and oxidation which were proposed 
by Hiroyasu126. 

The main attraction of the latter model is its simplicity and ease of implementation. 
However, the expressions for formation and oxidation require calibration by 

matching the model output to measured levels of exhaust smoke concentration. 
Since the computed exhaust levels result from the difference between two large 
quantities - the total amount formed and the total amount oxidised - this approach 
lacks a fundamental basis. Some of the other models are more elaborate and 
relatively good results have been published. However, no attempts have been made 
to examine sensitivity to the performance of the combustion model or to extend the 
study to different combustion regimes and engines. Thus, little indication is given 
of the reasons for the apparent success of such models and their all-round strength 
remains questionable. 

In order to adequately address the above problems, it was decided to develop a 
phenomenological model of the multizone type for diesel combustion simulation. 
An important goal is to establish with more certainty the validity of the various 
expressions proposed for soot prediction in the diesel. The first level of the 
evaluation is to examine performance of the individual models in terms of calculated 
rates and sensitivities. Since several of these correlations were established under 
conditions far removed from those encountered in diesel engines, there are many 
questions to be answered concerning their general applicability in the diesel engine. 
Further useful information is revealed by constructing the model so as to allow a 
comparative analysis. The relative strengths of the models may be established and 
those which are best-suited to use in diesels identified. 

In the gas turbine field, a number of comparative studies have been undertaken 
which have examined several of these correlations (Ahmad, 19823; Mullins, 
1987243; Coelho, 199347). However, gas turbines operate at much lower pressures 
than those found in diesel engines, and the analyses have been made from the point 
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of view of CFD prediction. In the field of diesel engine modelling, no previous work 
has attempted any comparative analysis. Therefore, the comparative study of 
several soot correlations and underlying thermodynamic structures is a novel aspect 
of the current work. Most of the expressions previously applied in diesel engine 
simulations have been examined, together with others from the general combustion 
literature. The overall aim of establishing a more solid predictive capability is 

achieved by a critical examination of the different modelling approaches. 

Validation of both soot and combustion models is achieved by comparison with 
existing published measurements. In particular, the extensive dataset published by 
Kamimoto et al. at Tokyo Institute of Technology' 1,158,159,160,230 has been used to 

establish satisfactory performance of the combustion model over a range of 
operating conditions. 

The thesis is divided into six chapters. Following the introduction, chapter 2 
describes the techniques applied to the modelling of combustion in diesel engines. 
Sooting-process fundamentals and modelling are reviewed in chapter 3. Chapter 
4 outlines the combustion model developed in the current work, reviewing in turn 

each of the engine phenomena for which major sub-models have been built; basic 
details of the implementation are given. Chapter 5 presents the model results and 
findings. Chapter 6 reports the conclusions. 

The following conventions are used. References are listed alphabetically at the back 

of the thesis. They are also numbered consecutively and referred to in the text 

using a superscript'°°{. Where the author's name is given in the text, in most cases 
only the first author of a paper is given. In review sections, the first mention of the 

work of a particular group of workers is indicated by highlighting the name of the 
first or main author using a bold font. 
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CHAPTER 2- COMBUSTION MODELLING 

This chapter describes combustion-modelling techniques applied to the diesel 
bearing in mind the requirements of emissions models. In section 2.1 some key 
features of the diesel combustion process are described to provide a background for 
the modelling analysis. Section 2.2 discusses general modelling techniques with a 
particular emphasis on phenomenological models of the multizone or stochastic 
variety. Existing models are briefly reviewed. 

2.1 DIESEL COMBUSTION PROCESS 

The diesel-engine combustion process is described in various textbooks13.116 and in 

review papers by Kamimoto161 and Henein115. The essential features are as follows. 
Near to the end of the compression stroke, liquid fuel is injected directly into the 
chamber. The cylinder contains a mixture of fresh air charge and a small 
proportion of combustion residuals from the previous cycle. The injection pressure 
is between 30 and 150 MPa, whilst the chamber pressure reaches 4-12 MPa by 
TDC in the absence of combustion161. The fuel forms a high-velocity jet and is 

rapidly atomised to individual droplets. Spray structure is complex, but there is 

always a fuel-rich core region38'. Evaporation takes place rapidly in the high- 
temperature environment (1000-1200 K at TDC)161 and some of the fuel is mixed 
intimately with the air mainly by turbulence. During a short ignition delay period 
(several degrees of crank angle, or about lms), precursive chemical reactions begin 
to occur. Then, because the temperature and pressure are above the fuel ignition 
point, spontaneous ignition occurs at various points in the spray. Typically at the 
start of combustion, 70-95% of the fuel will have evaporated, whereas only 10-35% 
is mixed to within the flammability limits'96. Thus, the combustion process is 

controlled mainly by mixing rather than evaporation'61. 

Following ignition, the portion of the fuel which has been mixed to within the 
flammability limits during the ignition delay period is rapidly consumed. The 

predominant combustion mechanism is premixed burning and the pressure rises 
sharply. Subsequent combustion is dominated by diffusion burning, and for a while, 
the spray continues to burn in a quasi-steady manner, as liquid fuel is injected into 
the burning region. Combustion chemistry is complex, with the reactant species 
first being thermally decomposed to give pyrolysed hydrocarbons' 47. l00. A 
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significant proportion of the fuel is converted to soot, though most is subsequently 
oxidised. The diffusion 'flame' bums with the bright yellow colour characteristic of 
burning soot. 

The rate of diffusion combustion is controlled by the mixing rate of the reactants, 
which is generally about three orders of magnitude slower than the chemical rate277. 
The air, fuel vapour and combustion products tend to be confined in separate eddies 
of the turbulence structure. Combustion can only occur once intimate mixing has 
taken place at the finest turbulence level, known as the Kolmogorov scale. Thus, 
the local combustion rate is strongly influenced by turbulence parameters. On a 
global level, the heat-release rate closely follows the rate of air entrainment into the 
spray159. This in turn is related to the spray behaviour and the in-cylinder air 
motions on both micro and macro-scopic levels. The inter-relationship is complex, 
because both fuel injection and combustion give an increase in the turbulence levels, 
but tend to reduce the bulk air motions147. Also, wall impingement accelerates 
combustion 161. Fig 2.1 summarises some of these processes. 

Partial-reaction Hz, CO """ 
Pyrolysis CH4, C2Hz, """ Quench Evaporation PCAHs 

Atomization 
". 

Soot formation'.. 
and oxidation 

"}'. Heat release 
.. 
7`- Wall 

Liquid phase region t"' 

Air entrainment 

Figure 2.1161- Schematic of diesel combustion process 

Eventually, virtually all the fuel has been atomised, vaporised, mixed and burnt. 
Because diesel engines are operated at equivalence ratios which are overall lean, 

excess air remains, and this continues to mix with the burnt products during the 
expansion. The chamber contents become increasingly homogeneous. Finally, 
because pressures are generally higher than in a spark-ignition engine, the exhaust 
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temperatures also tend to be higher, often above 1000 K"6. 

In summary, diesel-engine combustion is fundamentally controlled by mixing 
processes. Kamimoto considers that the representation of the uneven structure 
resulting from turbulent mixing is the most significant task in mathematical 
modelling161. A number of features distinguish the combustion in a diesel engine 
from that of a steady turbulent diffusion flame, including the following: 

(1) Combustion is unsteady having three distinct phases: Ignition delay, 
premixed-burning and diffusion-burning. 

(2) Combustion takes place in a confined space and wall impingement 
effects are important. 

(3) Combustion takes place in an atmosphere of varying composition. 

Some of the main characteristics of the process are summarised in Table 2.1 using 
modelling terminology. 

Condition of combustion Classification 

Time-dependency Unsteady 
Spatial-dependency 3D 
Spatial restrictions Confined 
Initial reactant condition Non-premixed 
Flow condition Turbulent 
Phase of reactants 2-phase 
Rate of reaction Finite rate 

Table 2.1 - Classification of diesel-engine combustion processes 
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2.2 COMBUSTION MODELLING METHODOLOGY 

The techniques chosen for modelling the combustion process have a big impact on 
emissions prediction. This is because the combustion model supplies the detailed 
information relating to mixture composition and thermodynamic state which are 
essential inputs to the soot model mechanisms. Thus, any generally useful model 
of emissions will always be underpinned by an accurate representation of the 

combustion process. 

The processes leading to the emission of smoke from a diesel engine are extremely 
complex. The soot formation and oxidation processes are closely coupled and the 
former, in particular, is intimately related to the chemistry of the combustion 
process. Thus, care must be taken that the combustion and soot models are held 
together in a consistent framework. The combustion regime is also highly turbulent 

and reactants are often highly localised in turbulent eddies. Moreover, the sooting 
processes themselves are highly non-linear, so they are very sensitive to variation 
in conditions, on micro and macroscopic scales. Hence a further requirement of 
the combustion model is that it provides some representation of the different states 
existing in the mixture. Finally, if the simulation program is to be used for 
development work involving parametric studies, it is essential that the strategy 
adopted is relatively undemanding in computational terms. 

2.2.1 Modelling techniques 

Many computational models have been developed for diesel-engine simulation, 
though not all are well-suited to emissions work. The two main classes are 
phenomenological models and multi-dimensional or computational fluid dynamic 
(CFD) models. The former consist of a set of independent sub-models describing 
the important combustion phenomena structured around a thermodynamic analysis. 
They can be further classified into zero-dimensional models, which compute only 
chamber averages, and quasi-dimensional and stochastic models which provide 
some sort of description of the variation in compositions and temperatures within 
the spray. CFD models solve the governing conservation equations within a 
computational grid, such that the ensemble-averaged state of the mixture is fully 
defined at every point in space. 
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Phenomenological models can be further classified according to the method of 
representing variations of composition and temperature within the spray. At one 
level, mixture regions may be characterised purely by composition, which typically 

means partitioning the mixture into reactants and combustion-products zones. This 

approach is used in most zero-dimensional models; also, some models which use 
spatial zones to describe the spray incorporate chamber-averaged zones partitioned 
by composition 193,27'. Alternatively, the-different regions of the mixture may be 

characterised using some representation of the spatial variation of properties. In 

most cases this is done using sets of axial and radial zones; these are known as 
multizone models. In other cases, zones are not used but the distribution of 
properties within the spray is modelled170'51. Each of these model types is referred 
to as quasi-dimensional, since the spatial information given is not exact three- 
dimensional information. 

Stochastic models use a large number of fluid particles to simulate the range of 
conditions existing in the chamber. Mixing between particles is modelled 
statistically49, using Monte-Carlo techniques; thus a much better description of the 

range of compositions existing in the spray is achieved. In the simplest case, the 

position of the particles in the chamber is neglected and a single mixing zone is 

used. In order to represent some of the macroscopic variation in conditions, a 
further zonal division has been employed in some cases. For the IDI diesel engine, 
separate zones have been used for the pre-chamber and the main chamber228. In 

one DI diesel engine model, quasi-dimensionality has been achieved by partitioning 
into a variable number of zones according to the total air-to-fuel ratio37. This 

represents an intermediate position between zero-dimensional stochastic models and 
multizone models. Finally, in one case a stochastic model has been superimposed 
on a zonal description, combining the advantages of both techniques378. 

Of the above model types, the zero-dimensional models are the least useful, since 
they do not have the required spatial resolution and heat-release calculations usually 
lack a fundamental basis. The strength of the CFD model is that detailed spatially- 
resolved predictions are given. Thus, this type of model has a role in the design of 
the combustion chamber to give advantageous gas flows. However, such models 
are poorly suited to the prediction of exhaust smoke, and little success has been 

reported in this area. - Additionally, computational limitations do not allow 
exploitation of the full potential of the soot models. 



CHAPTER 2.2 -15- COMBUSTION MODELLING 
METHODOLOGY 

The above requirements of a realistic emissions model are best met by 

phenomenological models of the quasi-dimensional (multizone) or stochastic variety. 
There are several advantages in using this type of model. Because the component 
submodels are generally independent, any level of detail can be built in within the 
bounds of experimental knowledge. Together with the fact that some model 
parameters may be tuned to give a good match to experiment, this ensures that the 
combustion process may be represented with sufficient accuracy for the purposes 
of emissions modelling. This contrasts with the CFD approach, where there is 
limited scope for tuning model constants. 

In phenomenological models, there is no restriction on the complexity of the 
mixture description which can be fed into the emissions model. Thus, the emissions 
model can take full advantage of the composition and temperature information 

obtained from the combustion model, for example, in using reactant and 
combustion product temperatures and a representative range of mixture 
compositions. Though a CFD model supplies similar information in greater detail, 
it cannot be used in practice. If a presumed pdf approach is adopted, mixture 
fraction and soot parameters must be assumed to be uncorrelated, since these 

relationships are inaccessible. Alternatively, by using Monte-Carlo methods these 

problems may be overcome, but such models are very demanding computationally. 
Thus, though a CFD model provides much greater spatial detail, in practice soot- 
model inputs are confined to local averages. 

In the class of interest, quasi-dimensional or stochastic models, much work has 

already been done (see Table 2.2 in next section). From independent origins, at 
least eighteen such models have been developed for the simulation of diesel-engine 

or stratified-charge engine combustion. The majority are of the multizone type and 
have been applied to direct-injection diesel engines; only three are stochastically- 
based, including one of only three models which have been specifically applied to 
an indirect-injection diesel. In some cases the literature reports only a single model, 
while for others, many versions have been developed from the original, even by 
independent groups, over periods of more than a decade. Naturally, where there 

are many versions, different engine specifications have been encompassed. 

Phenomenological models are briefly described in the next section and the individual 
models in the literature are reviewed. 
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2.2.2 Phenomenological models 

2.2.2.1 Introduction 

A phenomenological model is a simplified representation of the combustion 
process, using independent submodels to describe the main physical phenomena. 
The submodels will often be based on simple correlations which attempt to describe 

empirical observations, though it is sometimes possible to use more fundamental 

relationships. Submodels are structured around a thermodynamic analysis which 
typically employs polynomial functions for the prediction of thermodynamic 
properties. The thoroughness of a given model is reflected in the scope of the 
processes it addresses, and in the sophistication of the submodels. 

Phenomenological models are distinguished by the techniques used to represent the 
fluid mechanical processes, particularly the spray behaviour. Quasi-dimensional 

multizone models cannot provide the exact spatial information familiar to users of 
detailed or multi-dimensional models. Instead, an approximate approach is 
employed uses zones representing packets of mixture. The zonal motion is followed 
by tracking the path of the centre of mass and interaction between zones is not 
treated explicitly. Thus the model attempts to characterise the spray regimes, while 
avoiding the huge computational requirements of full and accurate representation 
of the flow processes. The computational demands of stochastic models are 
generally intermediate. 

A typical range of modelled phenomena is as follows: 

Engine dynamics 
Gas exchange 
Injection 
Spray motion and fuel-air mixing 
Air motion 
Evaporation 
Ignition delay 
Premixed combustion 
Diffusion combustion 
Heat transfer - convection and radiation 
Emissions 
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2.2.2.2 Review 

The following review outlines the development of phenomenological modelling in 
diesel engines. It is impossible to give full details of these models; rather, the 
analysis overviews the work highlighting the contributions from each source. Table 
2.2 provides summary information. In view of the importance of the spray model, 
reference should also be made to Table 4.1 in section 4.1 which provides basic 
information about the techniques used. 

In 1971, Khan became the first to apply a quasi-dimensional model to the 
simulation of diesel-engine combustion17'. The heat-release rate was obtained from 
the rate of micro-mixing of the fuel and the air. This represented a major advance 
over all previous models which used empirically-calibrated correlations. In original 
form, the variation of composition and temperature within the mixture was 
described using simple radial and axial profiles. Also, a single mixture region was 
used for emissions models, so the approach can only be crudely described as quasi- 
dimensional. However, in later work Greeves developed the model by 
incorporation of a multizone description". 

Hodgetts132 implemented a multizone model based on a simple and fairly restrictive 
spray model. Neglect of the complexity of mixing between reactants and 
combustion products was postulated as the reason for failure of the model under 
high-load conditions. 

In 1976, Kau` reported results from a major five-year study for the US EPA and 
CRC, targeted towards diesel-engine emissions reduction. This comprehensive work 
included study and review of all previous models371, the design, construction and 
operation of a single-cylinder research engine for acquisition of basic data, in- 
cylinder measurements and the construction of a new multizone phenomenological 
combustion model. The detailed spray model was based upon the work of 
Abramovich2. The description of fuel-air macro-mixing was identified as a key 

element of the combustion model. The modelling of diffusion flames using spherical 
droplet flames was found to be unsatisfactory but excellent predictions of pressure 
histories were reported. 
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Main author Year Engine Model type Authors 

Khan 1971 DI Quasi-D ßn170 

1979 DI Multizone Greeves'" 

Wilson 1974 DI Multizone Wilson371 

Hodgetts 1974 DI Multizone Hodgetts132 

Shahed 1975 DI Multizone Shahed30`''45 

Hiroyasu 1976 DI Multizone Hiroyasu126, 
Kuo197 
Shiozak1314,315 

1989 DI Multizone, multi-D diffusion Nishida262 

1982 IDI Multizone Hiroyasu124 

Meguerdichian 1978 DI Multizone Meguerdichian2 ' 

Hiraki 1980 Stratified 
charge 

Multizone Hinaki" 

Ikegami 1980 DI Stochastic lkegami144 

1992 Dl Stochastic, 3 compositional zones Kakegawa157 

Dent 1981 DI Quasi-D Dent56,19s, 57 

1986 DI Multizone Mehta104,105 

Mansouri 1982 IDI Stochastic, 2 spatial zones Mansouri227,228 

1986 DI Stochastic, multiple comp- 
ositional zones, multi-D flow 

Brown37 

Watson 1984 DI Multizone, 1-D spray Watson 

Kono 1985 DI Multizone Kono184 

Kouremenos 1987 DI Multizone Kouremenos190 

1989 IDI Multizone Kouremenos 192 193 

lipkea 1987 Dl Multizone Lipkea213 

Lapuerta 1988 Dl Multizone Lapuerta202 

1991 DI Multizone, multi-D diffusion Lapuerta203 

Zhou 1989 DI Multizone ZhOU389 

Xiao 1991 DI Stochastic, multizone XiaoS78 

Bazari 1992 DI Multizone Bazari2°, 3Z' 

Table 2.2 - Phenomenological models applied to diesel-engine combustion 



CHAPTER 2.2 -19- COMBUSTION MODELLING 
METHODOLOGY 

The multizone model of Shahed309 was the first to use a spray model taking 
transient effects into account. This derived from an experimental study of jet 
mixing45. The spray model also accounted for distortion of the cross jet profile. 
Nevertheless, simple fuel-air distributions are imposed upon the jet as in the 
Hodgetts model132. Later work demonstrated the error in this assumption196. 

Hiroyasu first published details of a multizone combustion model in 1976121. This 

was later extended to take into account air-swirl effects126, and further developed by 
the imposition of a multidimensional model for calculation of diffusion processes 
and chemistry involving 11 species262. The model was also adapted for application 
to IDI diesel engines124. The spray model is based upon Hiroyasu's own 
experimental study122 and was the first to use air-entrainment calculations rather 
than imposed fuel-air distributions. The entrainment rate is derived from 

momentum conservation. Independently, Kuo197 and Shiozaki314,315 have applied 
the model to other engines. 

Meguerdichian2' attempted to reduce dependence on empirical correlations. The 

spray model used is one of the most sophisticated to have been applied in the diesel 

engine, accounting for the effects of swirl, wall impingement and notably, transient 
behaviour. Ignition delay was calculated purely on the basis of calculated chemical 
reaction rates. The success of this approach was demonstrated. 

Hiraki118 applied a multizone model to calculation of combustion in a stratified 
charge engine. Jet motion is obtained by the solution of detailed conservation 
equations, and air entrainment was calculated independently, as in the Hiroyasu 

model. However, this model was the first to define the entrainment rate using the 
turbulent-entrainment assumptions of Hoult137. Another novel feature is the 
calculation of burning rates using flame-propagation parameters derived from studies 
in spark-ignition engines. 

In 1980 Ikegami144 became the first to apply a stochastically-based model to the 
modelling of diesel-engine combustion. Despite use of only 500 Monte-Carlo 

particles, predictions of peak pressure and NO. are good. Later the model was 
generalised by relating the collision frequency to modelled turbulence parameters145. 
Kakegawa157 noted a weakness in this representation due to its macroscopically- 
homogeneous treatment of the combustion field. To remedy this, the different 
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regimes were represented using surrounding air, spray formation and combustion 
products zones. Also premixed and diffusion burning were described separately and 
the number of Monte-Carlo particles was increased to 10000. The generality of 
this model was demonstrated, though NO. predictions remained only fair. 

Dent56 describes a combustion model in which the cross jet distributions of 
temperature and composition are fully defined. This is similar to the approach of 
Khan, in not using zones, but generally much more detailed. Uniquely, the variation 
in droplet size across the jet is modelled. The amount of air in the jet is obtained 
directly from the correlation of Ricou293, though Hoult's turbulent-entrainment rate 
is used under some circumstances (as in Hiraki's modeln'). The model was 
extended for use with a swirl-chamber DI engine, taking into account the effects of 
air swirl on the jet motion and mixing rate57'198Gupta independently developed 

, 237. lo5 this model by incorporation of a zonal description 

Mansouri227,228, '88'216 applied a stochastic model to simulation of IDI engine 
combustion. Use of this type of model is highly advantageous for this configuration 
since it is straightforward to follow the processes occurring in the prechamber and 
the main chamber independently. As in Ikegami's later work (above), the turbulent 

mixing intensity is expressed in terms of modelled turbulence parameters. Heat 
transfer between individual mixture elements and the chamber wall is computed. 
Excellent agreement with measured performance parameters was shown. 

A very interesting development of this model was undertaken by Brown37. A two- 
step approach was followed, in which the flow and combustion were first calculated 
using a multi-dimensional model and then post-processed in the stochastic model. 
The popular KIVA code was used for the first step. The output of this solution was 
then used to define zones within the flow according to the overall air-to-fuel ratio 
of the elements. The stochastic model was used to recalculate turbulent mixing and 
chemistry within these zones. A convergence of results was demonstrated for more 
than 6000 stochastic particles and more than 10 compositional zones. 

The zonal model of Watson365 uses a simple 1-D spray model, though wall 
impingement is accounted for. The bum rate is obtained by use of a first-order 

relaxation equation, which was originally proposed for SI engine use by Blizard24 
and was subsequently developed by Zeleznik3. The relaxation parameter is linked 
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to the chemical reaction rate. The model was applied to the simulation of a diesel 

engine fuelled by sunflower oil. 

The model of Kono184 is based upon a unique spray model. This combines 
elements of the spray models of Hiraki and Hiroyasu. Multiple cross jet and axial 
zones are used, but the zone motion is obtained from solution of Hiraki's 

conservation equations. Air entrainment is calculated according to the turbulent- 

entrainment equation, again following Hiraki. Another novel feature of the model 
is expression of the rate of diffusion burning in terms of entrainment of mixture into 

combustion-products regions and the chemical timescale. 

Kouremenos has published over thirty papers describing development of a zonal 
combustion model. This is apparently the first model to include a more detailed 
description of combustion chemistry193. Eleven species are computed and 
dissociation effects are accounted for. A related model has been applied to the 
simulation of IDI engine combustion192. This IDI model is two-dimensional in 

composition space, that is, zones containing reacting mixture and pure air are 
described separately. A detailed treatment of the spray behaviour is given, including 
the effects of impingement and wall motion. 

Lipkea reviewed previous phenomenological models and emphasised the need to 
identify the phenomena of predominant importance and concentrate on their 
accurate representation 213. It was concluded that atomisation and vaporisation are 
of relatively low importance, and in the multizone model developed, liquid phase 
processes were neglected. Entrainment and burning rates were identified as the 
most significant processes. The zone-division pattern adopted takes into account 
the internal recirculation within the fuel jet due to its unsteady nature. Also, 

combustion rates are described using a global one-step kinetics model with no 
artificially-imposed flammability limits. 

The development of a zonal model originally implemented by Lapuerta has been 
described in a number of publications349,202,203. Multidimensional computation of 
species concentrations and enthalpy has been added to the basic phenomenological 
model271. A more recent paper gives details of an advanced treatment of 
impingement and wall jet behaviour59. 
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The multizone model of Zhou'9,42 has been applied to the simulation of different 
types of spray and the study of heat-transfer processes. The spray models are 
based on that of Shahed45 but incorporate findings from related experimental works 
on traditional multi-hole sprays, conical sprays with large top angles (>1400) and 
film-impingement sprays42. For the first time, radiation from the soot and 
combustion gases is accounted for. The soot emissivity is determined using a 
Rayleigh-limit expression. Combustion chemistry involves 12 species, and water 
and carbon dioxide are included in the radiation model. Also, this was apparently 
the first model for which interzone heat transfers are computed. 

The model of Xiao378 is unique in providing a stochastic treatment of combustion 
within the framework of a multizone thermodynamic model. Also, further to 
Mansouri's approach, heat transfer is allowed between mixture elements, and the 
assumption of a uniform heat-transfer coefficient is relaxed. 

Bazari has developed a multizone model2° which is similar to the early model of 
Hiroyasu126. Though none are novel, a number of more advanced features are 
included, such as detailed description of combustion chemistry using 11 species and 
radiative heat transfer from the soot. This model is part of a suite of modelling 
tools used to study the behaviour of the complete engine system. 
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2.2.2.3 The current model ' 

It is instructive to consider how the model developed in this study relates to these 

previous works. A multizone model has been chosen for the simulation of 
combustion in DI diesel engine. Table 2.2 shows that this type of model has been 

extensively used in past work, and the current study makes use of the knowledge 

gained. In common with the recent model of Bazari20, the current combustion 
simulation builds upon the approach taken in Hiroyasu's 1983 model126. The latter 

model gives a relatively simple treatment to the spray, but does attempt to account 
for the effects of swirl, combustion and wall impingement. Also in common with 
Bazari, radiative heat transfer from the soot is accounted for, though interzone 
transfers are neglected. 

In section 2.1, the importance of representing the mixing processes and uneven 
turbulence structure was identified. In the above review it was noted that neglect 
of the details of mixing between reactants and products was a major weakness in 
the Hodgetts model, and Lipkea also emphasised the importance of accurately 
representing the mixing and burning processes. Therefore, in the current work 
particular attention has been paid to achieving an adequate representation of the 

mixture composition and burning. This centres around use of the Magnussen eddy 
dissipation concept for turbulent combustion, which permits computation of slow 
emissions chemistry and fast combustion processes within a consistent model 
framework (see section 4.4). 

In addition, the current model uses a two-dimensional compositional description 

within each spray zone, with the rate of transfer between the regions being 

computed using the Magnussen model. Amongst the zonal models described above, 
only Kouremenos193 and Lapuerta271 have included a similar partitioning, but in 
these cases, it seems that chamber-averaged compositions have been used in each 
compositional zone. A number of zero-dimensional models have used this 
technique, but mixture has generally been partitioned simply between reactants and 
products. In the current model, the combustion-products region may contain air or 
unburnt fuel if combustion is lean or rich respectively. The consequence of allowing 
unbumt fuel to mix with hot combustion products may be very significant from an 
emissions point of view. 
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CHAPTER 3- SOOT MODELLING 

The focus of this chapter is the modelling of sooting processes in the diesel-engine 

environment. The analysis is built upon an understanding of the fundamentals of 
the soot formation and oxidation processes using information derived from soot 
studies in a wide range of combustion systems. Modelling techniques are discussed 

and previous work is reviewed. 

The chapter is divided into five sections. In section 3.1, the details of the soot 
formation and oxidation processes are considered in general terms. A description 

of phenomena peculiar to the diesel environment and summary of existing in- 
cylinder measurements is given in section 3.2. Soot modelling methodology is 
described in section 3.3 whilst expressions used in soot modelling are reviewed in 
section 3.4. Section 3.5 looks at models which have previously been applied to 
the diesel. 

3.1 SOOTING PROCESS FUNDAMENTALS 

The basic features of the sooting processes are described in this section. A great 
amount of research work has been addressed to this subject and literature pertaining 
to the different aspects of these processes is abundant", 139 

. 
Haynes'13 published 

a review in 1981, and other reviews are given in various textbooks (e. g. 
Hucknall'39). A number of books report the proceedings and discussion at 
international symposia on the subject, including those edited by Siegla318, Lahaye200, 
Jander148 and Bockhorn26. Reviews of sooting processes in diesel engines are given 
by Murayama245, Smith328, Kittelson175, Heywood 116 and Amann7. 

Many studies described in the literature are highly specific and there are many 
disputed and unresolved areas. Therefore, for the purpose of this thesis, only the 
main features of the process are described, with a particular emphasis on those 
aspects which are of interest from a modelling point of view. The analysis is divided 
into sections according to the well-known mechanistic steps of the emission process. 
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3.1.1 Nucleation 

Nucleation or particle inception describes the process by which solid-phase 
particulates are initiated. These soot particle precursors are formed primarily from 
the oxidation and pyrolysis products of the fuel molecules by vapour-phase 
polymerisation and condensation reactions. The chemistry is complicated, with 
different mechanisms predominating according to conditions, but the major species 
involved are known to include unsaturated hydrocarbons, especially acetylenes, and 
aromatics, including polyaromatic hydrocarbons (PAH)357,328,245. These intermediate 
compounds are relatively stable thermodynamically and kinetically, and they are 
fairly abundant in the high temperature environment of a flame357. 

Tentatively, the chemistry of build-up can be described as follows. First aromatic 
compounds of 2 or 3 rings are formed. Condensation and polymerisation 
reactions, together with dehydrogenation, rapidly produce larger PAH-based 

molecules which coagulate to form the first spherical nuclei27". These are about 1 
to 4 nm in diameter and contain about 2000 - 10000 atomic mass units279. They 

are distinguished from large PAH molecules in having a more compact 3-D shape50. 

Nucleation rate is very sensitive to the pre-particle chemistry and hence to the 
temperature23. For example, in the case of formation from aromatic compounds, 
Graham demonstrated the existence of different reaction mechanisms at different 
temperatures95. Also, it has been found that the effect of varying the oxygen 
concentration is very significant245. In a diffusion flame, nucleation is confined to 
the fuel-rich side of the heat-release zone where concentrations of oxidising species 
are very low328. Hydroxyl radicals will be the main oxidising species, and despite 
their low concentration, they may still play an important role in the pyrolysis 
reactions leading to nucleation32S'89. On the fuel-lean side, oxygen concentration 

257 , 32s. is about 106 times higher and nucleation is negligible 

It is expected that nucleation rates will increase with temperature because of the 
strong link to chemical reaction rates. This is observed in pyrolytic systems279, but 
in premixed flames, the opposite trend has been demonstrated 328. This is thought 
to be due to the fact that the concentration of oxidising species is relatively high so 
that there is an increased rate of oxidation as the temperature rises. 
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There has been much debate over the role of ions in the nucleation process. PAH 
ions are easier to observe than molecules and radicals and it has been shown that 
their concentration decreases rapidly as soot appears217,367. Calcote268,38 and others 
argue that the ionic mechanism is the dominant formation path, but this is not 
generally accepted113,78. The ionic pathway is more often taken to be an image of 
free radical and molecule nucleation, or even as a product of the process113. Some 

estimates of the fraction of young soot particles which are charged range from 1 
to 40%217,38,328. 

Once the number of solid-phase particles has risen to a certain level, nucleation 
drops off rapidly because sufficient surface area has become available for gaseous 
molecule deposition116. The total mass loading of the nuclei formed is negligible 
compared to the mass of soot arising from the nuclei. This is illustrated in Fig. 3.1. 

Soot volume fraction, fv; particle size, d; number density, N; hydrogen/carbon ratio, H/C 
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3.1.2 Coagulation 

Coagulation is the process where individual spherules join up and form new 
particles which are basically spherical. This requires a fairly low viscosity and most 
of the particles involved are young and relatively small (less than 20-30 nm)116,279. 
Besides morphological change, rapid surface growth may contribute to the 

restoration of a spherical shape. 

Diesel soot particles are generally fairly large compared with the mean free path of 
gas atoms, so that the coagulation process can usually be represented by a simple 
free-molecule model. However, at higher pressures and temperatures, the Knudsen 

number (mean free path/particle radius) drops below unity and coagulation occurs 
in the continuum regime325. 

Coagulation is a simple physical process, so model calculations are straightforward. 
These show that after enough time, the particle number should become 
independent of the initial value 199,279. This has been confirmed empirically and the 
timescale is about lms at medium temperatures of 1800 K"3.95. Moreover, the 
final number density has often been observed to be very similar under widely 
different conditions357. For example, a study of benzene pyrolysis demonstrated 
that the final number density of particles tends towards a constant value for initial 

volume fractions ranging from 0.25 to 10% fuel279. This is physically reasonable 
because of the rapid fall-off in collision rate as the particle number decreases. 
Measurements from diesel engines have also shown a tendency towards a constant 
number density, though in this case, invariance with operating conditions has not 
been clearly established"'. The effect can be seen in Fig. 3.1116. The final number 
density is about three orders of magnitude below the peak. A further useful result 
is that the size distribution tends to a log-normal function and varies little with 
operating conditions357. Altogether, these findings lead to the conclusion that 

coagulation is a property of the soot itself, independent of the parent molecules or 
199 

. the mode of generation 
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3.1.3 Aggregation 

Once spherules have solidified and surface growth rates have diminished, collisions 
no longer produce new spherical particles. Rather, 'aggregates' are produced in 

which it is still possible to identify the component spherules. The change in 

character of the spherules results from the thermal tempering26 and 
dehydrogenation which occurs as the particles age. These processes lead to the 
progressive solidification and the higher viscosity precludes coagulation113.279. 
Aggregates usually have a chain-like structure, probably due to the common 
occurrence of positive charging of the particle chains116. In a transition phase, 
when surface growth reactions are still significant, the particle structure may 
resemble a cluster 116 

Gay and Smith have argued that dehydrogenation is too slow to be the cause of the 
termination of coalescent processes325. Rather, they propose that atom-atom forces 

are responsible for the coalescence of small particles and that these are inoperative 
for those larger than 10 nm. 

The particles produced during aggregation have a much higher surface-to-volume 
ratio than the spherules, which affects oxidation rate. However, it is unlikely that 

aggregates are formed in significant quantities during the diesel-engine combustion 
process328,36; most of those measured in exhaust gases or in-cylinder sampling 
studies would have been formed outside the engine. 

3.1.4 Surface growth 

Surface growth is the gaseous deposition of hydrocarbon intermediates on the 
surface of existing particles. It is generally well-separated from nucleation in 
diffusion systems279, and provides the bulk of the final soot mass fraction. The 

precise chemistry involved is not well-known, though acetylenes play a major 
role 116. Also, the character of the particle surface is thought to be important26. It 
has been suggested that 10-30% of the CH bonds in PAHs become active radical 
sites in young soot particles, though this proportion will reduce with thermal 
tempering26. Internal surface area has also been shown to be important, and'mass 
growth' may be a better description of the process26. 
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3.1.5 Particle structure 

The particles formed by the above processes exhibit a remarkable uniformity over 
a wide range of combustion systems. Many studies have shown that the final size 
of the component spherules is strongly grouped in the range 10 to 40 nm357,199,116 
*; this corresponds to over 1 million atoms. The size of aggregates is more variable, 
and depends on residence time and other conditions. However, chain-like particles 
often grow to a length of over 500 nm"6 

The fully-formed soot particles also show a common internal structure. This can be 
described as intermediate between amorphous carbon and crystallite 245.82. A 

generally turbostratic structure'99 contains crystallites composed of layers of 
platelets328. Towards the surface, a fairly uniform layering is found, but crystallites 
are also arranged around internal centres'99. The latter are representative of the 

component particles which merged during coagulation. In aggregates, the individual 

spherules are usually contained within an external coating279. Generally the 

material is not porous, though the density is usually less than that of graphite due 
to a higher interplanar spacing in the crystallites357. The hydrogen mass fraction 
is typically 10%357.116 

3.1.6 Oxidation 

Oxidation may operate in parallel with all of the above formation processes and it 
too is enhanced by temperature. Soot particles are very small and it is not 
necessary to consider the effect of diffusion of the oxidising species to the particle 
surface. Rather, the process is kinetically-controlled. Under fuel-rich conditions, 
the concentration of hydroxyl ions is usually greater than that of oxygen molecules, 
and they are the principal oxidising species. Neoh demonstrated a better 

correlation with this species than with oxygen molecule concentration for 

equivalence ratios ranging from 0.85 to 1.15 257. Oxygen molecules may play a 
role in oxidation under leaner conditions and at lower temperatures. Many studies 
have been made of carbon oxidation in the solid phase, but the quantitative 

* However, recent results from a diesel obtained by Pischinger, using an 
electrical aerosol analyzer, go against this trend - it was found that 95% of particles 
were smaller than 10 nm at the end of the combustion process275. 
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relationship of this data to the oxidation of soot in combustion systems remains 
unclear113. This issue is addressed further in the modelling section (3.4). 

Low-temperature studies have revealed preferential oxidation of the inside of the 

particles, due to the internal structure being less uniform' 99. It is not yet known 

whether this is the case under flame conditions. An indication that it might be is 

given by the fact that only a small percentage of collisions with oxidants are 
successful (10-30% for OH, much less for 02), so that these species would be 

expected to penetrate deep within a molecule 251. Also, an order of magnitude 
increase in number density has been observed at the tip of diffusion flames, clearly 
showing that some sort of fragmentation process results from oxidation257. 

3.1.7 General sensitivities and dependencies 

Having looked at the details of the soot emission mechanism, it is useful to consider 
the parameters to which the process is most sensitive. Some of these are 
represented by the expressions reviewed in section 3.4 but others are more general 
observations which have not been used in a predictive sense. 

Glassman306,89 and others16,103 consider that soot formation in an atmospheric 
diffusion flame is influenced predominantly by diffusion flame temperature and fuel 

structure, whilst the concentrations of fuel and oxidiser are of secondary 
importance. In the diesel it is also important to consider the effects of pressure and 
turbulence. The effects of each of these parameters are briefly reviewed below. 

Cowley51 thoroughly investigated the influence of fuel composition on sooting 
propensity in the diesel. Sulphur in the fuel directly affects the particulate mass and 
the effect is easily calculated, but other chemical effects are minor. Studies in other 
combustion systems have demonstrated an independence from fuel type at 
pressures of above 10 atm79. Metal additives have been found to have a significant 
effect, but they are expensive. Their study is beyond the scope of this thesis. 
Therefore, the effect of fuel chemistry is not considered further. 

Soot formation has been correlated to fuel and oxidiser concentrations by many 
authors (see section 3.4). Generally, the formation rate increases with fuel 

concentration and decreases with oxidiser concentration as would be expected. 
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However, the variety of combustion systems and model mechanisms is such that no 
universal relationships can be identified. 

A couple of engine studies have attempted to correlate soot emission in terms of 
flame temperatures', "' In 1981, Ahmad4'276 examined the overall effect of flame 

temperature on soot emission. 02 or N2 were added to the intake air in order to 
influence chemical kinetics without affecting the fuel-air mixing. A good correlation 
was obtained between the exhaust soot and the calculated adiabatic flame 

temperature. The correlation was independent of engine load and speed, though 
different overall activation energies were found using high and low swirl engines. 
The latter effect was explained in terms of a change in the competition between 
formation and oxidation processes. In 1993, lida also obtained good correlations 
with calculated flame temperature and further demonstrated independence with 
injection timing142. In addition to the diesel studies, others have correlated sooting 

lla 
. rates in terms of temperature in turbulent diffusion flames, with mixed success 

The interpretation of these results is debatable. Both of the engine studies showed 
a drastic reduction in soot yield with increased temperature. This contrasts with the 
results obtained using a classical diffusion flame89. Ahmad considers that because 

of the intense recirculation found in an IDI diesel, the emission process Is dominated 
by oxidation and that the latter is more temperature sensitive4. However, the 
overall activation energy of 97 kcal/mol is much higher than that expected for 

oxidation of carbon. This is said to be due to the effect of parallel formation 

processes. lida found an even higher overall activation energy of 146 kcal/mol, and 
likewise concluded that oxidation is more strongly affected by temperature than 
formation142. 

The analysis presented in Appendix A shows that if soot formation and oxidation 
are viewed as occurring substantially sequentially, rather than in parallel, it is not 
necessary to conclude that oxidation is more temperature sensitive. The oxidation 
rate is proportional to the mass of soot in existence, so that the decay is 

exponential with an exponent proportional to the rate. The rise in soot mass 
during formation, though, is linearly dependent on the formation rate. Thus, even 
if the activation energies for formation and oxidation are equal, the yield will be 

expected to fall substantially with temperature. 
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Despite the difficulty of interpretation, the fact remains that yield is well-correlated 
by flame temperature. This raises the possibility of describing the formation and 
oxidation processes in terms of a simple pair of Arrhenius chemical rate equations. 
However, it would be surprising if this approach was completely successful, in view 
of the fact that the formation process consists of several different mechanistic steps. 
In particular, the nucleation process may have a very different temperature 
dependency, and during the premixed phase, the nucleation rate may actually drop 

off with temperature. Glassman suggested that soot number density Is of 
predominant importance, governing the mass emitted 26 *. It would seem that the 
above temperature correlations contradict this finding, suggesting rather the overall 
dominance of surface growth. 

Attempts to correlate rates and yields in terms of overall pressure have been less 

successful. Recent results obtained from premixed combustion systems show that 
at pressures under 10 atm, yield is well-correlated by the square of overall 
pressure30, whilst between 10 and 100 atm, a linear dependency results28. Earlier, 
MacFarlane220 reported an overall pressure exponent of 2-3 for turbulent premixed 
flames. In diffusion flames, also, several studies have shown that formation is 

promoted by increased pressure"'. In the range up to 22 atm, the dependency on 
pressure is given by an exponent of between about 0.7 and 2 238,304,77.79,242v 
However, for a burning droplet, Kadota obtained a linear correlation for the yield 
at pressures below 10 atm, and independence at higher pressures"'. Thus, it is 
apparent that no simple dependency will be found under diesel engine conditions. 

A further empirical finding is the importance of turbulence and intermittency on 
sooting processes. Magnussen was an early proponent of these concepts. In 1971 
he demonstrated that by applying laminar rate equations with the local time-mean 
values of species concentrations and temperature, soot oxidation in a turbulent 
flame is seriously overestimated 221. Results presented in 1975222 showed a highly 
intermittent appearance of soot, suggesting that it is contained in eddies. Becker 
disputed this finding21, but Magnussen subsequently demonstrated the success of a 
model based on this concept (discussed in more detail later in this chapter)226. Dent 
lent support to Magnussen's interpretation by successfully correlating exhaust smoke 
in terms of the mixing rate55. 

` General discussion, pp. 193-196. 
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3.1.8 Conclusions 

Overall, some broad similarities in behaviour have been observed in various 
combustion systems and at different operating conditions. This is helpful from a 
modelling point of view. 

Nucleation occurs very rapidly, producing a large number of very small particles, but 
contributing little to the soot mass loading. The rate is strongly dependent on 
chemistry and temperature, but the final number density may not be, since the 
process rapidly terminates once solid surface area is formed. In diffusion systems, 
the rate increases with temperature. 

Coagulation also takes place rapidly, giving a reduction in particle number density 

of about three orders of magnitude. The resulting spherules exhibit a remarkable 
uniformity, being about 10 to 40 nm in diameter whatever the combustion 
environment. The size distribution is also uniform and the final number density 
tends to a constant value in simple combustion systems. The latter effect may not 
be so pronounced in a diesel due to the inhomogeneity across the chamber and the 
parallel oxidation processes. 

Nucleation ceases as surface growth takes over. Initially the latter process occurs 
in parallel with coagulation, and altogether it contributes the bulk of the soot mass. 
The timescale is much longer than that of particle inception. Finally oxidation 
becomes the dominant process. The timescale is also long, of the order of a few 

milliseconds, and the rate is strongly affected by the turbulent structure of the 
mixture. 

Good correlations are obtained with calculated flame temperatures. However, it is 
difficult to interpret these results because of the competition and overlap between 
formation and oxidation processes. Also, the conclusion that trends can be 
predicted using very simple equations is not in accord with other results or the 
overall understanding of the processes. Smoke has also been successfully correlated 
in terms of the timescale of turbulence. 

Generally, little success has been reported in establishing dependencies on other 
global features such as pressure and species concentrations. This is to be expected 
in view of the overall complexity of the process. 
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3.2 SOOT IN DIESEL ENGINES 

This section looks at sooting processes in the context of diesel-engine combustion. 
The analysis will provide guidelines as to the expectations and requirements of a 
practical model of emission. Knowledge of the relationship between soot emission 
and the combustion process derives mainly from in-cylinder studies. Despite the 
difficulty of making such measurements, quite a number of these studies have been 

undertaken and a significant amount has been learnt about sooting in the diesel 

environment. The parameters measured in some of these studies are set out in 
Table 3.1. The main features of the process are described in section 3.2.1 whilst 
the related issue of model validation is addressed in section 3.2.2. 

3.2.1 Process description 

Most of the smoke emitted from a diesel stems from incomplete combustion of the 
fuel, with an additional component originating from the lubricating oil. The former 

process gives rise to solid-phase carbonaceous soot, whilst the lubricating oil is the 

source of some of the heavier hydrocarbons which are absorbed to the solid 
particles84. Oil components may constitute up to 80% of the 'soluble organic 
fraction' (SOF), though the actual proportion depends on operating conditions' 16. 

Kittelson has reviewed the timing of the appearance of soot, concluding that it 

varies between the start of combustion and just after the start of the diffusion 

phase175. Other investigators have found peak concentrations in the early part of 
the diffusion-burning stage, between 5 and 10 degrees after ignition7"275. 
Kittelson's measurements revealed that the initial rate of formation is substantially 
independent of load and speed175. In a DI engine, the highest concentrations are 
found in the fuel-rich core region. With a quiescent chamber, values corresponding 
to 50% of the local fuel carbon have been measured"'. Peak values for bowl-in- 

piston chambers with air swirl average lower at around 10%275.11, due mainly to 
better mixing. The very intense mixing in an IDI diesel will also tend to give lower 

maximum concentrations, but this is balanced by the higher fuel concentration 
found in the prechamber116. In DI engines, peak concentrations vary little with load 

and speed, whilst a four-fold increase with doubling of equivalence ratio has been 

observed in an IDI diesel. This stronger dependency is probably due to the higher 

average equivalence ratio in the combustion zone. 
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Combustion photography shows that rapid formation of soot continues as fuel is 
injected into the burning region116 In parallel, soot is quickly oxidised as air is 

mixed into the spray; mixing within the spray leads to a more uniform soot 
distribution. In a DI diesel engine, Greeves measured a nearly even distribution only 
21° after injection start98 and Kamimotos data confirms this". Other evidence 
suggests a steep fall-off in soot concentration away from the centreline116. Also, it 
has been observed that the soot concentration rises in spray near the bowl or 
chamber wall due to poor mixing116. This soot decays more slowly than that 
formed earlier in the core of the spray' 16. 

Finally, oxidation takes over. Kittelson reviewed measured values of peak/exhaust 
concentration and found a variation of between 1.2 and 70. However, the upper 
values derive from localised sampling data and a typical value is nearer 10. The 
lowest value applies to the high-load condition in a DI diesel engine. A similar 
drastic reduction in oxidation was observed in a prechamber engine where oxidation 
ceased for oxygen concentration of less than 5%81. 

Another critical issue affecting emission is the timescale of the bum-out113, ' 
. 

Hiroyasu showed that if the exhaust valve opens while significant oxidation is 

ongoing, exhaust smoke levels are very high 123. At the temperatures existing late 
in the diffusion-phase, oxidation can continue until very low concentrations remain. 
However, once the port opens, the rapid drop in temperature brings the process 
to an end. By making an analogy with the bum-out of a turbulent diffusion flame, 
the controlling features can be readily identified. The mixing rate and overall air-to- 
fuel ratio are key, but the most fundamental constraint is that of time, which is 
dependent on engine speed. 

Overall, it is apparent that most of the soot forms in mixture which is generally hot 

and fuel-rich. Moreover, the soot is often contained in fuel-rich eddies which are 
surrounded by relatively soot-free air. Thus, pyrolysis of rich mixture is an 
important source of soot. In fact, elimination of soot is practically impossible, due 
to the nature of diffusion burning and because of the constraints imposed by other 
parameters, including the injection process, operating speed, efficiency and NO. 

emission. 
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AuthorRef. DI IDI P HR TcA soo*A &C� soot, � inj 
154 * * * * * " 

ZellaO86 "* * * * * " 

Mansour1227.228 .* * * * * " 

Xiao378 " * * * * 

Bazari20,327 " ,ý * y, ,ý * * " 

Hiroyasu126 "* , * * * "* 

Nishida262 "* "* * * * "* 

Kuo'97 "* "* avg, avg avg "ý* 

Kono184 "* " 

Payri271 * * 

Dent57 "* * * * " 

Kyriakides198 "* * * "* " 

Mehta237(11) * "* .* .* 

Wade3s6 * 

Kakegawa157 * "* "* map " 

Kittelson176 

Korth 

Fujiwara8' par 
X60 " " " " avg " " 

Lepperhoff208 par 

Senda308 

Sato303 par " 

Okajima267 bomb 

Iida142 

1 

RCM par 
Ohkoshi" ' 

Odaka265 

Murayama246 ' 

Uchida 354 par 
Tsukuhara351 par 
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Author DI IDI P HR T�CA soot«A 4�CA soot,, x 
in) 

Hiroyasu123 par 

Kawazoe16 ' par 

Suzuki336 " m " par 

Zhang388   m par 

Konno183 m ' avg par ' 

Kobayashi18' ', avg 

Chmela16 

Kittelson15 par par ' 

Ning259 par 

Wö1fle375 par par 

Quoc281 par 

Fukuda83 par par 

Yates380 avg, map map 

Norris-Jones" ' avg ' 

Kadota'56 

Takeuchi340 ', map map map 

Mohammad 239 

Greeves98 ', avg 

Kontani186 N ' 

Kittelson14 avg, par par 

Saito300 par par 

Hiroyasu130 avg, par par ' 

Kamimoto1S9 avg ' 

Matsui23° 

Kamimoto16° m 
Aoyagil' map map map ' 

Table 3.1 - Parameters measured or calculated in in-cylinder studies 

(inj - injection rate profile or injection total and full description of timing, HR - heat release 
rate diagram or burn rate diagram, T- flame temperature measured by 2-colour method 
or an appropriate model temperature, soot - soot concentration or two-colour method KL 
factor, avg - cylinder average, map - spatially-resolved measurements, par - parametric 
variation given, m- mean over whole of combustion period, bold - calculated value, 
shading - chosen experimental data-set) 



CHAPTER 3.2 -38- SOOT IN DIESEL ENGINES 

3.2.2 Model Validation 

It is appropriate at this point to consider model validation. An extensive data-set 

of soot measurements is required, together with the values of as many associated 
combustion-process parameters as possible. For instance, combustion-model 
validation requires a measured heat-release rate and preferably temperatures and 
pressure too. In-cylinder soot data is essential and will be much more useful if 
spatially-resolved and backed up by fuel concentration and temperature 
measurements. A further constraint is added because the current modelling efforts 
have been concentrated on the DI diesel. 

Table 3.1 shows that only one group of workers have presented in-cylinder soot 
data together with temperature measurements and a heat-release diagram for a DI 
diesel' - viz T. Kamimoto, S. Matsuoka, Y. Matsui, Y. Aoyagi and Y. Miyairi at Tokyo 
Institute of Technology158,159,11,160'230 (see bottom of the second page). Fortunately, 
the data-set given by this group is very detailed, covering a wide range of parametric 
variations (though only one running speed). Thus, it was the obvious choice for 

validation of the models developed in the current work. It is subsequently referred 
to by the name of the chief author, Kamimoto. 

Note: Takeuchi presented temperatures for one crank angle position only'0. 
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3.3 SOOT MODELLING METHODOLOGY 

This section reviews general approaches to the modelling of soot emission from 
diesel engines. The methodology is not well-established - no previous study has 

specifically addressed this issue and there is no substantial review material in the 
literature. However, as before, the analysis can draw on the knowledge base from 

a wide range of combustion systems, since much of this can be usefully applied in 
the context of diesel work. 

Two main factors impact on the form of a soot model - the modelling environment 
and the information source which provides a relationship between sooting processes 
and various physical parameters. The following analysis considers each of these 
subjects in turn, before describing the strategies adopted. The overall aim is to 
highlight the important issues and to provide a background for assessing use and 
performance of various models; no specific cases are dealt with. 

3.3.1 Effect of modelling environment 

The acceptable form of any soot model will be governed in part by the underlying 
thermodynamic framework. In this respect, it is very important to consider the 
integration and consistency of the different modelling techniques used. 

The previous chapter illustrated the range of thermodynamic descriptions available. 
The degree of detail is variable - average thermodynamic properties may be 
described at several levels: using simple chamber averages, on a zonal basis, or 
according to multidimensional grid cells. Various sub-structures are then built on 
top of this - the reacting mixture may be divided into non-burning and burning 

regions, or a full stochastic description of thermodynamic states may be computed. 

To obtain an accurate description of the sooting phenomena, it is important to 
follow the thermodynamic history of representative soot particles and mixture 
elements 168. For instance, it is particularly important to know how long a given 
element spends in the high-temperature region where the fuel concentration is also 
high. In order to do this, the ideal model would fully describe the relationship 
between the soot and species concentrations and temperature. In theory, it would 
be possible to construct such a model based on the diffusion-flame concept, since 
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the reaction rate can be estimated and the temperature and species gradients 
approaching the flame can be computed. However, this type of model is not 
available. Stochastic techniques have been developed, though, which attempt to 
supply this information. 

Two main types of stochastic model are used - those which use a presumed pdf and 
those employing a modelled pdf equation which is generally solved using Monte- 
Carlo techniques. The first type is severely limited in application to soot modelling, 
since the relationship between the soot concentration and the other parameters is 
inaccessible. Mixture fraction and soot parameters are assumed to be uncorrelated 
and the direct effect of turbulent fluctuations must be ignored. This is a major 
simplification since it is known that high soot concentration will in fact be strongly 
correlated with high temperature and high fuel concentration. The second type of 
pdf model completely solves the closure problem associated with non-linear reaction 
rates278. However, it is more computer-intensive and this factor is usually limiting. 

The applicability of a given soot model will generally depend on the level of detail 

represented by the combustion model. For example, a semi-global soot model fitted 
to measured mean concentration data is likely to be inappropriate for use with a 
model which gives the full range of thermodynamic states in the mixture. Similarly, 

soot formation expressions deriving from a narrow range of empirical conditions, 
for example from partially pre-mixed burning in a jet-stirred reactor, may be a poor 
match for combustion models which employ an averaged description of the mixture 
composition. 

Finally, it is noted that the utility of any models developed will be greatly enhanced 
if they are simple. For instance, a soot model involving several species 
concentrations is simply impractical for use in the CFD environment. 
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3.3.2 Application of sooting-process information 

Knowledge of sooting phenomena is available from various sources and in different 
forms. Consideration is now given to the methods of applying this knowledge in 
useful models. 

The most important information source is the set of empirically-determined 
correlations for various aspects of the sooting process. There are a large number 
of such expressions, covering both the individual mechanistic steps and the overall 
formation process. They are reviewed in more detail in section 3.4. Most derive 
from experiments performed in simplified combustion systems, such as premixed 
flames and laminar diffusion flames, though a number apply to more complex 
systems, including turbulent diffusion flames and even diesel engines. Generally the 

expressions may be described as semi-empirical - that is, the basic form of the 

correlation was postulated according to the general understanding of the process 
and the constant values were fitted by matching empirical data. This procedure is 

particularly important in the more complex combustion systems, where expression 
derivation must be done in close conjunction with modelling work. 

Some of the empirical observations described in section 3.1 are not given in the 
form of a correlation, but are nevertheless of interest for modelling. Examples 
include: 

(1) The uniformity in the initial soot-particle size and size distribution 
(2) The uniformity in the initial particle number density 
(3) The good correlation of growth rate with flame temperature 
(4) The good correlation of yield with turbulent mixing rate 

Building on the picture of most soot formation occurring on the fuel-rich side of the 
diffusion flame, the following could be added: 

(5) The temperature at which soot is formed is close to the flame temperature 
(6) The fuel concentration at which soot is formed is close to stoichiometry 

However, an apparent inconsistency can be observed between points (3) and (4): 
if it is possible to correlate smoke in terms of a flame temperature, it does not 
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follow that it will be well-correlated with a turbulent mixing timescale, and vice 
versa. In fact, the correlations in each case were not perfect, and the indication is 
that both processes are important in the diesel. This suggests that some sort of 
hybrid model may be required which can take both of these processes into account. 

Another source of model information is provided by theoretical concepts which can 
be applied to various aspects of the process. Examples include kinetic theory which 
has been used to predict collision rates and hence formation255, coagulation116 and 
oxidation257. Likewise, the Magnussen eddy dissipation concept (EDC) is based 

upon a conceptual model of the turbulence structure in a fluid. 

Generally, the most powerful models achieve an accurate representation of a 
complex process by identifying parameters which are fundamental. They are 
usually simple and efficient. A good example is the Magnussen EDC which 
provides a consistent framework for describing fast and slow chemistry. The 

accuracy and validity of such models depends very much on the selection of the 

correct rate-controlling parameters. For instance, attempts to fit a kinetic 

correlation for soot oxidation rate in a turbulent diffusion flame show much scatter 
due to the effects of turbulence261. On the other hand, correlation in terms of 
turbulent mixing timescale shows a good correlation55. 

Finally, the importance of matching use of correlations and information to the 
conditions of its origin was referred to in section 3.3.1. Further to the issue of 
model detail, care must also be taken when applying correlations derived in a much 
different environment to that found in the diesel engine. The following features of 
the diesel combustion environment should be noted in particular: 

(1) Uses diesel fuel 
(2) High pressure and temperature (1-150atm, 300-3000 K) 
(3) Hence, high partial pressure of oxygen, up to 10 atm 
(4) High levels of turbulence 
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3.3.3 The current work 

Spatial resolution and flexibility are essential in representing highly non-linear 
emissions processes and in this work, phenomenological models of the quasi- 
dimensional type have been shown to be the most appropriate. A thermodynamic 

structure encompassing heated fine structure and surrounding fluid regions has been 

employed in an attempt to provide an approximation to the thermodynamic history 

of mixture elements. The alternative pdf method was viewed as desirable but not 
essential to the work, and was not implemented due to the restriction of time. 
Thus, the thermodynamic structure used in the current work may be described as 
semi-global, i. e. it does not model the full range of local conditions existing in the 
mixture, but rather describes some representative average states. This must be 
borne in mind in the soot-expression analysis. In fact, the approach adopted 
permits analysis of sooting rates over a wide range of thermodynamic conditions, 
since many different mixture states are represented in the zones and sub-zones. 
Whilst it may not predict soot yields as accurately as a pdf model, rate information 

should be adequate at the stage of model development. 
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3.4 SOOT MODELLING REVIEW 

There is an abundance of literature on sooting processes in combustion. Review 

papers by Hiroyasu128 and Mullins243 list correlations, and Mullins243, Coelho47 and 
others have done comparative studies. This section is concerned only with those 

works which have provided or examined analytical expressions to describe some 
aspect of the process (though some recent work also involves data libraries25). 
Some of these are listed in Table 3.2*. 

The basic form of these expressions has usually been postulated according to a 
theoretical model or general experimental trend; the values of the model constants 
are set by matching to empirical data. Due to this technique, there is considerable 
overlap between the evaluation of expressions in experimental work and 
development in a modelling context. Table 3.2 includes a few models which are 
heavily weighted towards the latter and others which have been used in many 
different situations, sometimes with slightly different constant values and slightly 
modified form. However, a comprehensive treatment is beyond the scope of this 
thesis and the table is not exhaustive; rather, significant contributions are identified 

and some are discussed in the following analysis. 

The review has been broken down into subsections considering soot formation 

processes and oxidation. It has been observed that correlations are often limited to 

a very narrow range of thermodynamic conditions. Also, different fuels and 
combustion systems were employed in their derivation. Therefore, this information 
is included in summary tables (Tables 3.3-3.7). The name of the main author is 
given in bold at first mention of a particular model. 

Within each section, expressions of similar form are considered together and some 
key model parameters are given in the summary tables. Also, to facilitate 
comparison, each equation has been re-expressed in terms of a common set of 
variables, e. g., concentrations have been converted to masses. 

Most entries are for the earliest published paper but later reviews are also 
included where appropriate. 
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3.4.1 Soot formation 

Most soot-formation expressions include the Arrhenius term which is conventionally 
used to describe the effect of temperature on chemical kinetics. This assumes that 
the main soot-formation processes of nucleation and surface growth are chemically 
controlled. The majority of analytical expressions have lumped these processes 
together using an apparent first-order reaction correlation 320. These are described 
in sections 3.4.1.1 and 3.4.1.2. In these classes, the rate expression of 
Narasimhan255 is an exception in including terms for soot mass and number density. 

Much recent work has used a different type of soot-formation expression which 
correlates surface growth rate using experimental data from simple combustion 
systems. Empirical data has also been used to describe a 'final' soot volume fraction 
in some of these models25. These models are briefly described in section 3.4.1.3. 

Finally, a small number of models have included a more detailed mechanism 
describing the processes of nucleation, coagulation and surface growth separately. 
These are reviewed in section 3.4.1.4. 

Of the models which lump formation into a single mechanism, the largest class are 
simple expressions which do not separately account for the effect of oxygen. These 
are described first in section 3.4.1.1. 
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3.4.1.1 Single-step expressions 

The simplest form is that given by Rao28', Nishida260 and Hein114: 

El 
dm- 

soot _A4e RT (3.1) 
dt 

Rao's work examined soot production in a laminar H20-HC diffusion flame, and 
concentrated on the temperature-dependence effect. In contrast, Nishida and Hein 

made measurements in a turbulent diffusion flame. In Nishidäs study, the data 

points are a poor fit to equ. 3.1, which must be due to the effect of turbulent 
fluctuations. Also, for the data points corresponding to temperatures above 900 K, 
the slope of the plot giving the activation energy is much steeper; for this region 40 
kcal/mol is a better estimate than the value of 12.5 kcal/mol given in the paper. 
This is in much better agreement with the data from other sources, none of which 
give an activation energy of less than about 25 kcal/mol. Hein also obtained a low 

value of 21.5 kcal/mol. 

Narasimhan255 used an expression developed from the bimolecular collision 
equation of kinetic theory to fit soot measurement data from a turbulent diffusion 
flame in a plug-flow reactor. The expression applies after the rapid initial 

precipitation of nuclei. 

dm 
' _A$m. tNs eT eR (3.2) 

dt 

The above studies were all done at atmospheric pressure, so reveal no information 

on pressure dependencies. Khan170, however, has used a computer simulation to 
fit a soot-formation equation using exhaust measurements from a diesel engine. 
This study has been extensively used so it is examined in more detail. 

The combustion model was developed from the fuel-spray model of Grigglol. This 
predicts the rate of heat release mainly by calculating the rate of air entrainment 
and the rate of micromixing of fuel and air. The instantaneous equivalence ratio in 
the soot-formation region is defined according to these two parameters, and the 
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temperature is taken as the mean temperature of the jet. Soot formation is 
followed through the combustion process, though in the original work soot 
oxidation is neglected. In a later work 13, coagulation is included and oxidation is 
followed using Lee's expression207. A further modification was the introduction of 
concentration and temperature gradients for the soot-formation region. Therefore, 

as far as emissions are concerned, the model can be described as quasi-dimensional. 

Khan17° fit the following Arrhenius-type equation using exhaust data from three 

medium-sized diesel engines: 

E dm 
dt 

sýý =A 3 peva e 'RT (3.3) 

An Arrhenius expression was chosen since it was considered that soot formation 

rates are controlled mainly by the rate of nucleation, which in turn is governed by 
the chemical kinetics of the formation of the gaseous precursors. The activation 
energy of 40 kcal/mol was taken from previous work on the effect of inlet air 
temperature on exhaust soot164'169. The equivalence-ratio term was included 
because other studies had shown exhaust soot to be proportional to ý"; the 

exponent and the constant A were set according to the experimental data. 

Wilson371 and KaulM used a related expression in their zonal combustion model: 

E 
d, ` =A 

T03 
pe 

RT (3.4) 

However, rather than partial pressure of evaporated fuel, the total pressure has 
been used, and the equivalence ratio is that of the products rather than the 

reactants. Wilson371 states that for propane and methane, typical values of the 

equivalence-ratio exponent and activation energy are 1 and 32-58 kcal/mol 

respectively, though no source is given. 

More recently, Abbas' has tested Khan's expression in prediction of soot levels in 

a turbulent diffusion flame. The original form of the expression was used, though 
the constant A was extended to include the Richardson number. In conjunction 
with the oxidation models of Lee207 and Magnussen 223,224 

, tolerably good results 
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were obtained across a broad range of operating conditions. 

Xiao378 applied the Khan model to prediction of soot in a diesel using a stochastic 
combustion model. Good results were obtained using the value of A obtained by 
Khan for the case where oxidation is considered 173. 

Coehlo47 has examined the performance of the Khan model in CFD prediction of 
turbulent diffusion flames. A sensitivity study determined that the best value of the 
constant A was that evaluated in an earlier work by Abbas. This is similar to the 
oxidation-case value 173, but significantly smaller than that determined in Abbas 's later 

work'. Though predictions were found to be generally good considering the 
simplicity of the model, the results suggested that the equivalence-ratio exponent is 
too high. No alternative value was given. 

Naegli248 examined the effect of fuel composition and flame temperature on soot 
formation in a highly turbulent, small-scale research combustor using kerosine-type 
fuels. The pressure varied from 7 to 13 atm. For each fuel type, a correlation of 
the following form was obtained: 

dm 
ý =A 03.425 pe RT (3.5) 

dt 

The equivalence-ratio exponent is in good accord with that given by Khan170, taking 
into account Khan's additional term for the partial pressure of the fuel. The 
measured activation energy is 57.8 kcal/mol. However, it is assumed that oxidation 
competes for soot in the highly turbulent flame, so that this value represents the 
difference between the formation and oxidation activation energies. Using Lee's 

value for the latter gives an estimate of 97 kcal/mol for the formation process. 
Naegeli considers that this value compares favourably with the results of 
Tesners"5,346 and Glassman90, but Tesner's values apply to the nucleation process, 
and this is usually a small part of the overall production of soot in a flame25. 
Glassman90 was unable to identify the process of very high activation energy 
indicated by his results, though he observed that the overall activation energies 
determined from pure pyrolysis studies were much lower. Nishida's measurements 
in a turbulent diffusion flame gave an activation energy of 12.5 kcal/mo1262 (though 

see above discussion), and all other measurements in turbulent flows give a lower 
value (see Table 3.3 below). Thus, the current value appears to be rather high, and 
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perhaps it is inappropriate to determine the activation energy for formation by 

adding the oxidation value to the measured value. Hence the original measured 
value is given in the summary table (Table 3.3). 

In an early work, Hiroyasu121 postulated a soot formation equation embodying 
some general observations from measurements in diffusion f lames3°4. sa5, premixed 
flames220, the gas turbine combustor210 and the diesel engine 172: 

dmsoot 
= 

dm, 
El 

(3.6) (A mf. i, q) Per . 6) 
dt dt 

A and B are constants to be determined by matching to experimental soot levels. 
The first term is proportional to the calculated fuel bum rate and the second, to the 
mass of liquid fuel existing in the model zone. It is now known that virtually all soot 
is formed in vapour-phase pyrolysis. Thus, this expression is poorly grounded. 

In 1982, Hiroyasu125,184 proposed a modified expression taking into account 
updated soot formation measurements155.12: 

1_ El 
d ma c_ 

dtA meuap p2e RT (3.7) 

The activation energy value is set to 12.5 kcal/mol following Nishida262 (see above). 
The usual form of the expression makes use of experimental results due to 
Kadota155 and Arai12. For the pressure range 0.1 to 1 MPa, the former study 
demonstrated a linear relationship between the mass of soot formed from a single 
hydrocarbon drop and pressure; above 1 MPa, the mass was essentially independent 

of pressure. The different behaviour may result from the transition to turbulence 

at higher pressures. The Arai"Z study measured fuel and soot concentrations in a 
kerosine spray flame, but did not fit a correlation to the data. Hence, the value of 
the constant A is selected so as to give a match to the experimental exhaust levels 

when the model is run in a combustion simulation. 

In a contemporary study at Hiroshima, Harmadillo obtained an alternative 
expression for soot formation: 
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E 

dt _A4,1.257-1e"R 
(3.8) 

This expression derived from experimental work in an open diffusion flame and the 
Khan value for activation energy has been used. It was implemented in an IDI 

simulation model by Hiroyasu124, though rather unsuccessfully. In all other versions 
of Hiroyasu's simulation program, from 1982 onwards, equ. 3.7 given above has 
been preferred. 

Conclusions 

Single-term expressions for soot formation typically include an Arrhenius term, and 
some measure of the fuel concentration. Those derived from measurements over 
a range of pressures also include a pressure term. 

Table 3.3 (over) shows that activation energy estimates vary widely, the lowest being 
12.5 kcal/mo1262 and the highest 120 kcal/moll". The lower value is uncertain as 
the original data shows much scatter, and 40 kcal/mol seems a more realistic value. 
Fuel concentration dependence also varies widely: for initial burning, several authors 
give an exponent of unity287'262'126'93, whilst its initial value is 4 for the Khan 

expression170 (including the fuel partial pressure). Different combustion systems 
were used in the derivations, and it is not possible to find a trend. Variation with 
pressure is not well-established due to the difficulty in isolating the formation rate 
in measurements from practical combustion devices, and the problems of 
extrapolating measurements from basic configurations to real systems. 

Despite the uncertainties, both the Khan170 and the Hiroyasu125 expressions (equs. 
1 . 126.1sa. 3.3 & 3.7) have given satisfactory performance in combustion simulations 
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3 . 4.1.2 Expressions accounting for oxidation 

Many of the expressions in the first class (3.4.1.1) involve an equivalence-ratio term. 
The significance varies from one expression to another, since 4 may be taken as the 

average equivalence ratio in the burning region170, a local value, or may even be 
defined in terms of combustion products concentrations371. However, in each case, 
the effect of oxygen is accounted for, and the soot formation rate is always reduced 
by an increase in its concentration. 

A number of studies have expressed dependence on oxygen concentration directly. 
These are reviewed below. 

A group of researchers including Edelman61, Wang 363 and Farmer69 have made 
extensive investigations into soot formation mechanisms and associated combustion 
models. This work recognises that all previous models have been limited by a lack 

of coupling between soot emission and chemical kinetic approaches, and addresses 
this by calculating the combustion chemistry in considerable detail (up to 31 

species)69. New formation correlations were obtained using model calculations in 
conjunction with experimental work in a jet-stirred combustor61 and shock-tube 3ý. 

In the jet-stirred combustor experiments, combustion is essentially premixed and 
adiabatic; temperatures are in the range 1650 to 1850 K and the pressure is 

atmospheric. The shock-tube data of Wang covers a broader range of conditions 
(1400 to 2500 K and 2.5 to 10 atm), so the effect of pressure could be included in 
the correlation. 

Edelman used a quasi-global model to describe the combustion chemistry, 
accounting for pure pyrolysis, oxidative pyrolysis, partial oxidation and elementary 
steps to completion, as well as NO. formation. Aldehydes are considered as 
intermediates and a total of 42 reactions are included. Oxidation was incorporated 

using the Lee correlation207 or that of Nagle249'69, though it is fairly insignificant in 

a jet-stirred combustor, reducing soot emission by 25% at most. Coagulation was 
neglected. A variety of fuels and fuel combinations were used, though a single soot 
model was proposed based on data from the toluene case and an averaged 
hydrocarbon concentration. The following formation correlation includes tentative 

values of the variable model parameters: 
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Ei dmsooc 

=A m 
1.75 

m -0.5 T' e RT 

dt °° 
(3.9) 

Edelman demonstrated excellent results in predicting the jet-stirred combustor soot 
emission using this model. In contrast, the Khan17° and Tesner35 models were 
found to perform poorly and this was attributed partly to the method used to obtain 
the rate constants in these studies. 

Wang363 fit the following equations to shock-tube data: 

For T< 1800 K: 

For T> 1800 K: 

EI dmsoot 
_Am2.06m-0.36mo. 

35e R (3.10) 
dtf os Ar 

_En 
re 1_1 dmsoot 

_Am2.06 m -0.36 m 
0.35 

e RT RCT 1800) 
dtJ O= Ar 

The argon concentration exponent in these expressions causes the soot formation 

rate to rise with increased pressure, though the exponent value of 0.35 is relatively 
small. Yield comparisons were made with the predictions of the Khan17° and 
Edelman61 models and reasonable agreement was shown. However, the Edelman 

model61 shows a stronger dependence upon the hydrocarbon concentration than 
on the temperature, which is not shown in the current study. This is attributed to 
the narrow temperature range of the Edelman61 experiment and uncertainties in the 
temperature measurements. Thus, this model is considered to be an improvement 
on the Edelman correlation. 

Farmers review paper69 provides more detail relating to the above studies. Final 

values of the constants used in equ. 3.9 are given, but these vary little from 
Edelman's original estimates. The importance of building the soot model on top of 
accurate predictions of fuel chemistry is stressed. Preliminary work showed the 
importance of including the hydroxyl radical in the mechanisms. The satisfactory 
performance of the Edelman model is further demonstrated, particularly the 
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accurate prediction of the rich limit where the soot yield rises rapidly. 

Najjar 251 made measurements of soot concentration in a model gas-turbine 
combustor using a range of kerosine-like fuels. Pressures varied between 3 and 10 

atm. The following expression was proposed to describe soot formation in the 

primary zone: 

dm 
E 

soot =A me e RT -B mo, msooe e 
RT (3.12) 

dt 

A combustion calculation was run in parallel to determine the fuel concentrations, 
whilst gas temperatures were estimated from radiation measurements and the 

calculated adiabatic flame temperatures. The constants A, B and the activation 
energies were determined by fitting the predictions to the experimental data250. 

Though this expression is described as a formation rate, it could be better described 

as a net formation rate, i. e. the difference between formation and oxidation. 
However, this cannot be deduced simply from the form of the expression, since this 
is very similar to that proposed by Tesner for pure formation (see below) where the 

second term represents the termination of soot precursors. Rather, the fact that 

oxidation is otherwise neglected in the primary zone suggests that this expression 
represents both processes; in the second part of the paper252, a modified form of 
the Nagle249 expression is used to describe the oxidation of soot in the secondary 
zone. In fact, it is very hard to separate the formation and oxidation processes, and 
it may not be possible to divide up the expression to fit this simplistic concept. 

Simmons"' proposed a similar relationship for describing soot formation in 
furnaces: 

E 112 
dmsýý 

=A m 2.36 e RT -B m 1.3 e RT (3.13) 
02 dt 

The form of the expression is such that it can deal with pyrolytic production in a 
generally accepted form, whilst accounting for the destruction of soot-forming 
precursors in oxidative reactions. The constant values were determined using data 
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from shock-tube experiments with benzene, toluene and n-heptane fuels. The 
pressure range was 2.6 to 3.6 atm, temperatures lay between 1500 and 1950 K, 
and the equivalence ratio varied between 6 and 11. The data was correlated 
satisfactorily, though the pressure range was too small to determine a pressure 
dependency. 

Simmons discusses the correlations of Khan170, Abbas', Harmadill0, Naegli248 and 
Najjar25' and compares predictions with the experimental data. The Khan 171 

correlation broke down for mixtures richer than 4=8, and is not applicable for 

pyrolytic conditions due to the inverse relationship with unbumt air. A similar 
situation applies to the Harmadi model. Najjar's expression251 yielded formation 

rates which were an order of magnitude too high, though the second term in the 
equation was omitted due to lack of a soot concentration estimate. Mullins243 

reports the same work and tabulates the calculated formation rates. At 0=7 and 3 

atm, the values for the Khan 170, Wang 363 
, 

Najjar25° and Simmons319 correlations 
were approximately 0.2,7,700 and 1.5 respectively. The poor agreement is 
attributed to the fact that the expressions were derived for different combustion 
systems243. 

Conclusions 

Models have been proposed which treat the chemistry of the soot-formation process 
in more detail while maintaining the concept that all processes can be represented 
by an apparent first-order reaction. The distinctive feature of these models is the 
separate description of the effect of oxygen. In Simmon's work, oxidative 
destruction of soot precursors is accounted for explicitly. Overall, very good results 
have been obtained for simple combustion systems and a model combustor. 
However, caution is necessary since the conditions in these combustion devices 
differ greatly from those in the diesel. 

The short-comings of some of the simple models described in section 3.4.1.1 arise 
partly because the models have been applied beyond the range of operating 
conditions for which they were derived. Only one of the models in the current 
section attempts to include pressure effects; the dependency found is quite small, 
with an exponent value of 0.35. 
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3.4.1.3 Surface-growth expressions 

Bockhorn25, Wagner27,28.29,30, Sato302, Kennedy167 and Garo86 have developed 

a new type of model based on surface growth and data-sets of measured 
rates/yields. A review is given by Bockhom25. Bockhora and Wagner use a basic 

equation of the form: 

Ld= 
ksc (fý -fe) (3.14) 

ksGis interpreted as a chemical rate coefficient and can be expressed in terms of 
simple chemistry and surface reactivities. f�" is the 'final' soot volume fraction 

attained after the rapid formation phase of soot shortly after the main reaction zone 
of the flame in premixed systems. Maps of data for f. - against carbon-to-hydrogen 
ratio and temperature have been constructed from empirical measurements. For 
the former, the relationship may be expressed as: 

n 

fu °c C_C 
O0 

crit 

(3.15) 

where C/O,, is the C/O ratio at the sooting limit 
n-2.5 -3 for ethylene, -4 for propane, - 2.8 for benzene 

The dependency on pressure has also been determined. For pressures between 1 

and 10 atm: 

fl « p2 (3.16) 

For pressures between 10 and 100 atm: 
fv °C p 

(3.17) 

These results apply to premixed flames and simple fuels. The concept cannot be 

extended to diffusion-flame systems, because no unique relationship exists between 

mixture fraction and yield. Though rates may be mapped in terms of temperature 

and mixture fraction, different modelling techniques are required. In any case, the 

required libraries of rate data are not yet available for diesel fuel. Therefore, these 
techniques are not discussed further. 
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3.4.1.4 More detailed mechanisms 

This section reviews those expressions which have attempted to model the soot 
formation process using a more detailed mechanism of two or more steps; these 
models are reviewed by Fairweather'. All such models account separately for the 
coagulation and nucleation processes. This makes it necessary to introduce a new 
variable, a number density of radical nuclei or soot particles. Summary data is given 
in Table 3.5 below. 

Tesner34s proposed a two-equation model describing the formation rate of radical 
nuclei and soot particles. Measurements of particle formation rates during thermal 
decomposition of acetylene in a laminar diffusion flame were used to determine the 
constant values in the following equations: 

dnnuc 
= no +(f -S)nnuc_. -soN t n,, uc 

(3.18) 
dt 

dN8 
, =A (a - bNs. ) n,, u, 

(3.19) 
dt 

where n�uc is the concentration of radical nuclei in particles per unit volume 
Ns00t is the concentration of soot in particles per unit volume 

In the upper equation, no is the spontaneous origination rate of nuclei. Nuclei are 
not small soot particles, but rather 'active particles which are some sort of soot 
precursor325. The second term represents chain branching with f being the linear 
branching coefficient and g the linear termination coefficient. The final term is for 
termination on soot particles with coefficient go. The second equation sets the rate 
of formation of soot particles which depends on the interaction between the radical 
nuclei and the original hydrocarbon molecules and is limited by termination on the 
surface of soot particles345. a is representative of the reciprocal of the time for 
formation of the smallest soot particles, about 1 nm in size, from radical nuclei325. 
The model does not predict soot particle size, so this must be assumed if the mass 
formed is to be evaluated. 

The nucleation rate is defined by assuming a first-order reaction of the acetylene 
fuel: 
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- 
E, 

A m, e RT (3.20) 
no = 

P 

The measured value of the activation energy, Ef is very high, namely 170 kcal/mol. 

These equations are expressed in terms of concentrations and the measurements 
were made at atmospheric pressure. However, if they are to be applied under 
conditions of varying pressure, the saturation values of soot mass and nuclei number 
will have to rise and fall to maintain a constant number density. This seems 
physically unrealistic, and for use in a diesel engine Nakakita254 has suggested the 
following modifications of the constants go and b: 

Tbcal prei (3.21) go = gore/ 
T. 

rei 
plocal 

b= bfef 
, 

01 prei (3.22) 
T. f P, 0 0, 

There are many adjustable constants in this model and the particle growth step does 

not incorporate any physical understanding of the process. Surovikin5 found that 

very different constant values were necessary for prediction of benzene pyrolysis, 
but on the other hand, Magnussen224 obtained a good match to turbulent acetylene- 
air flame data using slightly adjusted values. 

Surovikin developed a detailed analytical model accounting for formation and 
growth of radical nuclei, and growth of soot particles, though neglecting coagulation 
of the latter335. Extensive use is made of collision rates from kinetic theory. The 

mechanism requires two further independent variables - the size of the radical nuclei 
and soot particles. Model constants were fitted using experimental data from 
benzene decomposition. A value of 116 kcal/mol was determined for the activation 
energy for radical formation, which is lower than Tesner's value. The activation 
energy of surface growth is very low at 6-9 kcal/mol. 

Jensen has developed an elaborate soot-formation model which includes five 

controlling processes: gas reactions producing radical fragments on which nucleation 
may begin, nucleation, coagulation, growth and oxidation15'. The soot is described 
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in terms of a set of fifteen representative particle sizes, and the other processes are 
calculated using rate coefficients appropriate to each size. The model was 
successfully applied to prediction of exhaust soot levels in a rocket motor fuelled by 
isopropyl nitrate. 

Moss242 has developed the soot-formation model proposed by Gilyazetdinov88. This 
uses the following pair of equations to describe the evolution of soot-particle number 
density, N., and mass, mss,: 

1 E_ 1 dNs. ý _Ap Tzmfe T- BTiNýý (3.23) 
dt 

RT (3.24) =CpT2mfe R'' + DTZmfN., e -f. - 

The first term in the upper equation represents nucleation whilst the second is for 
coagulation; the terms of the lower expression describe the contributions of 
coagulation and surface growth respectively. The particle size can be calculated 
from the values determined. 

In conjunction with Nagle's oxidation model, the values of the constants A, B, C 

and D were set to give satisfactory agreement between predictions and data from 

a laminar ethylene-air diffusion flame at pressures of 1 to 3 atm. Generally, surface 
growth will be a function of soot particle size and the following modification was 
introduced to represent this: 

121 
_E19 

CT 2 mfmtNqte RT 

Later work extended applicability to modelling of non-premixed kerosine-air flames. 
It was found necessary to enhance sensitivity to the fuel mass by including additional 
exponents, two for the nucleation term and five for surface growth'. 

Fairweather (1991)209,67.68,211 has introduced a similar pair of equations for soot 
number density and mass formation rates: 
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-L-- 11 11 dNt 
=Ame RT - BT 2m6N6 (3.25) 

dt C2Hz soot 

Eq 11121 E_ 
d 

dt 
soot 

=C MCýH Ns. t e RT +D mc2Hp m5ýj'J 
63- Emds T2 ml mac NLt e RT 

(3.26) 

The terms have the same significance as those of the Moss242 model with the 

addition of a final term for oxidation. In this case, the fuel concentration is 

expressed in terms of acetylene, which is an important intermediate in the sooting 
process; thus, accurate prediction of its concentration is a requirement of the 

combustion model. Constants were chosen to match the data of Nishida for a 
turbulent non-premixed propane flame261. 

Conclusions 

The models described in this section introduce a level of flexibility into the modelling 
of soot formation. The Tesner model is the simplest, but has been used most 
extensively. The Surovikin, Moss and Fairweather models are more sophisticated 
in being able to track the size of the particles as well as the mass. Jensens model 
is the most elaborate, giving a soot description in terms of fifteen representative 
carbon particle sizes. The Moss, Fairweather and Jensen models were all 
successfully applied in engine modelling. 

The comparative study of Coehlo47 includes the Moss242 and Fairweather67 models. 
A fair match with the Nishida data was obtained with each, though the results were 
taken to indicate that the Moss242 model is more sensitive to variation in conditions. 
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3.4.2 Coagulation 

In the detailed models reviewed above, formation rates are expressed in terms of 
number densities, and coagulation is an essential feature. For the models of the 

preceding sections, however, formation rates involve mass alone so that coagulation 
may be ignored. Nevertheless, coagulation models may be usefully employed in 

conjunction with these models for the purpose of estimating the particle size to be 
input to the oxidation calculations. Thus the subject is considered briefly below; 

summary data is given in Table 3.6. 

The simplest coagulation-rate expression is the Smoluchowski equation: 

dNd. ̀ _1 KN. 2t (3.27) 
t 

Various authors including Green97, Khan171, Wersborg367, Ulrich 355 and DU60 
have obtained theoretical and empirical values of the coagulation constant, K, in this 
equation (see Table 3.6). Khan's value is noticeably higher than the others, which 
Khan and Du60 consider may be due to the higher turbulence intensity in the diesel 
engine. Smith325 thinks this interpretation is unlikely. 

For particles which are small with respect to the mean free path of the gaseous 
medium, coagulation occurs in the 'free molecule' regime (see section 3.1.2). 
Applying bimolecular collision theory and assuming uncharged particles which 
coalesce on every collision, various theoretical studies have obtained a modified 
form of the above expression 325.113: 

11 11 
(3.28) dmý 

_ AT i mt N6 
dt 

In applying this equation to sooting processes in a shock-tube, Graham95 obtained 
excellent agreement with the experiment, confirming the theoretical assumptions. 
Fairweather 's model incorporates this expression209, whilst the models of Tesner5, 
Jensen150 and Moss242 use a form of the Smoluchowski equation. 
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3.4.3 Soot oxidation 

The body of research work devoted to the oxidation of soot is of comparable size 
to that done on formation. However, the oxidation mechanism is conceptually 
simpler, and there is a much greater degree of uniformity in the expressions used 
to describe the process. Soot particles are so small that the rate of oxidation will 
not be limited by diffusion under typical chamber conditions243. Thus, the vast 
majority of models consider oxidation to be essentially chemically-controlled, and 
are based on simple Arrhenius expressions. These are reviewed in section 3.4.3.1 
below. In turbulent combustion, though, the physical separation of the reactants 
means that combustion may be dominated by mixing processes and an alternative 
approach based entirely upon a fluid mechanical concept has also been extensively 
used226. This is described in section 3.4.3.2. 

As in the case of formation, the differences between expressions often arise because 

of the variation in the thermodynamic conditions and fuels used in the evaluation. 
It is important to take this into consideration when comparing models, and basic 

experimental details are presented at the end of this section in Table 3.7. Also, 

some of the key model parameters are tabulated to facilitate comparison. 

3 . 4.3.1 Chemical rate 

The exact nature of the chemical attack on soot particles will depend upon the 

surrounding gas and thermodynamic conditions. Many mechanisms are based on 
the assumption that the most important oxidising species is the 02 molecule and in 
fact some were derived under conditions where this is certainly the case"'. 
However, it is known that the hydroxyl radical is the dominant oxidising species in 
flames, at least under fuel-rich conditions 113, but only one study has obtained a 
correlation in terms of its concentration. This is described at the end of this section. 

Many authors have used a soot-oxidation correlation of the following general form 
(m is often set to unity, and n to zero): 

dm 
soot =A mit Xo= p- T" e 

RTE, (3.29) 
dt 
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Feugier'74, Shibayama31' and Nishida26° reduced this expression to: 73 

_ 
E, d 

dt =A moot Xo, e 
RT (3.30) 

dt 

There is no significance in the omission of the pressure term, since the experiments 
were conducted at atmospheric pressure. Feugier's study examined a laminar 
diffusion flame at 2000 to 2300 K. Shibayama made measurements in a fuel-oil 

spray-flame at temperatures below 1650 K and obtained a good correlation with 
temperature. Nishida's results from a turbulent diffusion flame at temperatures 
below 1350 K are less satisfactory. The rate data obtained shows a lot of scatter, 
so the activation energy value derived from it should be treated with caution. 

Hiroyasu125 introduced a pressure dependency of 1.8 though the source papers 
given12,155 did not directly examine the effect of pressure on oxidation. A more 
likely source would be the diesel engine study by these authorsl23 . 

Lee207 obtained the following correlation from measurements in a laminar diffusion 
flame covering the temperature range 1300 to 1680 K and at oxygen partial 
pressures of 0.05 to 0.1 atm: 

dm t_A moot Xo, PTi e_ RT (3.31) 
dt 

Khan171 used measurements from a motoring diesel engine to check the values of 
the constants in this expression and obtained a slightly larger value of A. However, 

with Khan's study the pressure reached 20 atm. By comparison with data from the 

studies of Field75 and Parker270 on solid carbon oxidation, Khan deduced that the 

combustion rate of soot is two orders of magnitude lower. This is attributed partly 
to Lee's207 neglect of coagulation, which results in a very large specific surface for 
the particles. Taking this into account, Khan171 estimates a discrepancy of only one 
order of magnitude. 

Magnussen221 compared Lees data with measurements made for solid carbon by 
Field75, Parker270, Tu352, Nagle24' and Golovina93, and also concluded that the 
specific surface reaction-rate is two orders of magnitude lower. The possibility that 
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this is partly due to the neglect of agglomerates is mentioned in the 'Comments' 

section. Another possibility is that desorption of oxygen is a significant process and 
a new expression is proposed based on this assumption: 

K1 
q1+ K1 (3.32) 

K2 

where q is the surface reaction rate, and: 

z- RT (3.33) 
K1=k1Po, e 

- (3.34) 
K2 = k2 e RT 

Here, Kl represents the rate of adsorption and the rate of reaction, and K2 is the 

rate of desorption. Using Lee's data, Magnussen determined the constants in this 

expression and demonstrates a closer correlation than with the original expression. 
Thus, it is assumed that the new expression will better satisfy experimental data 

outside the range of Lee's measurements. 

In the same year, 1971, Radcliffe282 suggested that the oxidation rates of soot and 
pyrolytic graphite should be approximately equal and demonstrated a different 
interpretation of the apparently conflicting data. Park269 argues that Magnussen's 
different conclusion arose because the basis of the comparison was carbon of more 
isotropic structure than pyrolytic graphite, e. g. the 'Reactor graphite. 

In view of these findings, data from solid-based oxidation studies should be used 
with care113. Such studies are very numerous and are reviewed by Laurendeau2oa 
and others 113. Most of this work has concentrated on determination of the 
activation energy for oxidation. The study of Nagle249 is of particular interest and 
has been widely used in the context of engine modelling. 

Nagle249 developed the theoretical model of surface reaction rate proposed by 
Blyholder. It is assumed that there are two types of reaction site on the solid 
surface, namely an 'A-site' which is more reactive, and a less reactive 'B-site. An 

equation for reaction rate can then be defined: 
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d 
dt =A m5 

kA Po' X+ kBPo, (l 'X) (3.35) dt 
+k 

z 

where, X, the fraction of the surface covered by A-sites, is defined as follows: 

X= 1 

l+ 
kT (3.36) 

Po, kB 

and, k is a simple Arrhenius term: 

_ 
Eo 

k=Ke RT (3.37) 

At low temperatures, active sites dominate, and the rate is controlled by the fraction 

of sites not covered by surface oxides. Thus, the rate is exponential with 
temperature and the equivalent activation energy is that of kA/kz, i. e. 34.1 kcal/mol. 
Beyond a certain temperature, thermal rearrangement favours the formation of 
unreactive B-sites and the overall rate will decrease because of the lower reactivity 
(desorption is rapid); eventually when B-sites dominate, the order in oxygen partial 
pressure tends to unity and rises again with temperature. 

In the original work, the values of the constants were determined for the 
experimental range 10-5 < po, <1 atm and temperatures between 1100 and 2500 
K. Several authors have provided further empirical validation and extended the 
temperature range of the expression. The work of Park269 is most comprehensive, 
and the summary plot given in that paper has become the standard for comparing 
oxidation rates. It is shown in Fig. 3.2 below. 

The plot includes the data of Tesner344, Lee207, and Fenimore70 as well as Park's 

own shock-tube measurements extending the temperature range to 4000 K and the 

oxygen partial pressure to 13 atm. Park269 concludes that the Nagle rate is 

approximately a factor of two too low at high temperature, and further confirmation 
is provided by the measurements of Walls359 and Lunde11219. Mullins extended the 
analysis to include the low-temperature data of Chan41 and the correlations of 
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Garo85, Smith326 and Hargreave109. On the basis of all of the available data, the 
following relationship was obtained as a best fit at flame temperature conditions: 

1 E. 
dm 

e'R (3.38) 
= dt 

sýc A m: oc Po= Z 

The activation energy value is 38.2 kcal/mol. 

Najjar251 modified some of Nagle's constant values and obtained good agreement 
with data from a model combustor. The original form of the correlation has also 
been successfully applied in a variety of combustion systems, including the jet-stirred 

combustor69, gas turbine251 and diesel engine124. 
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Tesner4 and Wilson371 are unique in including an equivalence-ratio dependency in 
the oxidation-rate correlation. Tesner'4 derived the following relationship from 

measurements in a laminar diffusion flame: 

1 E_ 

dt 
d=A 

Xo0 piT2 e- R (3.39) 

This expression is otherwise similar to that of Lee. The effect of the additional term 
is to increase the order of the oxygen dependency to two or more; this is not 
consistent with Nagle's expression249. 

Wilson37 proposed the following expression for use with a quasi-dimensional diesel 
combustion model: 

I E. 
d 

dt _Ap ý' Tz e-, zT (3.40) 

Fenimore" is the only researcher to have determined an oxidation expression in 
terms of the hyrdoxyl concentration. A linear dependence was obtained: 

E, 
L 

dmso. 
t _A 

msoot XoH e RT (3.41) 
dt d 

The measurements were made in a diffusion flame at oxygen partial pressures of 
between 0.04 and 0.3 atm. An order of magnitude increase in the rate was 
observed as the pressure increased from 1 to 3 atm. ' Park269 considers that the 

apparent dependence on temperature and oxygen partial pressure obtained by other 
authors may be mainly accounted for by changes in equilibrium OH concentration. 
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3.4.3.2 Turbulent rate 

The important effects of turbulence on oxidation rate have been described (section 
3.1.6). Magnussen expressed the consumption rate as first order in soot 
concentration and oxygen mass fraction123: 

dmsooc 
=Amc (3.42) 

dt 5, 
X0k 

F4c is the reciprocal of the timescale for turbulent mixing. Many variants have since 
been proposed representing different models of the segregation of the reactants and 
products'°2. 

The model has been successfully applied to the prediction of turbulent diffusion 
flames, enclosed premixed flames and premixed diffusion flames"'. 

Despite the success of this model' 223, Mullins243 argues against the necessity of 
incorporating turbulent-mixing steps in gas-turbine models, stating that turbulent 

mixing is not a controlling factor in gas turbine situations, which are lean. 
Turbulence levels are generally higher in the gas turbine than the diesel, and it has 
been shown that diesel smoke can be well-correlated in terms of the turbulent 
timescale55. Thus, this assertion is not well-supported. 

3.4.3.3 Conclusions 

The most popular soot-oxidation expressions are those of Nagle 249 and Lee201. 
fact the former is more generally applicable and is supported by many other 
measurements (see plot of Park269, Fig. 3.2). Despite evidence of the importance 
of hydroxyl radicals and turbulent mixing in controlling the oxidation rate, 
considerable success has been reported in the application of these expressions to 
practical combustion devices. The activation energies are relatively well-established. 
However, in the case of the diesel engine, the conditions are different from those 

of most of the expression derivations. In particular, the average partial pressures 
of oxygen are generally higher; also, because conditions are often fuel-rich and the 
temperatures are high, oxidation by hydroxyl radicals is likely to be more significant. 
For these conditions, the quantitative accuracy has not been clearly shown. 
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3.5 DIESEL MODELS 

Most of the diesel engine models used for soot emission prediction have been of the 
zonal phenomenological type, but simple thermodynamic simulations, stochastic 
models and multi-dimensional techniques have also been employed. Several 
different soot formation and oxidation expressions have been examined, but no 
comparative study has been undertaken. The techniques used and progress 
reported in these works are reviewed below. 

Table 3.8 presents summary information on model types and the related soot 
expressions. Every unique combination of soot and combustion model is listed, 
though a number of related works which did not incorporate soot calculations are 
omitted. Models deriving from a common source are grouped together, including 
later work which was done by independent authors, and each group of models is 
classified by a chosen main author (this author is used in later references to the 
models). All the soot models used have been previously discussed in section 3.4 

and the expressions are also set out in Appendix B. 

3.5.1 Review 

The earliest application of a soot model in the diesel was the work of Khan170 in 
1971. In this study a formation expression was postulated and a thermodynamic 

simulation was used to fit the model constants by matching to exhaust values for 
different injection timings (equ. 3.3). The combustion model describes the 
temperature and equivalence ratio of the jet, but does not represent the variation 
of these quantities within the jet. However, the calculated mass of micromixed fuel- 

air mixture is used to estimate the equivalence ratio and temperature in the soot 
formation region, so that the emission model has an element of dimensionality. 

The original work neglected oxidation 170. Nevertheless, predictions of soot variation 
with injection parameters showed excellent agreement with the experimental data. 
On the other hand, for different engines and running speeds, variations of up to an 
order of magnitude were found. A later work173 incorporated Lees oxidation 
mode1207, but this was found to make little difference to the quantity exhausted. 
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Main author Year Eng. Model type Authors soot 
formation 

soot 
oxidation 

Khan 1971 DI Quasi-D Khan"' K[hani70 - 
Khan 178 Khan 173 Lee207 

Wilson 1974 Dl Multizone Wilson371 Khan"o 

Kau"4 Khan170 Lee207 

Hiroyasu 1976 DI Multizone Hiroyasu12' Hiroyasu'2' Lee207 

1982 IDI Multizone Hiroyasu124 Harmadi`lo Nagle2" 

1982 Dl Multizone Hiroyasu126, 
Kuo197 

Hiroyasu125 Hiroyasu125 

1989 DI Multizone, 
multi-D diff. 

Nishida262 Hiroyasu125 Hiroyasu'25 

Dent 1981 DI Quasi-D Dent57, 
Kyrialddes198 

Tesner344 Magnussen223 
+ Lee207 

1986 DI Multizone Mehta'04, '05,237 Tesner344 Magnussen223 

Mansouri 1982 IDI Stochastic MansounZZ', 228 equilibrium Naglez'9 

Kittelson174 (Khan) 
Harmadi"o 

Nagle249 + 
Fenimore ' 

1987 DI Stochastic, 

multiple 
comp. zone, 
multi-D flow 

Brown 37 Wang 363 Nagle 249 

Kono 1985 Dl Multizone Kono184 Hiroyasu'25 Hiroyasu'24 

Kouremenos 1987 DI Quasi-D Kouremenos19' Hiroyasu'u Hiroyasu125 

1989 IDl Multizone Kouremenos192 Hiroyasu'25 Hiroyasu125 

Wade 1987 Dl Zero-D, 
3 comp. zone 

Wade 356 Hiroyasu'25 Hiroyasu125 

Zhou 1989 DI Multizone Zhou389 Hiroyasu'25 Hiroyasu125 

Lapuerta 1990 DI Multizone Payr1271 Hiroyasu125 Hiroyasu125 

Nakakita 1990 IDI Multi-D Nakakita254 Tesner344 + 
Farmer" 

Magnussen223 
+ Nagle 249 

Zellat 1990 DI Multi-D Zellat386"387 Tesner344 Magnussen223 

Xiao 1991 DI Multizone, 

stochastic 

Xiao378 Khan173 Nagle 249 + 
Fenimore71 

Bazarl 1992 DI Multizone Bazari19,20,327 Hiroyasu125 Hiroyasu'25 

Table 3.8 - Diesel simulation soot models 



CHAPTER 3.5 -79- DIESEL MODELS 

Wilson37l. 164 simply applied a modified version of Khan's expression (equ. 3.4), but 
this time in a zonal model. No results were given. 

Hiroyasu incorporated soot prediction in the first version of his multizone 
combustion model121. Soot formation is expressed in terms of the fuel bum rate 
using a simple expression proposed by the same author (equ. 3.6), and Lee's 

expression was used for oxidation. Parametric predictions were mixed. For the 

model applied to an IDI diesel124, the soot-formation expression of Harmadi was 
used, in conjunction with the Nagle249 oxidation correlation. Poor results were 
briefly reported, but this may have been due to weaknesses in the combustion 
model. However, as with the earlier simple formation expression, the Harmadi 

. 262. 26 model was abandoned in subsequent work' 

Also in 1982, Hiroyasu postulated a pair of expressions for soot formation and 
oxidation125 (equs. 3.7,3.29) which have since been used by five other research 
groups (see below)'. These expressions are calibrated by fitting to exhaust data, 

which related to a heavy-duty DI diesel engine in the case of the original work. 
Excellent predictions of exhaust soot were obtained for varying injection timing, 

engine speed and swirl ratio. However, in applying the same model to two open- 
chamber diesel engines, Kuo197 found much poorer results, particularly in the case 
of the smaller light-duty engine. 

Hiroyasu's model was further developed by super-imposing a multi-dimensional 
calculation of diffusion processes262. A full description of the distribution of soot in 
the chamber of a light-duty DI diesel was obtained, though no in-cylinder data was 
available for validation. However, the limited results for exhaust data show that 

predictions of variation with piston-bowl diameter are relatively poor. 

In 1982, Dent added a soot emission model to the phenomenological combustion 
model described in the previous year56,57. Soot formation was represented by the 
Tesner formation model, thus defining both soot and nuclei number densities. 
Nuclei oxidation was described using the turbulent mixing rate expression of 
Magnussen, taking into account both injection and swirl processes. A modified 
form of the Lee oxidation model was used for the overall soot mass reduction. This 

* All further references to Hiroyasu's soot expression refer to this model, rather 
than the 1976 model mentioned above. 
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was based on the assumption that soot bum-out takes place only in the fine- 

structure level of the turbulent eddies. The average spray composition and 
temperature values were taken as inputs to these expressions. The results 
demonstrated the correct trends with engine operating variables and revealed the 

relationship of the sooting phenomena to the combustion process. In this work the 
calculated exhaust smoke levels were much too low. However, later work in which 
the soot particle size was set to 50 nm produced a good quantitative agreement with 

. experiment'98 

In an independent development of the original model, Gupta added a multizone 
representation of the spray"". Mehta implemented a soot model derived from 
Magnussen's original work224. This simply uses the Tesner mechanism for 
formation and a turbulent mixing rate for oxidation, but these are applied within a 
thermodynamic structure which accounts for two regions of mixture - heated fine 

structure and surrounding fluids. However, as described by Mehta, the heated fine 

structure region is not defined according to Magnussen's model of turbulence 
structure, but rather is expressed in terms of the combustion rate. Also, the spray 
which is not burning during a timestep is described using a single temperature value, 
implying infinitely fast mixing of the products. Nevertheless, choosing a particle size 
of 2000 nm but adjusting no other constants gave an excellent agreement with 
experiment. For a dataset encompassing fuel, speed, load, swirl ratio and injection 

parameter variation, predictions matched experimental values with a correlation 
coefficient of 0.9 ± 0.1. However, no justification is given for choosing such a large 

particle size. 

Mansouri predicted soot emission using a stochastic model227,228. The details of 
the formation mechanism were neglected and the initial soot mass loading in each 
element was assumed to be the amount of solid carbon obtained from a chemical 
equilibrium calculation. Nagle's correlation was used for oxidation. The results 
provided qualitative insights into the emission process, but the quantitative sensitivity 
to combustion model assumptions was unacceptable. For example, changing the 
rich-limit for elements allowed to bum from 3 to 4 resulted in an order of 
magnitude increase in the initial soot loading. 

Kittelson further developed this combustion model and used it to study soot 
emission174,175. Preliminary calculations were made using Khan's formation 

expression, but it was found necessary to increase the activation energy to at least 
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80 kcal/mol (from 40 kcal/mol) in order to match the location of the soot peak. 
All subsequent calculations used the formation expression of Harmadi"' in 
conjunction with the oxidation expressions of Nagle249 and Fenimore71. The 
exhaust value was found to increase roughly in proportion to the assumed initial 
diameter of the soot particles. The best match was obtained with a particle size of 
22 nm, which is very close to typical empirical values. Also, inclusion of the OH 

oxidation mechanism had a significant effect, giving a reduction in exhaust soot of 
up to twenty-fold. However, parametric effects were poorly represented, with a 
predicted reduction in exhaust soot for injection advance and reduction in peak soot 
for doubling of load. Both trends are the opposite of those determined 

experimentally and the poor performance is attributed mainly to the lack of spatial 
resolution in this purely stochastic model. 

Brown37 developed this model in order to simulate DI diesel engine combustion. 
The stochastic model was used to post-process the output of the KIVA multi- 
dimensional code. Multiple composition zones were used to characterise different 

regions of the spray since the mixture distribution is more heterogeneous than in 
the IDI engine. Excellent NO. predictions were given, demonstrating the utility of 
the model in calculating slow emissions chemistry. For soot, the formation 

expression of Wang was used together with Nagle's soot oxidation expression. A 

calibration constant was used for the formation rate and this was set by matching 
to experimental data for a single operating condition. However, predictions of soot 
concentrations at 80° aTDC were very poor for other operating conditions. This 

was attributed to weaknesses in the combustion model. 

Kono184, Kouremenos191,192, Wade 356 
, 

Zhou389 and Lapuerta271 all applied 

Hiroyasüs expressions for prediction of smoke in DI diesel engines. In a multizone 
modeliM, Kono demonstrated a good representation of the smoke trends with swirl 
and various injection parameters, but the constant values used are not given. 
Kouremenos first incorporated soot emission prediction in a simple two-zone 
combustion model. The values used for activation energy were higher than those 
proposed by Hiroyasu (see Table B. 1). Results showed an excellent representation 
of the effects of injection timing, load and speed variation. This model was later 
developed for the IDI diesel engine, using separate zones for the main chamber and 
the prechamber192. In this case the results followed the experimental data less 
closely, though the correct trends were still shown. Wade used simple 
thermodynamic simulation" which includes separate thermodynamic descriptions 
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of premixed, diffusion and surrounding fluids combustion regions. The correct 
trends with injection timing and boost pressure were demonstrated. Zhou showed 
that the correct trend with injection timing was given and also states that the 
predicted in-cylinder distribution was validated by sampling measurements389. 
Lapuerta's results are not validated experimentally271. 

In 1990, Nakakita became the first to publish soot results from a multi-dimensional 
simulation2154. Soot rates are based on ensemble-averaged properties so that, at 
least in this respect, the model is similar to a simple zonal model, differing mainly 
in degree of spatial resolution. The formation mechanisms of Tesner and Farmer 

are used and equations are proposed which represent the variation of two of the 
Tesner model constants with pressure. Magnussen's turbulent mixing rate and the 
Nagle expression are used for oxidation. For both formation and oxidation 
processes, the minimum calculated rate is selected. Detailed soot predictions are 
given which are supported qualitatively by combustion photography and good 
agreement with exhaust data is achieved. A breakdown of the rate components 
shows that the Tesner and Magnussen expressions are rate-limiting initially, but at 
20-30° aTDC the Farmer and Nagle expressions take over. In both cases, the 
chemical rate becomes important once the temperature has dropped; thus the 
Farmer and Nagle expressions supplement the Tesner and Magnussen models in 
their temperature-deficiency. If this form of hybrid model had not been used the 

results would have been very poor. Even so, the universality of the expressions 
remains questionable. In particular, the Farmer rates are so temperature-sensitive 
that they are effectively acting as a switch - at lower temperature the rate suddenly 
drops to zero. 

Zellat has also applied the Tesner and Magnussen models in a multi-dimensional 
environment. The KIVA code was used for simulation of an IDI diesel engine. 
Again, a simple approach appears to have been taken, with no interaction between 

soot and other combustion phenomena. Encouraging qualitative results are 
demonstrated by comparison with combustion photography for the early burning 

phase6, but oxidation is over-predicted such that exhaust levels are negligible under 
some conditions387. 

In 1991, Xiao became the first to introduce a variable particle size in diesel soot 
modelling378. This was done by the addition of a coagulation model. An advanced 
multizone combustion model was used including a stochastic mixing model and 
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accounting for 12 chemical species. Soot formation is given by Khan's expression, 
and Khan's empirical constant for the Smoluchowski equation has been adopted. 
Coagulation calculations also require the assumption of an initial particle size, which 
was taken as 1 nm, and specification of a critical surface area beyond which no new 
particles are generated. These constants were selected to give the expected exhaust 
levels. Oxidation by OZ and OH is accounted for using the Nagle and Fenimore 

expressions. Unfortunately, only limited results are presented and no empirical 
validation is given. 

Finally, Bazari has also included soot models in a multizone combustion 
simulation 19,32' Hiroyasu s correlations are again employed and calibrated by 

exhaust data. The model predictions show a wide variation between soot levels in 
different parts of the jet, with very little present towards the edges. Soot 

concentration is found to peak at about 5gm3, dropping rapidly to about 10% of 
that level, and changing little beyond 50° aTDC when temperatures have fallen 
below 1500 K. Empirical validation of exhaust level trends has also been 

undertaken; good results are shown20. 
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Discussion 

The performance of the different soot models described above is now considered 
in general, and the issue of matching soot and combustion models is addressed. 
The analysis is divided up between soot models of similar type. 

The simplest models are the calibrated semi-global expressions of Khan 170 
2 

Hiroyasu 121 (1976), Harmadi11° and Hiroyasu125 (1982). The constants for each 
of these are determined by applying the models in engine simulation and matching 
exhaust values to empirical data. There are two important consequences of this 
procedure. The first is that fitting to exhaust data cannot guarantee an accurate 
representation of the in-cylinder levels. Khan attempted to get round this problem 
by fitting to exhaust data for different injection timings. However, this is a very 
crude method and the resulting expression was found to be quantitatively inaccurate 
at other operating conditions. Moreover, the constants fitted include the 
equivalence-ratio exponent as well as the pre-exponential constant. Thus, 

uncertainty in the overall form of the correlation may be as important as 
uncertainties in the overall rate-scaling factor. In the case of Hiroyasü s expressions, 
in-cylinder levels will be poorly defined, because the pre-exponential constants have 

not been defined and experimental data is not generally available. 

The second consequence of using a model fitted to exhaust data is that the resulting 
correlation is expressed in terms of model parameters rather than measured 
properties. Typically, these parameters are the representative averaged variables 
of zero-D and zonal models, such as the averaged concentrations and temperatures. 
Thus, the approach attempts to describe the sooting processes in terms of 
accessible parameters and neglects the detailed description of local phenomena. In 

principle, it may be expected to be better suited for use in zonal models than the 
expressions derived from measurements in idealised combustion systems, and the 
Khan and Hiroyasu (1982) correlations have in practice been applied almost 
exclusively in simple zero-D and zonal models (see Table 3.8). 

The results for these models are mixed, with good trend predictions achieved by 
Hiroyasu126, Kono184, Kouremenos'91, Wade356 and Zhou389, but poorer 
comparisons shown by Khan 170, Hiroyasu121, Kittelson174, Nishida262 and Kuo197. 
Thus, the usefulness of these models is perhaps limited and their quantitative 
accuracy is not guaranteed. 
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The correlations of Farmer69, Lee207, Nagle249 and Fenimore71 are typical of the 
expressions derived from measurements in simplified combustion systems. They 
have been applied in conjunction with combustion models of different types, ranging 
from zero- to multi-dimensional. However, in these cases it is harder to separate 
out the effects of formation and oxidation, and little indication is given of the 
quantitative accuracy of the expressions. The most useful comparison is that of 
Nakakita2M in a multi-dimensional simulation involving the Farmer and Nagle rates. 
This suggested that the chemical rates only become important once the temperature 
has dropped, but the quantitative accuracy of the expressions was not established. 
Reasonable exhaust values were obtained though this seems to have been rather 
fortuitous in view of the unphysical predictions of the Farmer and Tesner 

expressions early and late in combustion respectively. 

Finally, the more detailed models of Tesner344 and Magnussen223 have been 

applied in zero-dimensional, zonal and CFD models. The models derive from 
fundamental studies, but seem to have been most successfully applied in the simplest 
model - the quasi-dimensional model of Dent. Mehta's results are remarkably 
accurate, but an unphysical particle size of 2000 nm was used. In the CFD models 
of Zellat and Nakakita, realistic exhaust levels could not be predicted by use of these 

expressions alone. 

3.5.2 Sources 

To assess their applicability in the diesel-engine environment, the sources of the 
models discussed above are summarised in Tables 3.9 & 3.10 (in addition, 
information is included for the Feugier73 and Magnussen (laminar)207 expressions 
implemented in this work). Amongst the formation expressions, only those of Khan 

and Hiroyasu relate to high pressure conditions and diesel-like fuels. Also, even in 
the case of Hiroyasu's expression, the pressure term seems to be more of an 
approximation and is not directly related to the data source. The other expressions 
were derived at atmospheric conditions using simple fuels. With oxidation, the 
partial pressure of oxygen is more significant than the total pressure. Only the 

study of Nagle249, as extended by Park269, covers the range of conditions found in 
the diesel. On the other hand this is the only study which did not measure 
oxidation rates of flame-produced soot in-situ. 
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3.5.3 Conclusions 

The above review reveals that none of the models proposed for soot modelling has 
been found to be completely satisfactory. The semi-global soot models of Khan, 
Harmadi and Hiroyasu are quantitatively poor, and even the form of the expressions 
must be uncertain. The quantitative performance of the Nagle, Lee and Fenimore 

models is hard to assess and no comparisons have been made with the semi-global 
expressions. The Farmer correlation seems unsuited to diesel engine use. Finally, 
the Tesner-Magnussen model has performed well in a zero-dimensional model, but 

very poorly in the context of CFD simulations. 

Despite this, some reasonable predictions of exhaust trends and in-cylinder 
distribution have been obtained using particular model types. Satisfactory 

predictions of parametric effects have been demonstrated using Hiroyasü s 
correlations 126,184,356 and a Tesner-Lee combination 198, and realistic predictions of 

spatially-resolved soot were given by Nakakita254 and Zellat387. However, with these 
respective model types, predictions of in-cylinder and exhaust levels are weak. 

Examination of the sources for these expressions is not encouraging. The only 
formation expressions established under high pressure conditions using diesel-like 
fuels are the tentative and relatively unproven expressions of Khan and Hiroyasu. 
Of the oxidation correlations, only that due to Nagle has been validated at high 

values of oxygen partial pressure, such as may be found in a diesel engine, and this 
study did not use flame-produced soot. 

Because none of the soot models proposed is entirely satisfactory, more work is 
required, this being the motivation for the current study. 
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3.5.4 Strategy for the current study 

In this work, computer simulation has been used to make a comprehensive analysis 
of various soot models and modelling techniques. For the first time, quantitative 
rate comparisons are made and most of the models previously applied in diesel 
work have been implemented. Exceptions are Fenimores hydroxyl oxidation 
model71, the early model of Hiroyasu121 and Wang's expression3 which is very 
similar to that of Farmer69. The models used are listed in Table 3.11 and full details 

are set out in Appendix B. In most cases, zonal averages have been used for the 
soot expression inputs, but in the accounting for composition, oxidation is 
preferentially taken from the combustion products subzone. Also, special treatment 
has been given to the Tesner-Magnussen soot model, and the related 
thermodynamic structure model developed by Magnussen223 has also been 
implemented (see section 4.4 and Appendix B). 

A multizone combustion model has been used in this study, which may seem to 
restrict the applicability of the findings to models of similar type. However, it is 
possible to extract information of a more fundamental nature from the simulation 
results. This is because a wide range of thermodynamic conditions are represented 
by the various model zones over the whole combustion period, and soot rates are 
calculated for each. Thus, interesting information may be revealed by plotting rates 
against other parameters, such as equivalence ratio and temperature, giving more 
generally useful conclusions. 

Formation Oxidation 

Khan170,1971 
Harmadillo, 1982 

Hiroyasu125,1982 Hiroyasu125,1982 

Tesner4,1971 Magnussen (turbulent) 223,1976 

Farmer69,1981 

Lee207,1962 

Nagle249,1962 
Feugier73,1972 

Magnussen (laminar)221,1971 

Table 3.11 - Soot models implemented in this study 
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CHAPTER 4- THE COMBUSTION MODEL 

This chapter gives details of the work done on each constituent of the engine 
combustion model and presents results illustrating the overall performance of the 

simulation program. The description of the development work is divided into four 

sections describing the spray model, the evaporation model, the turbulence model 
and combustion and thermodynamics. In each section or subsection, previous work 
is reviewed and the methods chosen for the current work are outlined. The results 
are discussed and conclusions drawn. The overall performance of the model and 
all work done on soot modelling are described in chapter 5. 

4.1 THE SPRAY 

Diesel combustion is strongly influenced by the mixture formation process occurring 
in the fuel spray. This is a very complex transient two-phase flow phenomenon 
involving atomization, evaporation and mixing on micro and macroscopic scales. 
These processes depend upon the structure of the spray and rates of air 
entrainment, which in turn are controlled by the characteristics of the injector and 
the air motion in terms of gross structure and of turbulence. The relationship of the 

spray behaviour to these and other parameters has been the subject of extensive 
investigations including in particular the work of Reitz289-292.377, Shimizu312, Bracco33 
Hiroyasu130, Iiyama143, Nishida 263 

1 
Kuo195, Soteriou329 and Singa1322. 

4.1.1 Spray structure 

The basic features of the diesel spray have been described by Hiroyasu130 and 
Heywood"'. Markedly different spray structures are found according to the 
Reynolds number associated with the injection process. Under typical diesel-engine 

operating conditions, the spray structure may be classified as either 'incomplete or 
'complete' (Fig. 4.1(a))130. The structure of the incomplete spray may be divided into 
three sections -a smooth liquid column is followed by a break-up region which 
finally gives rise to a fully-developed spray. Several factors influence jet break-up, 

though their significance varies according to operating conditions33. Important 

mechanisms include the aerodynamic interaction at the liquid jet interface and 
cavitation in the nozzle hole329. 
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As injection velocity is increased, the onset of disintegration moves back to the 
nozzle. At the transition velocity, cavitation expands out to the exit of the nozzle, 
and the resulting highly turbulent internal flow gives a discontinuity in spray angle 
and break-up length (Fig. 4.1(b)). Beyond this speed the spray is said to be 
'complete 

. 

Entrainment of air from the surroundings has been examined by Ricou293 and 
Sato"', "'. Sato used a smoke plume to demonstrate that air is taken up at the 
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CI 
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back of the jet (Fig. 4.2)106. A further insight has been provided by Kobayashi"" 
who investigated the effect of combustion on entrainment using a rapid 
compression machine. The ignition delay was artificially increased over the range 
0.8 - 2.0 ms and total entrainment was doubled in the late ignition case by the end 
of the injection period. This was attributed to the effect of large-scale eddies in the 
lower temperature peripheral zones, resulting from the more rapid thermal 
expansion in the jet core. Thus it seems that in certain circumstances, entrainment 
occurs via vortical gas-flows of the order of the spray half-width in size. 

The process of entrainment observed in transient jets differs greatly from that 
observed in steady-state sprays. The first fuel to be injected slows down rapidly as 
it entrains air. Thus a vortex or puff is formed at the head of the jet. Later-injected 
fuel encounters less resistance and pushes through to the tip, where it in turn is 
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slowed by aerodynamic resistance. Therefore the head vortex is maintained as the 
droplets at the front are continually replaced by those which were injected later and 
have high momentum. 

Consequently, some of the fuel which is injected first remains as small drops and 
fuel vapour distributed along the length of the jet, particularly at the periphery of 
the spray. In a study of jet transience, Kuo195, concluded it is best to describe the 
spray as a steady-state jet following a small head vortex. In transient laminar jet 
experiments of Abramovich2 and in fuel-spray experiments of Borman31 and 
Taylor 2, the velocity of this head vortex has been determined as 70% and 68 - 
72% of the centreline steady-state velocity respectively. 

4.1.2 Spray modelling 

The most sophisticated spray models are those used in conjunction with 
multidimensional models of in-cylinder gas motion. The conservation equations 
governing the two-phase flow are solved within the computational mesh and droplet 

motion is tracked either individually (continuum droplet model) or using a statistical 
representation following parcels of identical droplets (discrete droplet model). 
Phenomenological models lack an exact geometric description, so other means of 
representing spray motion must be found. A wide variety of models have been 
developed based on the correlations and assumptions derived from a multitude of 
theoretical and experimental spray studies. Important contributions are summarised 
briefly below. 

Phenomenological spray models have been built on two different premises: those 
which calculate spray motion according to the solution of governing conservation 
equations, which will be termed 'fundamentally-based', and those in which the spray 
motion is fully specified using empirical correlations, termed 'geometrically-based'. 
Each type has received approximately equal attention in the field of diesel 

combustion modelling. 

Generally diesel spray models are represented as quasi-steady and axisymmetric. 
However, as has been noted, the transient behaviour of diesel spray is 
important284.19s and in some cases an attempt has been made to account for this 
effect45,2sa. 

Another basic assumption is that the spray can be represented as a gaseous jet, i. e. 
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ignoring droplet ballistics (Ramos, 1989)284. This approximation has been used in 
all phenomenological models applied to diesel combustion simulation and 
comprehensive justification has been given by Lipkea213 amongst others. 

4.1.2.1 Fundamentally based models 

Fundamentally-based models are summarised in Table 4.1. In this case, the jet 
motion, size and centreline velocity are calculated by solving the conservation 
equations for mass and momentum. In addition, an expression to describe the rate 
of air entrainment is required. In 1961 Ricou29' determined an expression relating 
jet mass flow rate to penetration in the case of an axisymmetric jet. Hoult, 
1969136, first proposed an equation relating the entrainment rate to the velocity 
difference between the jet and the surrounding atmosphere and the jet surface area. 
The model was applied to a jet growth in a cross-flow and contains two empirical 
constants. In 1972, FscudierM extended applicability to flows of large density 

variation using the density-scaling factor of Ricou293. In the same year Hoult137 
determined the values of the empirical constants, and the resulting expression is 
commonly referred to as 'the turbulent-entrainment expression of Hoult and Weil' 
(equ 4.1). 

dm 
= 2nr p, Pa [au-u°, wn)+ 

ßua, 
nor] 

(4.1) ° 
dt 

Rife294,1974, calculated diesel spray behaviour using a model of this type. 
Sinnamon323 extended this model to a two-dimensional representation for 

calculation of fuel sprays in swirling flows. Hiraki118 further extended this to the 
three-dimensional case and Kobayashi18° made some modifications to Sinnamon's 
model to achieve a better match with experiment. Kono184 included the turbulent 
intensity as a factor in the entrainment expression, though Ramos284 considers this 
expression to be dimensionally inconsistent. 

In each of these fundamentally-based models, solution is for spray centreline values. 
Thus, in order to define cross jet velocities and concentrations, recourse is often 
made to the expressions of Abramovich2 which were derived from a theoretical 
analysis of two-phase flow. Most models of this type allow for the effects of air 
swirl and impingement of the jet on the chamber wall. The latter is a major topic 
in itself236,19 and will not be dealt with here. The model of Meguerdichian2 also 
attempts to account for the transient nature of the jet. Kono s model"' is unique 
in that it uses multiple cross jet zones, so that assumed cross jet profiles are not 
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required. The model of Wilson, M. 37° is the most detailed phenomenological model 
yet developed. Cross-section distortion is taken into account and the velocity and 
scalar profiles are allowed to vary independently. 

Fundamentally-based 
Cross jet profile assumed 

Wi Ison, R. 19743h1 165 

Meguerdichian 19782 
Hiraki 1980118 
Wilson, M. 1986370 
Kobayashi 1986180 
Lapuerta 1988271 
Singal 1990321 

Geometrically-based 
Fuel-air distribution imposed 

Khan 1971170 
Shahed 197545 
Zhou 1989389 

Fuel-air distribution calculated 
Cross jet profile assumed 

Hodgetts 1974132 
Dent 198156 

Multiple cross-jet zones 
Kono 1985' 

Watson 1985365 
Kouremenos 1986189 

Multiple cross-jet zones 
Hi roslas u 1976 125,26Z124 

Lipkea 1987213 
Bazars 199219 

Table 4.1 - Spray model classification 

4.1.2.2 Geometrically-based models 

Geometrically-based models are summarised in Table 4.1. In this approach, spray 
motion is specified directly by use of correlations for penetration and spreading rate. 
Twenty such expressions are summarised by Hiroyasu128, roughly half derived from 

theory and half from experiment. Those applied to diesels include the expressions 
due to Dent52 and Hiroyasu126. The latter author has also determined a correlation 
to describe the effect of swirling airflow in reducing jet penetration 126. 
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Different approaches have been taken to determination of air entrainment and 
prediction of fuel concentrations within the jet. In the models of Khan170, 
Shahed3o9,45, Watson365, Kouremenos189 and Lipkea213 the air entrainment is 
obtained directly from the total size of the jet. It is then necessary to make an 
assumption regarding the fuel distribution within the jet. Shahed assumes a 
hyperbolic distribution along the spray axis and normal distribution across the spray. 
The inaccuracy of this approximation was demonstrated by comparison with results 
of a two-dimensional thick-spray'discrete droplet model'196. Suggestions were made 
for modification of the radial and centreline vapour distribution. The simple 1-D 

model of Watson defines the axial fuel-air distribution using axially divided zones. 
Lipkea's model uses axial and radial profiles from classic jet theory, including the 
work of Abramovich2. 

Ricou's simple entrainment correlation relates the flow rates of air and fuel at any 
cross-section to the jet penetration 293. Dent56 applied this expression in the case 
of a quiescent-chamber diesel, and used the correlations of Abramovich2 to specify 
cross jet profiles. In the presence of swirl, a different approach was adopted using 
the turbulent-entrainment equation of Hoult and Weil described above. 

Finally, all other geometrically-based models rely on an assumption of momentum 
conservation for calculation of the fuel-air distribution. The simplest is that due to 
Hodgetts132, which again assumes the cross jet profiles of Abramovich2. The 

remaining models of Hiroyasu126,262,12' and Bazari19 use the approach first set out 
in Hiroyasu124. Multiple cross jet zones are used and momentum conservation is 
applied to each so that fuel-air distribution is fully specified. In such geometrically- 
based models, this approach has an advantage over use of the turbulent entrainment 
equation due to Hoult and Weil because the zonal surface areas needed for the 
latter are poorly defined. 

All geometrically-based models make some attempt to describe the effect of wall 
impingement. It has also been argued by Shahed3o9 that in using penetration 
expressions derived from transient jet studies an advantage is achieved over the 
majority of the fundamentally-based models which are quasi-steady. However, this 
depends upon the validity of the assumptions for calculation of the axial fuel-air 
distribution. Certainly for direct application of Hiroyastis mode1124, no such benefit 
is possible, since the motion of all spray zones is described by a jet-tip expression. 
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4.1.2.3 Other approaches 

In some cases the models described above have been extended using different 

concepts. Dent' has employed an entrainment expression which is more directly 

related to the turbulent structure than that of Hoult137: 

dma 
=C 

ma (4.2) 
dt 

eßt 'rmIx 

Here, is the turbulent mixing time for break-down of large-scale eddies. The 

expression is employed beyond the end of the injection period and the constant C 
determined by matching to the entrainment rate calculated using Ricou s 
correlation293. Hiroyasu has employed a similar expression for entrainment rate 
calculation in an IDI diesel124: 

dma 
=C (ma +mI) UthTt (4.3) 

dt 
ent 

where Uthr t is the velocity of the mixture through the pre-chamber throat 

Finally, Brown37, Nishida262 and Lapuerta203 have superimposed multidimensional 
calculations on top of zonal spray models. For example, in Nishidas model, rates 
of fuel vaporisation and heat transfer are computed for the spray-model zones and 
distributed to the cells of the computational mesh. Thereafter rates of dispersion 

of the gaseous components, soot and enthalpy are calculated, giving a full 
description of the species and temperature fields. 
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4.1.2.4 Conclusion 

The approach followed most closely in the current work is that embodied in the 
geometrically-based model of Hiroyasulz4,126.262. Hiroyasu s own spray penetration 
equations are used122 and entrainment is calculated on the basis of conservation of 
momentum. It is instructive to see where this fits into the range of alternative 
strategies. On the one hand it represents a more comprehensive approach than 
the geometrical-based spray models which do not follow zone masses, but merely 
impose axial and cross jet fuel-air distributions. On the other hand, because zone 
motion is specified externally rather than calculated from first principles, the 

adopted model is unlikely to provide as general a description as the fundamentally- 
based models which employ zones. Compared to these models, though, the current 
approach is considerably more flexible, allowing, for instance, straight-forward 
representation of the transient nature of the spray. It is also less computationally- 
intensive and easier to control. Therefore, the method used can be seen as a 
compromise. It follows individual mixture elements through the chamber, but 

according to a motion which is specified and hence well-behaved. Thus, the sound 
foundation to the calculations of fuel-air distribution is backed-up by a flexible and 
controllable overall jet structure. 
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4.1.3 Spray model 

The spray model developed in the current work is presented in this section. First 
the model is described and the model equations are set out in section 4.1.3.1; then 
in section 4.1.3.2 some of the modelling assumptions are discussed. 

4.1.3.1 Description 

Details of the spray model implemented in this study are given below. The model 
is based on the approach of Hiroyasu124 and the penetration expressions used are 
those previously obtained by the same author'22. The spray is represented in terms 

of the simplified structure shown in Fig. 4.3. 

Figure 4.3 - Model spray structure 

Axially-divided sets of zones are injected successively according to an empirical 
injection profile. The motion of the zones within the jet is described largely by use 
of correlations and assumptions. Conservation of momentum is applied in the 

radial direction to determine air entrainment. The key element of the spray-motion 
model is the pair of spray-tip penetration equations as follows: 
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for O<t<tbreak: 

S=0.39 2Ap 
t (4.4) 

Pf 

for t>tbreak: 

i 
(4.5) S=2.95 P4 ýd- 

P" 

where: 

ä 
tbrk = 28.65 Pý o (4.6) 

Pa AP 

These expressions specify the radial motion of a spray element on the jet centreline, 
as shown in Fig. 4.4. 

zone wall 
i 
i 

Sý Ss 

injector 
Figure 4.4 - Zone motion parameter definitions 
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For the case of off-centreline zones further correlations are necessary. Hiroyasu 
defines the cross jet penetration variation in terms of the centreline penetration: 

S, =Se -ss57Xioau-1? (4.7) 

The current model requires a cross jet velocity distribution and a velocity coefficient 
consistent with equ. 4.7 is simply obtained (see Appendix C): 

It-11 (4.8) C1 =2.0 n -1 

where I is the zone number in the radial direction. 

n is the total number of cross jet zones 

It should be noted that this expression does not describe a velocity profile since the 
size of the individual zones is undefined. 

This description is for a jet cross-section which contains fluid injected at different 
times, while the spray model follows the position of individual zones at successive 
time intervals. Hence, a numerical technique must be applied to determine zone 
velocities at a given time. This profile is valid in the fully-developed spray region 
(Fig. 4.3). Further assumptions required to describe behaviour in the break-up 

region are outlined below. 

Hiroyasu has defined the break-up length of a cross jet zone, I, in terms of the 

centreline value as follows: 

Lzone 
cl 

( (4.9) 
n 

Velocity in the break-up region is computed according to assumed boundary 

conditions. Neither Hiroyasu nor any other author gives any guidance on velocity 
specification in this region. Therefore, the model has been implemented to allow 
selection of different options. The velocity at zone break-up can be defined either 
using the fully-developed velocity expression (equ. 4.5), provided this does not 
exceed the injection velocity, or alternatively by including a further cross jet profile 
to factor down this velocity, provided that the result exceeds the corresponding zone 
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velocity at onset of the fully-developed region. A linear variation is assumed 
between the two boundary values and, using these, an expression for the 

penetration can be derived by integration (Appendix C): 

S_ 
Uc1C1L 

zone 

UciC1 
- UioneLcl 

1 
Usone 

UC (L -L 
Ct -c, )(udc, -U-. )' 

_ cº J tl zon) e 
L,, -L_ 

Uzone L,,, -Ui, CJLsone (4.10) 

where U. 
one and Lsone are the zonal velocity and penetration at the position 

of the zone breakup, 
UUj and Lei are the centreline velocity and penetration at the position 

of the centreline breakup 

Hence, the general expression for the zone velocity is: 

Ct -tj(Udc, -U) 
dS LIE (4.11) 
dt = Uj Cf e 

The effect of air swirl on jet penetration is described by a further correlation due to 
Hiroyasu, for the case of an injector placed centrally in the flow. 

=S Ss 

+S 
(4.12) 

30Uo 

where N, is the overall swirl ratio in rpm and U, is the injection velocity 

However, this expression cannot be applied directly in determining reduced 

velocities and penetrations. This is because the velocity variation for the off- 
centreline zones is fixed by the boundary conditions, so that in general, further 

variation in velocity cannot be permitted if a consistent physical description is to be 

maintained. Hence full calculations must be made for the no-swirl case while the 

swirl behaviour is computed in parallel by application of equ. 4.12. 
Meguerdichian' has used a similar approach. 

Swirl also affects the circumferential motion of the spray, represented by r41 in Fig. 
4.4. Hiroyasu has correlated this behaviour by the following expression: 
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60 r, 
2nS, 

ma 
rdef = S, 

m +m dS (4.13) 
a/U+a 

° dt 
2 

However, initial work established that use of this expression does not guarantee 
matching of zone and air-swirl velocity at conditions of large entrainment. In fact, 
because each zone follows its own trajectory, it was shown that it is impossible to 

meet this condition for all zones with this type of spray model. Hence an 
alternative approach was adopted, based on the conservation of angular 
momentum. This requires a model to describe the air motion and a simple uniform 
swirl model was adopted: 

Ua = w, (S) S, (4.14) 

The effect of squish has been neglected by Hiroyasu, but the current model attempts 
to account for it, in view of its potential significance. Fitzgeorge76 has determined 
the following expression for the instantaneous squish velocity, v.,, in a bowl-in- 

piston chamber: 

v 
Sp Db 2_1 Vb (4.15) 

.' 4z Db ACz +Vb 

where Sp is the instantaneous mean piston speed 
Db is the bowl diameter 
B is the cylinder bore 
Vb is the bowl volume 
Ac is the cross-sectional area of the cylinder 
z is the distance from the crown top to the cylinder head 

The following expression was derived (Appendix C) to describe the effect of squish 
on the radial velocity: 
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dS, U. + v, q dS 
_ 

ES ma vq (4.16) 
dt 

,qU. 
dt 

, m, 0 

The transient nature of the jet is easily accounted for by simply post-processing the 

velocities. Since the penetration expressions used are for jet-tip motion, the velocity 
of later zones can be scaled-up according to an empirical profile. 

Another consequence of the use of tip-motion expressions is that a correction factor 
must be applied in the spray model since zonal motion is tracked using the centre 
of gravity. Thus the time variable in equs. 4.1 and 4.2 is replaced by an equivalent 
time, t': 

tý=t- tl�J, m 
(4.17) 

where t is time and t, ný m is the time at which the centre of gravity of the 

zone was injected 

Likewise, in the fully-developed region, where non-centreline zone motion is 
described solely by the assumed cross jet velocity profile (equ. 4.8), penetration 
determination involves a corrected timestep, St': 

S =Eu6t' 

where: 

(4.18) 

8 t' =8 t- S t, ni, m 
(4.19) 

The spray must be represented three-dimensionally, and therefore the zones of the 

model are in fact conical elements. Each element is of equal thickness, such that 
fuel division between elements in a set is specified according to: 
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(21 -11 (4.20) mf, 
zone - 

mf, tot 2) 

where m1, tot is the total fuel mass in the current set. 

Air entrainment is calculated by use of a simple momentum assumption: 

_ 
(4.2 1) 

(, 
Uo 1 mf -ma. ºast 

where u is radial velocity. 

Hiroyasu recommends scaling of zonal entrainment rates by a factor of 1.5 
following impingement on the chamber wall and by 0.7 following ignition126. 
Again, these effects were included by use of a parallel calculation, since with direct 
implementation a consistent physical description cannot be maintained. 

Because the model does not compute interzone mixing, final zonal compositions 
may be misrepresented. The values for the end of entrainment are maintained, 
whereas there is in reality a convergence towards the average spray composition. 
This has important consequences, not least for soot modelling, so in order to get 
round the problem a simple post-processing procedure has been adopted. Zonal 

average compositions are increasingly weighted to the spray average as described 
in Appendix F. The resulting composition is used only as an input to the soot 
model. 

4.1.3.2 Discussion 

The uniform model described above and shown in Fig. 4.3 is clearly a very 
simplistic representation of the complex structure of the diesel fuel spray (Fig. 4.1). 
Therefore, the validity of a number of the modelling assumptions is considered 
briefly below. 

An area of particular interest is the transition region between the liquid core and the 
broken-up jet. This has been represented simply as a discontinuity of velocity at a 
straight-line boundary, whilst in reality, jet break-up is progressive. The most 
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important effect resulting from this simplification is a slight delay in the onset of air 
entrainment. This occurs because entrainment is calculated on a zonal basis 

according to the velocity for the centre of mass. However atomisation occurs 
progressively in each zone as fuel passes the calculated break-up length and 
evaporation and ignition delay are not directly affected by the air entrainment. This 

ensures that the model representation is sufficiently accurate for the current 
purpose, helped by the fact that the zones cover relatively large regions of space, 
and hence do not need to describe local conditions. 

Another concern is the potential inconsistency arising from the independence of the 
thermodynamic calculations which give zone volumes, and the geometrical 
description. In fact the trajectory calculations completely neglect physical 
interaction between zones and there is no allowance for mixing of composition. 
There is therefore no guarantee that the evolution of the zone size and shape will 
be consistent with the assumed cross jet profile, and though zonal boundaries 

cannot be properly defined, some overlap is implicit. However, in the no-swirl case 
we do have some confidence that the basis of the geometrical calculations is 

reasonable. Fuel sprays have been extensively studied and are known to grow 
steadily, giving an almost constant spray angle (Hiroyasu, 1990)130. Though there 

will be mixing between adjacent zones and maybe even large-scale eddies, these will 
represent perturbations from the uniform continuous flow described by the model, 
and should average out over relatively short time-scales. 

The geometric description is likely to be less accurate when there is air swirl. In this 
case the jet cross-section will be deformed and there will be a large discrepancy 
between conditions on each side. In particular, a substantial proportion of the small 
droplets and fuel vapour will be blown out of the spray and left behind nearer to the 
injector. Thus the model concept of adjacent conical zone elements is far from 
true. Nevertheless, there are reasons to believe that the description of jet behaviour 
is reasonable. Despite the change in jet structure, in overall terms there certainly 
exists a strong analogy with the no-swirl case. The main difference is the reduction 
in penetration because of swirl and this is known with confidence. The differences 
due to a change in cross jet structure can be neglected in the current model, since 
conical elements are used so that averages are sufficient. However, this does call 
attention to the general problem of neglect of fuel-air ratio variations in the spray 
due to use of zonal averages. It is possible to model this phenomenon separately, 
using Monte-Carlo methods. However, such techniques are highly computation 
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intensive, and due to this factor and time limitations, no attempt has been made to 
implement such a scheme in the current model. The effect of such neglect on the 

soot predictions is discussed in section 5.2.2. 

Finally the momentum-entrainment assumption needs to be examined. As detailed 
in the above review, several spray models are based on the turbulent entrainment 
equation of Hoult and Weil (equ. 4.1) while the current model uses a simple 
momentum equation (equ. 4.21). It is worthwhile considering the consistency of 
these two approaches. The Hoult and Weil expression gives one insight into the 

entrainment process. It sets entrainment rate proportional to zone area and to the 

velocity difference between the jet and the surroundings. Therefore, at the start of 
the cycle, small zone size limits entrainment, while at large penetrations, low relative 
velocities counteract the increase in volume. With the momentum-based 
expression, on the other hand, air is entrained to maintain the zone momentum 
while the velocity is reducing. The rate is entirely dependent on velocity and 
increases at large penetrations according to the square root of time. Thus, the 

potential for similar behaviour exists. Since the zone surface area is not well 
defined in a multizone model, it is difficult to make a fair comparison of these 

approaches in the context of the current work. 

The validity of the momentum conservation equation may still be questioned. 
Implicit is the assumption that there are no resultant forces operating on the zone, 
for example due to pressure gradients or frictional shear. It is clear that this is a 
much better approximation near to the injector than further away as body and 
frictional forces increase with zone size, while the inertia remains roughly constant. 
Thus entrainment later in the cycle may be over-predicted by this model. 

Ultimately, the air-entrainment assumptions will be assessed by comparison with 
empirical data. The following section presents some information on the 
performance of the spray model and is followed by a discussion of the results. 
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4.1.4 Results 

This section describes performance of the model. It is desirable that air entrainment 
predictions are independent of the number of zones chosen to represent the jet. 
The sensitivity to the number of axial sets of zones and to the number of cross jet 
zones is shown below in Figs. 4.5 and 4.6 respectively. 

Fig. 4.5 shows that variation in number of axial sets has minimal effect on the air 
entrainment. The curves for 4 sets and 8 sets are virtually indistinguishable, while 
that for 2 sets is only marginally higher. The latter effect is to be expected, since 
if a single zone is divided into two, the slower-moving component will tend to 
overcompensate for the other, and overall entrainment will be higher than if a single 
average velocity is used. 

Air entrainment v number of axial sets of zones 

70 

60- 

50- 

40- 

30- 

20- 

-i 
10 

Zorm 

O$ 

41 

Mlt " 4IMM 

-20 -10 0 10 20 30 40 50 
Crank Angle (degrees) 

Figure 4.5 - Effect of number of axial zone sets on air entrainment 

Fig. 4.6 shows that variation in the number of cross jet zones has a more significant 
effect on entrainment. However, the major part of this discrepancy is due to the 
use of a simple method of jet subdivision which renders the model inaccurate for 
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very small numbers of cross jet zones. For example, if only two cross jet zones are 
used, the inner takes the velocity of the centreline, while the outer takes the velocity 
of the edge of the jet. It would have been more accurate to integrate the velocity 
profile over the region of space each occupies, but the model was designed for 

multizone use and the inaccuracy will be very small when several cross jet zones are 
used. This is demonstrated by the convergence of curves for higher numbers of 
cross jet zones in Fig. 4.6. 

Air entrained v number of cross jet zones 
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Figure 4.6 - Effect of number of cross jet zones on air entrainment 

In the light of this satisfactory performance, together with some investigation of the 
combustion model as a whole, the case of four axial sets and four cross jet zones 
was chosen as the standard setup for all other modelling work. 

There are a number of ways of assessing the accuracy of the predicted entrainment 
rates. The simplest is to compare the model results directly with entrainment rate 
data from the chosen experimental case. In addition, general data on rates of 
entrainment in jets can be utilised, for instance by comparison of experimental 
entrainment coefficients with a value calculated from the model predictions. 
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Figure 4.7 - Air entrainment predictions and experimental rate 
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Fig. 4.7 plots the model predictions for the standard case of the Kamimoto 
dataset'59, together with the experimentally measured air-entrainment rate. 
Agreement over the bulk of the range is very good, though the calculated rate does 

not fall off as rapidly as the experimental values. Also, the simulation results show 
some large oscillations in the entrainment during the early phase while injection is 
still continuing. This phenomenon may be simply attributed to the zonal division 

of the jet in the axial direction, with peaks in entrainment when each successive set 
breaks up. This is not a problem if the average rate in the region is accurate. 
However, direct assessment of rate in the early phase is not permitted, since the 
experimental curve does not extend to the point of onset of entrainment. 
Nevertheless, it was found that the heat-release diagram (see section 5.1) does give 
a good guide as to the adequacy of the predictions in this region, as outlined below. 

The premixed part of the heat-release curve is very sensitive to the total amount of 
air entrained up until ignition. Initial results showed that this quantity was 
insufficient, since even if all of the air was allowed to burn in premixed mode, the 
heat-release rate fell short of the experimental levels. Thus, some modifications to 
the spray model were necessary. Due to the requirement of satisfactory 
performance over the full range of operating conditions, this modification was 
carried out in conjunction with the parametric study. It is therefore described fully 
in that context, in section 5.1. 

Fig. 4.8 is a plot of an entrainment coefficient against axial position in the jet. The 
entrainment coefficient, ae, is defined by the following equation: 

1 

ma + mi 
=aS 

Po (4.22) 

--] m/ e 
(T, 

Pf 

This equation was derived by Ricou293, who obtained a value of 0.32 for the 
entrainment coefficient. Ha used hot-wire anemometry to measure actual rates of 
entrainment into a'diesel-like spray"'. Fig. 4.8 includes data points from this study, 
together with values computed from the model predictions. The injection conditions 
for each case are given in Table 4.2. 
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Figure 4.8 - Experimental and calculated values of entrainment coefficient 
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Injection 

conditions 

Nozzle diameter 
(mm) 

Injection pressure 
(MPa) 

Ambient pressure 
(MPa) 

Ha106 0.32 22.6 1.35 

Simulation 0.4 17 2.6-4.8 

Table 4.2 - Injection conditions for Fig. 4.8 

The values computed by the model rise to more than double the experimental 
values at large penetrations. Fig. 4.7 may give some indication of this, since the 

entrainment rate is dropping less rapidly than the experimental level from the end 
of injection onwards. A possible reason is that the momentum basis begins to break 
down at high levels of entrainment, since body forces due to friction and the 

pressure gradient can no longer be neglected. In order to overcome this difficulty, 

entrainment at higher penetrations could be calculated by use of the turbulent 

entrainment equation of Hoult and Weil137 (equ. 4.1). This model was 
implemented, but the predicted entrainment levels were found to be no lower than 
the momentum-based values. The difficulty of estimating the zonal surface area in 
this type of multizone model was probably the main source of the error. 

Conclusion 

A geometrically-based spray model has been implemented which uses the 

penetration equations of Hiroyasu and calculates air entrainment according to 

momentum conservation. The model takes into account the effects of air swirl, 
combustion and wall impingement. The spray behaviour is fairly independent of the 

number of model zones. Experimental data has been used to validate the 

predictions of entrainment rate, though some overprediction at higher penetrations 
is suggested. Reasons for the latter effect are suggested. Though some 
modifications have been necessary, the sufficiency of the model as a basis for the 

combustion and emissions model has been established. 
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4.2 EVAPORATION 

4.2.1 Introduction 

Droplet evaporation may have an important influence on the combustion process 
in a diesel engine. Though combustion is usually limited primarily by mixing, not 
evaporation (Kuo, 1983196), the amount of fuel mixed to within the flammability 
limits is dependent upon the preceding evaporation process. This, in turn, is related 
to the atomisation of liquid fuel. Thus, if these processes are inaccurately described, 
there will be a knock-on effect on the simulation of the main combustion process, 
and hence emission predictions. The outcome will mirror the effect of varying the 
injection timing. Therefore, the evaporation model is an important element of a 
combustion simulation. 

In a diesel engine, evaporation rates will vary markedly according to local operating 
conditions. On a fundamental level, heat and mass transfer are the controlling 
processes, affected by the thermodynamic state and property gradients in 

neighbouring regions. Due to the temperature rise, evaporation rates are generally 
greatly increased following the start of combustion. In this case, the position of the 
flame is important. When droplet-containing regions bum, the flame may enclose 
groups of droplets and rich mixture (group combustion), or a flame may surround 
each individual droplet. Another rate-enhancement effect occurs via increase of the 
heat-transfer coefficient due to convection. With both combustion and convection, 
the transport properties of the mixture surrounding the drop are altered and the 
temperature gradient increased. 

Both atomisation and evaporation rates are affected by the chamber conditions. 
However, because these conditions change over fairly long timescales, it is sufficient 
to neglect changes in the rates over the short period of a calculation timestep. This 
is of great benefit to the engine modeller, since it allows isolation of the atomisation 
and evaporation processes from other combustion phenomena. 

A considerable amount of research has been concentrated on the theoretical and 
empirical analysis of droplet evaporation over a wide range of thermodynamic state 
conditions. The basic governing equation was determined empirically over a 
century ago333: 
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r2 -r02 =0t (4.23) 

The core of the basic theory consistent with this equation was established by the 
1950s °. Based on the work of Williams369, Kadotal-54 and Faeth, Jin152 (1985) 

considers the vaporisation characteristics of single component droplets to be 

reasonably well-understood, both at atmospheric and elevated pressures. 

Phenomenological diesel combustion models have generally made use of the 

standard theoretical approach (Nishida262, Gupta'°5,237, Dent56,198, Payri271), though 
in others either a simple empirical correlation (Hodgetts132,317), or an alternative 
theoretical approach have been applied (Hiroyasu126,124, Kuo197, Wang361). In some 
cases evaporation has been completely neglected 196,310,184 The current work follows 

the established basic theory. 

4.2.2 Atomisation 

As has been observed in the description of spray structure, the liquid core of the 
fuel jet rapidly breaks up into a spray of fine drops. The extensive studies of Reitz 
& Bracco33,289-292.377 identified several factors contributing to jet break-up and 

concluded that interaction at the liquid-gas interface is the major mechanism33. 
However, in a recent study, Soteriou329 found that cavitation originating inside the 

nozzle hole was the predominant mechanism. Following breakup, secondary 
breakup and droplet collision occur66, yielding a continuously-evolving distribution 

of droplet size. For the purposes of the current work, modelling must be confined 
to the specification of the initial droplet-size distribution. Usually this is achieved by 

specifying the Sauter Mean Diameter (SMD) and a related distribution for size. 
Hiroyasu has reviewed measurement of SMD and listed four empirical correlations 
whilst Aigal5 lists seven correlations. Those chosen for study in the current work 
are as follows: 

` This is the droplet size which gives an area-to-volume ratio equivalent to the 
average over the whole distribution range. 
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Tanasawa & Toyoda341; 1955: 

EVAPORATION 

0.25 
D32 = 3.98x107 

d° a ý(1 +3.34.10-2 
UIV) (4.24) 

V pa a pfd° 

Knight17'; 1955: 

0.916 

D32 = 1.6O5XIO6Qp-0.458x10.209Vý"21 
Aorf (4.25) 

ýC Aýt)e1J 

Hiroyasu & Kadota120; 1974:, 

D32 = 2.33x103A -0.135p0.12lQ0.131 (4.26) 

Elkotb63; 1982 

D32 = 3.08X1 06 VO. 3856O. 737PO. 737PaO. 06Qp -0.54 (4.27) 

Hiroyasu, Arai & Tabata129; 1989 

D32 = max (D32 
, D32 ) (4.28) 

where the complete spray and incomplete spray SMD expressions are: 
0.54 0.18 

D32_v = 4.12 Re0.12 We-0. ßs Nº Pý (4.29) 
HQ 

PQ 

0.37 -0.47 

D32 = 0.38 Re°"25 We'°. 32 Nº Pi (4.30) 

Hiroyasu (1967)119 examined several of the mathematical expressions proposed to 
describe droplet-size distribution in a liquid spray, and correlated spray behaviour for 

conditions which simulate those in diesel engines using a Chi-square distribution"'. 
The correlation applies to sprays injected through three types of nozzle (the hole 
nozzle, the Pintle nozzle, and the throttling Pintle nozzle)128: 
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2 
-3D dV 

= 13.5 DeDdD (4.31) 
V D32 D32 

Typical values of SMD are in the range 5 -100 pm (Hiroyasu128, Heywood"") and 
they are generally reduced with increasing injection pressure. 

4.2.3 Evaporation modelling 

4.2.3.1 Evaporation theory 

Evaporation calculations are based on theory of evaporation and burning of a single 
fuel droplet, neglecting any group-combustion effects. This theory was developed 
by Spalding13' (1950) and is presented in a more general form by Williams.. 3(1965). 

Wise374, Chigier44, Faeth66 and Sirignano324 have reviewed the subject. 

Assuming spherical symmetry and quasi-steady state conditions, the following basic 
evaporation-rate equation has been derived: 

m=1 log. (1 +B) (4.32) f 
4npD 

where: 

B=f 
cj. -Td (4.33) 

L 

This expression holds for both non-combusting and combusting conditions, though 
in the case of the latter, the mass-transfer number is modified as follows: 

The derivation of this equation ignores radiation effects. Previous studies 
have shown that radiative heating is relatively unimportant in sprays 66 

. The ratio 
of radiative to convective heat transfer rates was 0.02 - 0.2 in a furnace". 
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_ 

(OH F Yos 
� +f cp. (T _T)) 

B (4.34) 
= sý 

L +OHFYos. 

These equations may be simplified and modified in various ways. By assuming that 
the Lewis number is unity, pD can be replaced by ? /cam. Making the further 

assumption that this term is invariant with temperature % even during species change 
as combustion occurs, the integral term in the above equation is simplified as 
follows: 

1_ 2nXr 
dr cp. (4.35) 

Su 4n pD 

Thus, equ. 4.32 is usually written: 

4nrkloge(1 +B) (4.36) m= 
C 

By use of the continuity expression, the following equation can be derived: 

r2 -r2 =ßt 
(4.37) 

0 

where ß, the evaporation or burning constant, is: 

ß_ 
2X log. (1 +B) (4.38) 

cp, Pi 

The form of equ. 4.37 is confirmed experimentally. Kanury162 summarises the 

values obtained by several researchers for the burning of twenty different 
hydrocarbons in air at atmospheric pressure. The theoretical results range from 
0.85x10' to 1.44x10', whilst measured values average slightly lower at 0.66x10' 

This result is given to a first approximation by the kinetic theory of gases90. 
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to 1.14x10' m2 s 1. For diesel fuel the value is about 0.8x10'. Though these 

empirical values have been determined for droplets typically of order 1mm in 
diameter, Gokalp (1988)92 considers that the experimental and numerical results 
existing in the literature do not show any strong dependency of the burning-droplet 

characteristics with the initial droplet diameter. In agreement with this, experimental 
work by Borman (1967)31 shows that the evaporation times of individual fuel 
droplets 25 pm in diameter injected into air at typical diesel conditions are usually 
less than 1 ms, corresponding to an evaporation constant of more than 0.6x10-6. 

If the integral term in equ. 4.32 is to be evaluated numerically, rather than 

approximated as above (equ. 4.35), then the thickness of the thermal boundary 
layer or position of the flame front must be known. 

Following Kanury, given that heat flux can be expressed: 

q=h (T -Ts. ) =k 
(T-5r Tau) (4.39) 

where Sr is the thickness of the thermal boundary layer 

and Nusselt number is: 

Nu =hD (4.40) 
x 

then the thermal boundary layer thickness is: 

ST 
Nu 

(4.41) 

Hiroyasu121 quotes the following result from Kadotal53 : 

BT Vu- 
D 

-2 
(4.42) 

and Faeth66 gives an identical expression for film thickness. 



CHAPTER 4.2 - 119 - EVAPORATION 

Since the Nusselt number is commonly expressed: 
11 

Nu =2+0.6Re2Pr3 
(4.43) 

equ. 4.41 suggests that the boundary-layer thickness is always less than the droplet 

radius, whereas equ. 4.42 suggests that it becomes very large under conditions 
approaching quiescent. 

In the droplet-burning case, the position of the flame front must be known. 
Theoretically, it is given by162: 

loge(1 +B) 
rsý 

log, 
Yo 

+1 
(4.44) 

ge Yi. 

In air, the term FYY� /Yfs, is very small so that the expression can be simplified to: 

L' 
= 14.5 log, (1 +B) (4.45) 

rsu 

Typically, combustion mass-transfer numbers are of order 10, so that predicted 
flame positions are several droplet diameters from the droplet surface. However, 
Williams (1965)369 states that in droplet-burning experiments, the value of flame 

radius, rfl, is too large by roughly a factor of two, because of convection effects369. 
Faeth66 considers that flame-position expressions of this type are meaningless in 

convection conditions, and that they overemphasise dependency on droplet 
diameter. In fact, data published by Gokalp92 (1988) shows that for droplet 
diameter of order 1 mm, rfl /rs� is roughly constant at a value of between 5 and 10 
during the whole burning time. 

4.2.3.2 Mass-transfer coefficient 

The mass-transfer number, B, can be approximated in various ways. If cp, is 

assumed constant in the gas, equ. 4.34 is simplified as follows: 



CHAPTER 4.2 - 120 - EVAPORATION 

B= 
AHFY0� + cP (T -TB) (4.46) 

L+ AHFYO,. 
, 

In studies on drop burning, it is assumed that Yo,,, =0 since nearly all of the 

oxidant is consumed before diffusing to the droplet surface. This has been verified 
numerically218, with typical Yo,,,, values found to be of order 10-8. 

Alternatively, following Kanury162, B is expressed as : 

B= 
AHFYo� + cp (T -TB) (4.47) 

L+cf (TB -Td) 

In this case, the droplet temperature, Td, must be estimated. 

4.2.3.3 Convection effects 

The basic equation of the above analysis, equ. 4.32, applies to evaporation in 

quiescent conditions. In the case of a moving droplet, the heat-transfer coefficient 
is increased due to convection, giving a corresponding increase in the evaporation 
rate. Conventionally, this effect is allowed for via a Nusselt-number correction term, 
though significant differences are found between the various methods of application. 
Because of this variation, the correlations used are first set out below in original 
form. This is followed by a summary table, where the equations have been re- 
expressed on a standard basis to allow a more meaningful comparison. 

The original and most popular Nusselt-number correlation is due to Frößling80 
(1938): 

1' (4.48) 
Nu =2+0.552 Re i Sc 3 

and Ranz285,286 (1952): 

11 (4.49) 
Nu =2+0.6 Re 2 Pr 3 



CHAPTER 4.2 - 121 - EVAPORATION 

The Schmidt number is used interchangeably with the Prandtl number. 

With the Reynolds number set to zero for quiescent conditions, equating the 
evaporation-rate ratio to the Nusselt-number ratio yields the following expression: 

Nu = 
(1 

+0.39 Re 2 pr 3 loge(1 +B) (4.50) 
B 

This is the equation given by Godsave (1953)91, Williams (1965)369 and Law 
(1977)205. 

Glassman (1987)90, however, gives the Nusselt-number correlation as: 

11 
m=1+0.3Re 2Pr 3 (4.51) 
rh, 

stating that the term (Ioge(1+B), VB has been used as an empirical correction for 
higher Reynolds number problems. 

Natarajan" defines Nusselt number in the presence of mass transfer as. 

Nu = 
p, ß°ß (4.52) 
4%B 

where 0 is as defined in equ. 4.38. 

This can be re-expressed: 

Nu =2 
loge (1 +B) (4.53) 

B 
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An empirical correlation applying to both non-combusting and burning drops is 
derived: 

1 

Nu = 
1.46 Re 2 (4.54) 

1 +B 

Eisenldam62 also correlates Nusselt number to mass-transfer number for intense 

mass-transfer conditions: 

Nu = 
2log� (1 +B) (4.55) 

B 

Separate correlations are given for the non-combusting case: 
1 

Nu =2 +1.6Re z (4.56) 
1+B 

and for burning drops: 

Nu = 
4.9Reo-a (4.57) 

1+B 

Faeth's (1977) review66 states that the Ranz correlation 285.286 can be interpreted as 
a convection correction: 

11 
h=1+0.3 Re 2 Pr 3 (4.58) 

hRe-0 

on the assumption that the form of the expression is unchanged in the presence of 
mass transfer. In general, heat and mass transfer can be correlated by a 
multiplicative correction for convection: 

Nu 
_1+f (Re, Pr, Sc) (4.59) 

NURe-0 
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For the non-convective case, Faeth" derives the following equation for Nusselt 

number: 

Nu = 
21oge(1 +By) (4.60) 

By 

where: 

BY _ 
(1f8ý - 1-) (4.61) 
( , s,, ) 

Under low mass-transfer conditions, By tends to zero, such that the Nusselt (and 
Sherwood) numbers tend to two. Faeth66 goes on to derive a synthesised 
correlation for Nusselt number which approaches limiting values at low and high 
Reynolds numbers (at the limit By = 0): 

11 
Nu =2+ 

0.555 Re 2 Pr 3 

1+ 1.232 2 (4.62) 
4 

RePr 3 

The equation is modified as follows when By is not small: 

11 

Nu = 
1oge(1 +By) 2+ 0.555ReTPrT 

BY 

11+ 
? 1.232 1 (4.63) 

4 

RePr 3 

Faeth66 states that various experimental and property value uncertainties have led 
to confusion, with the term (l oge(1 +B)M replaced by 1/(1 +B) by some authors62-369. 
This procedure is undesirable, since it does not asymptotically approach the correct 
behaviour at the limit of a motionless drop. 
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Frößling (1938)80 

rh =1 +0.276Re 2ScT 
Mo 

Ranz (1952)285,286 
(Godsave (1953)91, Williams (1965)369, m =1 +0.3Re 2Pr 3 
Law (1977)205) rho 

Glassman (1987)90 
11 

'" =1+0.39Re2PrT ih, 

Natarajan (1970)256 
i 

m 
_ 

0.73Re2B 
rh 0 

(1 +B) log, (1 +B) 

Eisenklam (1967)62 
(non-combusting case) rig 

1 

_ 
(1 +0.8Re 2)B 

rho (1 +B)log (1 +B) 

(combusting case) m 
_ 

2.45Re0-4B 
rho (1 +B) log, (1 +B) 

Faeth (1977)66 

m= 1 +0.277Re 
2Pr3 

Mo 1+1.232 
2 

4 

RePrS 

Table 4.3 - Convection correlations 

Following Faeth's suggested approach, it is assumed that equ. 4.53 holds in all cases 
and that the non-convective Nusselt number is specified by equ. 4.60 when not 
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explicitly mentioned. Therefore, the correlations for Nusselt number can be 

summarised in terms of ratio of mass-transfer rate as above (Table 4.3). These 

expressions have been standardised by appropriate application of the correction 
factor for high mass-transfer rate, thus allowing direct comparison. 

Finally, Sirignano324 gives an approximate expression for the relaxation time of a 
droplet moving through air in a diesel environment (equ. 4.64). It may be 
important to take this effect into account, since it will have a big impact on 
convection effect via the Reynolds number term. 

2 
'C = 

rdrop 

107 

4.2.3.4 Other approaches 

(4.64) 

Hodgetts (1975)132.317 applied a correlation given by Benson22 in his 
phenomenological model: 

K Poa 12 dm 
_ 

os (P1Xf), (P1X1 - PgXeu 3 (4.65) 
dt 

eua 
B 

The factor q was added to the original expression to allow for the effect of 
turbulence. 

Hiroyasu presents an alternative theoretical approach". The first equation in his 

analysis implies that there is zero net mass transfer across a surface due to diffusion. 
From this condition alone, it is possible to derive the relationship: 

msu _ 
47crXB (4.66) 

Cp 

This is consistent with the more complex result given by Hiroyasu, In lacking the 
dependency on the logarithm of (1+B) found in the more conventional analysis. 
Thus, a much higher temperature sensitivity is predicted, and evaporation rates are 
greatly increased during combustion. It is interesting to note, however, that the 

conventional approach has been used in the most recent version262 of Hiroyasu's 

phenomenological combustion model. 
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4.2.3.5 Pressure effects 

Various theoretical works (Spalding331, Rosner29', and Chervinsky43) and 
experimental studies (Faeth65, Williams368 (review)) have examined droplet 

evaporation and combustion under high pressure and supercritical conditions. More 

recently, investigation has been made into the phenomena of micro-explosion, in 
which a droplet heated through its critical point is rapidly fragmented by internal 
gasification. Wang362 highlighted the importance of the stability of droplet 

generation in determining the likelihood of micro-explosion, though without 
attempting to quantify this process. Various studies' have examined the 
phenomena in pure liquid compounds, but it is generally accepted that micro- 
explosion only occurs when the volatilities of the droplet components are sufficiently 
different. On the other hand, Jin152 has calculated that high pressure reduces both 
the likelihood of a multicomponent droplet reaching its critical point and the 
potential for microexplosions. For octane-decane mixtures, Lazar206 calculated a 
critical burning pressure of 36 - 57 atm, and obtained empirical values in the range 
44 - 47 atm. These value are more than double the equivalent single component 
values. It therefore seems likely that this mechanism is of importance in diesel 

engines, though apparently it has never been fully quantified or incorporated into 
any phenomenological models. 

4.2.3.6 Radiation 

Previous studies of burning drops have indicated that radiative heating is relatively 
unimportant for drop sizes representative of most sprays66. 
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4,2.4 Results 

4.2.4.1 Atomisation 

Spray atomisation has been described by equ. 4.31 and a choice of one of equs. 
4.24-28. The resulting SMD's are given in Table 4.4 (over) and the size distribution 
for the case of the Hiroyasu, Arai & Tabata correlation (equ. 4.16) is illustrated in 
Fig. 4.9. The latter aimed to establish a more general correlation than the earlier 
works, and was the first to be derived from experiments on high-speed diesel 

sprays. Also, the predicted SMD is within the range of the other results. Thus, it 
seemed reasonable to select this expression for default use in the model. The 

effect of this choice on evaporation rate is illustrated in Fig. 4.10. 

Droplet size distribution 
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Figure 4.9 - Computed droplet size distribution 
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Researchers Year Calculated SMD (µm) 

Tanasawa & Toyodal 1955 55.6 

Knight178 1955 6.7 

Hiroyasu & Kadota120 1974 28.4 

Elkotb 1982 5.0 

Hiroyasu, Arai & Tabata121 1989 7.6 

Table 4.4 - Calculated SMD values 

Evaporated fraction for different SMD correlations 
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Figure 4.10 - Evaporated fraction for different SMD correlations 
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4.2.4.2 Evaporation rate 

The evaporation rate has been determined by use of equ. 4.32. A choice is 
provided between the convection factor corrections of Ranz285,286, Natarajan256 and 

Eisenklam62. With the Ranz correlation, an additional correction factor for high 

mass-transfer rates has been included (equ. 4.60); in the other cases this factor is 
implicit in the Nusselt-number expression (equs. 4.52-57). A plot of evaporated 
fraction (as a percentage of the atomised fuel mass), according to each of the 

correlations, is shown in Fig. 4.11. 

Evaporated fraction for different convection factor correlations 
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Figure 4.11 - Evaporated fraction for different convection factor correlations 
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The figure shows good agreement between the correlations of Ranz and Eisenklam 
during the first phase, but a divergence later with the total evaporated fraction of 
the latter not rising above 95%. The Natarajan correlation yields a slower rate, and 
a final value of 90% evaporated. Incomplete evaporation occurs because the 

correlations of Eisenklam and Natarajan are both functions of Reynolds number in 
the combustion regime, and velocity has dropped to zero according to Sirignano s 
relaxation expression. When droplet velocity was forced to follow that of the spray, 
the predicted evaporated fractions rose to over 98% at TDC and 100% before 100 

aTDC. The Ranz correlation was chosen for default use because of its satisfactory 
performance, and all other comparisons illustrated are made on this basis. 

The overall rate predicted is very high with most of the small droplets evaporating 
almost instantly. Virtually all of the fuel (98%) has evaporated by the start of 
combustion (8° bTDC). Using a comprehensive multidimensional model, Kuol% 

obtained a value of 70 - 95% vaporization by ignition with an SMD of only 5 um, 
so the current result seems rather high. 

The magnitude of the Ranz-based convection factor was found to be typically about 
10 though rising as high as 18 in certain cases. Thus it has a marked effect on the 

evaporation rate, and it is important to use the correct velocity input to the 
Reynolds number of the convection correlation. Sirignano's relaxation-time 
expression has been implemented to allow for slowing of droplets by drag. The 

effect of this assumption is illustrated in Fig. 4.12, by comparison with rates 
calculated with the droplet relative velocity set to zero and to the speed of the spray. 
Since evaporation is very rapid in the case shown, the effect of allowing relaxation 
is very small as velocities have not fallen much below that of the spray. Under 
different operating conditions, the effect might be much more noticeable. 

There are some other variable parameters in the evaporation model. Rather than 

approximating the value of the integral term in equ. 4.32 using equ. 4.35, it has 
been evaluated numerically. The thickness of the thermal boundary layer is 

estimated according to the expression of Hiroyasu (equ. 4.60), and the ratio of 
flame-front radius to droplet radius is taken as 10, following Gokalp92. It was 
shown that virtually identical evaporation rates are obtained if a constant radius 
factor (bulk condition over droplet radius) of 1.1 or 1.3 was assumed for the non- 
combusting case, and if the flame radius was determined according to equ. 4.45. 
Thus, selection of these parameters is not critical. It was also demonstrated that the 
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Evaporated fraction for different convection factor velocity definitions 
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Figure 4.12 - Evaporated fraction for different convection factor velocity definitions 

result did not vary significantly with number of integration steps used. Overall 

values of the integral term of equ. 4.32 were found to be 1.5 - 1.7 times the value 
of the simplified term of equ. 4.35 justifying use of the numerical method. 

Finally, the composition of the atmosphere surrounding the combusting droplet has 
been shown to have a negligible effect on the evaporation rate. Thus, estimation 
of chemical composition in the droplet surroundings is not important. 

The values of the evaporation and burning constants for 25 pm diameter droplets 
are tabulated in Table 4.5. Borman's value was measured under conditions typical 
of those in a diese1317, whilst the Godsave91 value was obtained at one atmosphere, 
and in the absence of convection. The latter is in good agreement with the typical 
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value of 10' given by both Kanury"2 and Williams369. All values are of the same 
order of magnitude, but the lack of standard conditions does not allow any further 

conclusions to be drawn. 

Source Evaporation constant Burning constant 

Borman31 > 0.6x10-6 - 
Godsave91 - 0.8x10-6 

Simulation 2.6x10-6 3.3x10' 

Table 4.5 - Experimental and calculated evaporation and burning constants 

4.2.4.3 Conclusion 

An evaporation model has been implemented and validated. The most important 
influences on the calculated rate of evaporation are the initial droplet size and 
convection effects. A choice of five expressions has been provided for the former 

and three for the latter. Hiroyasu's SMD correlation was selected, because it was 
determined by the most comprehensive experimental analysis and lies within the 
range of the other values. Use of the Ranz correlation for convection is important 
if droplet relative velocities are allowed to drop to zero, since with the other 
expressions the predicted rate drops to zero. Overall, the calculated rates of 
evaporation seem rather high compared with other computational values196, but the 
evaporation and burning constants are of the right order of magnitude. 
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4.3 TURBULENCE MODEL 

4.3.1 Turbulence modelling 

4.3.1.1 Introduction 

The turbulence field in the diesel combustion chamber has a major impact on 
combustion rates and will also directly affect sooting processes. In internal 

combustion engines, the description of the turbulent properties of the fluid has been 

achieved almost exclusively by use of the k-c model due to Launder and Spalding116. 
Here, the parameters k and c are the turbulent kinetic energy and the rate of 
dissipation of this energy respectively. The definition of the turbulence properties 
and measurement techniques have been comprehensively reviewed by 
Tabaczynski338 and Heywood116, and the relevant details are summarised below. 
This section focuses mainly on methods used for estimation of the turbulence 
properties in phenomenological-type engine models. 

The turbulent velocity is the small fluctuation around the mean, and is generally 
defined by its rms value, the turbulence intensity, u'. Estimation of this value in 

engines is complicated by the variation of mean velocities. This leads to use of 
ensemble-averaging techniques, where the turbulent intensity is defined as the 

average fluctuation from a mean summed over many cycles. Since this includes 

cycle-by-cycle fluctuation in the mean velocity, it may be up to double the individual 
turbulence intensity' 16. 

Having obtained an estimate of the turbulence intensity, it is possible to define the 
turbulent kinetic energy per unit mass, k, as 

k= 3u _2 (4.67) 
2 

Isotropic turbulence is assumed, and this has been shown to be a good 
approximation at the end of the compression stroke, the cycle position of most 
interest116.212. The turbulent intensity is taken as applying to the largest scale of the 
turbulence structure. A simple equilibrium consideration allows definition of the 
macroscale of turbulence, l,, in terms of k, c and a universal constant CD'82: 
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3 

CD k2 (4.68) 

E 

I, is usually known as the integral lengthscale, and is the average maximum distance 

separating points whose velocities can be correlated. Equ. 4.68 is the key 

relationship of the k-c model. Estimation of the integral lengthscale together with 
either k or e allows determination of the other desired property. Methods of 
determining these properties are reviewed below. 

4.3.1.2 Estimation of turbulence parameters 

Multidimensional models generally follow k and e values according to transport 
equations, though c may be simply determined from the above integral lengthscale 

equation (equ. 4.68). The source terms representing production, dissipation and 
diffusion are usually expressed in terms of velocity and pressure gradients116. This 
technique has also been adapted for use in phenomenological models by 
Mansouri228 and Konols4. 

A simple alternative is to correlate k or e directly in terms of the properties of the 
flow. Nishida262 relates the turbulent kinetic energy to the mean flow velocities. 
Within the spray boundary, the velocity fluctuation of the turbulence is assumed to 
be 30% of the local penetrating velocity of the spray, whilst outside it is taken as 
11% of the mean velocity of the swirling gas. Thus: 

k=3u j2 
2 

= 
30.32u2 30.112u2 (4.69) 

spray 12a 

= 0.135 u Proy, 
0.018uä 

Murakami244 derives an empirical equation for the decay of turbulent intensity in 
the compression process. Defining a parameter, Gd: 



CHAPTER 4.3 - 135 - TURBULENCE MODEL 

1 

G DE4 
3 

V4 

this is then correlated to Reynolds number, giving: 

G. d = 1.459Re '578 

Therefore: 

E= 
4.531 Ve '312 vo. 688 

D 1.73 

(4.70) 

(4.71) 

(4.72) 

Following Corrsin48 and Broadkey35, Dent55 expresses the turbulent energy 
dissipation c by a power input term multiplied by a factor representing the fraction 

of input energy appearing as turbulence. Thus: 

2 

=CNQ (4.73) 
Q 

[Tip 

n d; 

This expression applies for operation under quiescent conditions. In the high-swirl 

chamber, an additional term is used to account for the effect of swirl on the 
turbulent mixing rate57: 

E: = 
32 2 (4.74) 

The rates are assumed to act in parallel198 so that: 

£Q £' (4.75) 
Ea +E_ 

In a slightly different approach, Mehta105,237 relates the turbulent eddy dissipation 

rate to the kinetic energy change in the system: 
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C= Il tk 
(4.76) 

The constant of proportionality represents the efficiency of the conversion of kinetic 

energy to turbulence energy. According to Corrsin48 it has a value of 0.2. 
However, Mehta equates the rate of the change of kinetic energy to that resulting 
from energy change due to air motion, viscous dissipation, fuel injection and heat 

release'05. The latter in particular makes no physical sense, since energy liberated 
in combustion is not converted entirely to kinetic energy. It would seem that some 
modification is necessary if this model is to be successfully implemented. 

Given a value of k or £, the other parameter may be determined from equ. 4.68 

provided CD and 11 are known. Co is an empirical constant and most authors have 

used the best fit value of 0.09 obtained by Rodi and Spalding in 1970296. In fact, 

equ. 4.68 has been fairly loosely used with a variety of lengthscale definitions and 
CD values. Those used for the diesel are shown in the summary Table 4.6: 

Researchers Value of Co (equ. 4.68) I1 expression 

Nishida262 0.09 0.07D, 0.05B 

Ikegami144 0.54 (pf /p, )/do 

Kyriakides198 1 (Pf /pa)/do 

Mansouri227 0.54 h 

More1240 0.09 0.1h 

Table 4.6 - Turbulence model parameter definitions 
(D - bore, B- jet width, d, - nozzle diameter, h- instantaneous clearance height) 

Part of this variation in CD value will be due to the use of different integral 
lengthscales. As mentioned above, the integral lengthscale can be seen as the size 
of the largest eddies in the flow. It will vary according to engine operating 
conditions and position in the cycle. Heywood states that it is of the order of the 
intake jet diameter during the intake stroke, and this in turn is of the order of the 
valve lift (- 10 mm). However, Tabaczynski points out that the correspondence 
with valve lift is a function of measurement location since the intake jet expands as 
air is entrained. Thus, use of estimated jet width is recommended. 
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Tabaczynski338 further states that the integral lengthscale varies little throughout the 
intake and compression strokes. Heywood"", though, considers it to be 

proportional to the clearance height at the end of compression, reaching a value 
of about 0.2h at TDC (= 2 mm). The values used in various phenomenological 
models are given below and summarised above in Table 4.6. 

Nishida262 relates 11 to the piston diameter in regions outside the spray: 

11 = 0.07D (4.77) 

and to the spray width within the spray: 

11 = 0.05B (4.78) 

Kyriakides19ß equates 1, to the nozzle equivalent diameter d;, which is typically much 
smaller than the clearance height. Ikegami uses the same relationship. Mansouri 

uses the instantaneous clearance height while Morel24° uses 10% of this value. 

In view of the variety of approaches to turbulence modelling, each of the models 
described above has been implemented in the simulation program, with the 

exception of the Mehta model105,237 which was deemed physically unrealistic. 
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4 . 3.2 Evaluation 

There are many sets of engine measurement data which can be used to assist in 
evaluation of model performance. A selection of experimental results are given in 
Table 4.7. All the values relate to conditions at the end of the compression stroke. 

Researcher u' 
(ms 1) 

U /U. 
. 

(-) 
I, 
(mm) 

T, 
(ms) 

u'/SP 
(- ) 

Speed (rpm) 

Tindal350 1-2 10-20% - - 0.3-0.6 1000 

Murakami244 1 - - - 0.96-0.24 250-1000 

Brandt1,35 4-12 - 0.8-1.3 0.1-0.3 - 1100-2400 

Dent53 0.05-2 10-20% 0.2-3.5 - 0.02-0.17 900-3500 

307,338 0.3 20% 2 - - 600-1200 

Windsor3735 - - 1.2-2.5 - - - 

Rask2m 1 20% - - 1.3 300 

Hamamoto107 0.5-2.2 7-11% 10-7 1.3-6 0.23-0.31 750-2500 

Karimil63 3 20% - - 0.71 1000 

Catania39 2-4 - - 0.4-0.7 0.3 1600-3000 

Arcoumanis14 1.6 - - - 0.5 1000 

Ikegamil46 2 - 2-3 - 0.4 400-1200 

Amato' 0.8-2 - 1-4 - - - 

Lancaster201,338 1-2.5 - 4 1.2-0.6 - 1000-2000 

Vou212 0.5-7 - - - 0.25-1.25 - 

Table 4.7 - Experimental values of turbulence parameters 

The overview indicates that typical turbulence intensities are between 1 and 10 ms', 
integral lengthscales are between 1 and 10 mm, and integral timescales are about 
1 ms. Turbulence intensities are approximately 10 to 50 % of mean flow velocities, 
excluding the values for very low running speeds. 

The values given for integral timescale are in agreement with the typical value given 
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by Heywood of 1 ms at 1000 rpm. Tabaczynski' and Hamamoto107 have shown 
a reduction at higher engine speeds. Tabaczynski states that turbulence intensity 

scales with mean flow velocities when the latter are significant, again in accordance 
with the above data. Also, the results of Liou212 show a linear correlation between 
turbulent intensity and mean piston speed. Heywood reports a consensus that in the 
absence of swirl, turbulence intensity has a maximum value of about half the mean 

16 
piston speed' Slightly higher values apply in swirling flows. Finally, though it 

cannot be measured directly, Tabaczynski gives a typical value for e of 2000 m2s 3. 

There are other turbulence scales, and the Kolmogorov scale should be mentioned 
as it is an important input to the Magnussen eddy-dissipation model used in the 

combustion rate and soot-oxidation calculations. At the smallest level of the 
turbulence structure, molecular viscosity acts to dissipate small-scale kinetic energy 
into heat. It is related to the kinematic viscosity, u, and the energy-dissipation rate 
by: 

(V3 
4 (4.79) 

The Kolmogorov timescale is similarly defined as: 
1 

,Zv2 (4.80) 
K 

A typical value of this lengthscale at TDC is 0.01 mm116. 
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4 . 3.3 Results 

The simulation program was run for the current case of a 2-litre 4-cylinder direct- 
injection diesel with zero swirl at 1250 rpm". Since the Murakami model is invalid 
in the absence of swirl, in this case alone the swirl ratio was set to 2 to allow a 
comparison. Computed average values at TDC are given in Table 4.8 below. The 

value of the constant CD was taken as 0.09 in all cases, since this was found to give 
the most satisfactory results. 

Author (equ. ) 11(mm) E (m2s-3) k (m2s (ms) TI 

Nishida262, (4.69) 1.0 30110 61 2.0 

Murakami244, (4.70) 1.0 32 0.59 18.4 

Dent-55, -57, (4.73) 1.6 112 1.68 14.4 

Table 4.8 - Calculated turbulence parameters 

Conclusions 

The model of Nishida262 gives rather large values of turbulence intensity. This is 
because the magnitude is set to 30% of the spray velocity, which in this case is 
initially 78 ms'. A reasonable upper limit would be the mean piston speed 116 of 
4.85 ms 1. On the other hand the Murakami mode1244 seems to underestimate the 
dissipation rate leading to a low turbulence intensity value and an integral timescale 

which is rather high. The Dent model55,57 performs much more satisfactorily, and 
each of the calculated values is well in line with expectations. This model was 
therefore chosen for use in the simulation program. 
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4.4 COMBUSTION AND THERMODYNAMICS 

4.4.1 Introduction 

This section covers a number of model components related to the determination of 
the combustion rate and thermodynamic state. These issues are key to the 
determination of the heat-release rate which is the critical element of any engine 
simulation. The preceding three sections have outlined the model representation 
of macroscopic fuel-air mixing (spray model), microscopic mixing (turbulence model) 
and evaporation. These are the 'physical' processes which set bounds on the heat- 

release rate and together with knowledge of combustion chemistry allow 
determination of combustion rates. Heat release is in turn the dominant process 
affecting evolution of the thermodynamic state. The thermodynamic properties of 
the mixture feed back into the mixture preparation and combustion processes. 
Thus, the thermodynamic model underpins and ties together the other model 
components. The accurate description of the thermodynamic state is also essential 
for emission prediction and this is the overall aim of the combustion model. 

Combustion cannot begin until an ignition delay period has been completed. 
Though this is known to depend on both physical and chemical processes, it is 

generally determined in engine simulations by use of a single simple correlation. 
The combustion process itself is influenced by the rates of chemical reaction and the 

physical mixing rates and evaporation mentioned above. The thermodynamic 

model is centred around determination of the temperature of the mixture in the 

spray zones and subzones. This is achieved by estimating the temperature change 
during each time-step according to the calculated values of chemical energy release, 
heat transfer, compressive work and mixing-process energy transfers occurring in 

each zone or subzone. Essential inputs are the internal energy and specific heat 

capacity of the mixture. Since these are themselves affected by temperature, some 
degree of iteration is necessary. 

Details of the thermodynamic state estimation are given in the author's MSc 
thesis3C6 so are covered only briefly here. More attention is given to the estimation 
of combustion rates, the new thermodynamic structure of the zones and the 
calculation of heat-transfer rate. 
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4.4.2 Ignition delay 

Hiroyasu128 sets out ten ignition delay correlations which have been proposed for 
diesel-engine use. Heywood"" examines use of three of these and others. Many 
of these correlations have the general form: 

TO _Ap-"eRT 
(4.81) 

Hardenberg proposed a more detailed expression108: 

f618840 1_1 . 2x105 °ý (4.82) 

ti = (0.36+ 0.225 e1 CN+2s)(RT l7i9oý(v-21 lzý 
,a 

The three expressions in common between Hiroyasu and Heywood were 
implemented in the simulation program together with Hardenberg's correlation. 
Results for the 'standard' case of the experimental dataset chosen for model 
validation are summarised in Table 4.9. 

Source End of ignition-delay timing 
(°CA bTDC) 

Ignition delay 
(ms) 

Stringer correlation 6.17 1.04 

Wolfer correlation 5.55 1.13 

Hiroyasu correlation 6.25 1.03 

Hardenberg correlation 11.8 0.29 

Kamimoto experimental value c. 9.9 c. 0.72 

Table 4.9 - Ignition delay correlations 

Injection begins at c. 15.3° bTDC and if it is assumed that evaporation starts 
simultaneously, the experimental delay period is about 0.72 ms. In practice, there 
may be a short delay before evaporation begins, but lack of knowledge concerning 
the initial jet behaviour makes it difficult to determine this. 
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In the simulation, fuel becomes available at 14°bTDC, though evaporated fuel does 
not appear until the following crank angle. For the three simple expressions, 
calculated delays all exceed 1 ms, whilst the Hardenberg value is less than a third 
as long at 0.31 ms. Thus, none gives a good match to the experimental value. 
This is probably due to the uncertainties in defining the start of the delay period in 
the simulation and the error in estimating the experimental delay. 

Heywood cautions against use of correlations for conditions outside the range for 

which they were derived116. The Stringer correlation was derived for pressures 
above 30 atmospheres, the experimental temperature range for the Wolfer 

correlation extended only to 782 K and the Hiroyasu correlation was obtained using 
kerosine. In the simulated case, pre-ignition pressures never exceed 30 atm and the 
temperature has reached c. 990 K by ignition. Thus, none of the simple 
expressions seems to be well-suited to use in this environment. The Hardenberg 

correlation alone was derived from diesel engine measurements and it was selected 
as the best available by Dent56. 

In view of the high sensitivity of the heat-release rate and temperatures to the 
ignition timing, all model output illustrated in this thesis was obtained with the 
ignition delay set to the experimental value. This is to provide an ideal basis for 

comparison the other model predictions. 
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4.4.3 Combustion rate 

4.4.3.1 Introduction 

Analysis of combustion in diesel engines is traditionally divided into two main 
phases: the initial rapid 'premixed' burning and later 'diffusion' burning. However, 

when consideration is given to modelling these processes, the need for a more 
fundamental description of the burning mechanism becomes apparent. Most 

mixture consumed during the premixed phase has attained a fairly uniform 
composition during mixing in the ignition-delay period. Burning of the first fraction 

of the charge is controlled by an autoignition process, according to chemical 
reaction rates. Still within the premixed combustion period, the flame propagation 
process begins to make a contribution. Finally during the diffusion-burning phase, 
physical mixing of the reactants is the dominant combustion process. Thus, the 
combustion regimes may be more usefully classified as homogeneous premixed, 
homogeneous diffusion and heterogeneous165. 

Modelling techniques have been developed to describe each of these processes. For 
instance, the standard CFD representation of diesel combustion uses a rate-limit 
expression which selects between chemical and mixing rates. This technique has 

also been employed in a phenomenological model262, while others employ flame- 

propagation rates, several use only chemical rates and the remainder assume infinite 

rates of combustion (Table 4.10). 

Rate expression Researcher 

Chemical-mixing limit Nishida262 

Chemical Hodgetts132, Meguerdichian234 
, 

Watson, Lipkea213, 
Bazari19 

Infinite Kau", Shahed309, Hiroyasu126, Dent-, Payri271 

Flame propagation Kono184, Hiraki (stratified charge)118 

Table 4.10 - Reaction-rate definitions 

In most cases reasonable predictions of the combustion rate have apparently been 
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achieved. Despite this success, there are certain difficulties in using such techniques 
in zonal models. For instance, it may be necessary to integrate the rate expression 
over a calculation timestep. A method for doing this is described in section 4.4.3.5 
below. Other problems are identified in the discussion (section 4.4.3.6). First, the 

expressions proposed for reaction rate are briefly reviewed. 

4.4.3.2 Chemical rate 

In virtually all diesel CFD models, chemistry is described by a greatly simplified 
reaction scheme with a single rate equation. The only exceptions are chemical 
models of several steps which have been used for the autoignition 
process 386,274,347,384,385 

and these are not appropriate for use at higher temperatures. 
It is possible to incorporate fairly detailed chemistry into phenomenological-type 
models but it is usually deemed unnecessary. The chemical rate is usually expressed 
in the following form' 16,262: 

E� 
dm- I- Ap2xj XOZ eR (4.83) 
-t-ahem 

The constants A, m, n and EA are calibrated by experimental data to give acceptable 
results over a limited range of engine operating conditions116. Typically, m and n 
are taken to lie between 0.25 and unity"', '12,9a. 337. In two cases, the values of all 
constants were specified; these are shown in Table 4.11: 

Author m n A (m3kg'ls 1) EA (Jmol-') 

Nishida262 1 5 5x101° 1.0x105 

Meguerdichian234 1 1 5x10' 1.25x108 

Table 4.11 - Chemical reaction rate parameters 

A further difference is that Meguerdichian's rate is proportional to density rather 
than the square of the density. Also, the activation energy given by Meguerdichian 
is such that the exponential term vanishes for all realistic temperatures, and it is 
assumed to be a misprint for 1.25x105. 
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The expression used in the original version of the simulation program185 was taken 
from Benson22: 

1011 pO 1.5x104 dý f= 'e T min m AFR'r 
(4.84) 

1 /l 
them NTT atolch 

4.4.3.3 Flame propagation 

The models used by Kono184 to describe both premixed and diffusion burning are 
expressed in terms of flame speeds. For the premixed bum phase, an expression 
originally developed for the spark ignition engine339 is used: 

dm, 
_ 

Cpre m: tolch (4.85) 
dt flame pm 

Tchem 

where msto, ch 
is the mass of stoichiometric mixture 

tchem is the chemical timescale, given by: 

1% ýchem (4.86) 
S 

lam 

where Siam is the laminar flame speed and X the Taylor microscale 9 

The rate of diffusion burning is also related to the laminar flame speed, using an 
entrainment equation due to Dent, 1981x6: 

dma 
=C 

men, (4.87) 
dt 

ent timbc 

where: 

[L2]' 

3 (4.88) 
'tmlx 

E 
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The burning rate is given by: 

dma 

dm, dt 
ent 

dt 
Jlame, diff tchem 

where rohem is the chemical timescale, defined as above 

4.4.3.4 Mixing rate 

(4.89) 

Most diesel CFD models have employed Magnussen's eddy-dissipation model to 
describe mixing-controlled combustion94,96,274,299,316,364,387 This model is based on 
a theoretical representation of the transfer of mixture through the levels of 
turbulence structure existing in the fluid, known as the eddy-dissipation concept226. 
The theoretical analysis leads to the following equation: 

df=m1x 
mmin f di� -7x 

(4.90) 

where x is the mass fraction burnt 
y is the mass fraction of mixture in the fine structure regions 
mm, n is the smaller of the fuel mass and the air mass divided by the 

stoichiometric air-fuel ratio 
m is the non-dimensionalised exchange rate of mass with fine 

structures 

Also, the fine structure mass fraction and the mass-transfer rate may be expressed 
in terms of turbulence parameters as follows: 

Y=9.7 k2 4 (4.91) 

rim = 23.6 (k )4k (4.92) 
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This model has been developed and re-expressed in a variety of forms. Drawing 
distinctions between different combustion regimes, Magnussen223 obtained the 
following expression which has been adopted by most subsequent 
authors94,96,274,299,316,364,387, 

d01 (4.93) dtJ 
=Amin rh > AFR '1 AFR ti djff sto sto mlx 

where the turbulent mixing scale, is: 

, rm _k 
E 

(4.94) 

Magnussen223 states that the equation is assumed to be generally applicable to 
diffusion and premixed flames. In an extension of the original expression (equ. 
4.90), Grimsmoi°2 provides a complex expression for x which is redefined as the 
'reaction progress factor. 

Different values have been employed for the constants A and B in the above 
equations. Magnussen obtained good results with A=4 and B=0.5 In the case of 
the atmospheric diffusion flame223. Gosman94 had to change these to A=20 and 
B=2.5 to give plausible predictions of the heat-release rate in an axisymmetric 
direct-injection diesel engine. Pinchon274 found that A=16 and B=2 gave a good 
match with experimental data for a prechamber diesel, though A=20 and B=2.5 
gave very similar trends. Equ. 4.93 has also been used in the multizone model of 
Nishida262, though the combustion-product term is omitted. In this case, the value 
of A is set to 1. 
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4.4.3.5 Integration over calculation timesteo 

In all cases the reaction rates are related to the concentration of unburnt fuel. Thus, 

when reaction rates are high, a simple model may predict elimination of the fuel in 

a calculation timestep. This is unphysical, since the reaction rate drops as the 
concentration falls, and zero fuel concentration should be approached 
asymptotically. In order to solve this problem Watson used a first-order relaxation 
equation which was first proposed by Blizard24 for SI engine use: 

ti 
dý J +mpro = m1. tot 

(4.95) 

The relaxation parameter, r, can be related to chemical and mixing processes and 
Watson used a simple chemical reaction expression. Zeleznik derived a 
generalisation of the Blizard model allowing use of time-dependent relaxation 
parameters383. This expression was implemented in the current work in conjunction 
with a simple numerical integration technique. 

4.4.3.6 Discussion 

Interest in rate of combustion has been greatest for CFD-type models, as is 

apparent from the above review. Typically, the limiting rate is selected between 

chemical and eddy break-up mixing. In considering whether such a procedure is 
appropriate for use in zonal models some general difficulties become apparent. 

Description of 'premixed' combustion presents a unique problem, since 
determination of the dominant mechanism of combustion is not straightforward. 
The first element of fuel is consumed in the autoignition process, in which the rate 
limit is purely chemical. Subsequent burning will tend to be by the flame- 

propagation process, which is more appropriately described by a mixing rate or 
flame speed. Empirically, it is hard to distinguish between these phenomena and 
no quantitative information is available relating to the process. 

It may appear that the rate-selection procedure used in CFD models will supply a 
theoretical solution to this problem by providing a break-down of the process. 
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However, this is not the case because microscopic mixing has already taken place 
during the ignition-delay period. It is therefore inappropriate to use the mixing-rate 
expression described above to determine the limiting mechanism during this phase 
of combustion. This difficulty was identified by Shirakawa316, who proposed to 

solve the problem by modifying the rate-selection criteria. Chemical rates are used 
only when the chemical timescale is greater than 104 - 105 times the mixing 
timescale. This markedly reduces the proportion of chemically-limited burning. 
Saad299 has adopted an alternative strategy, in which the procedure of selecting 
limiting rates is confined to those mixture elements where the temperature exceeds 
1500 K. At lower temperatures chemical rates are assumed. 

Considering now phenomenological models, most do not draw any distinction 
between the chemical and mixing controlled parts of the combustion process. 
However, Li215 has proposed that all fuel evaporated prior to ignition should be 

allowed to burn infinitely fast, while subsequent combustion is controlled by a 
chemical rate. This is contrary to the empirical observation that most of the fuel 
injected before ignition burns in the diffusion mode277 since only 10 - 35 % is mixed 
to within the flammability limits196. Kono184 has separated the 'premixed and 
diffusion-flame processes by using the rate of the former during the first 0.5 ms of 
the combustion period, following experimental findings. If chemical rates are to be 

used, it may be possible to implement the modifications proposed by Shirakawa or 
Saad. However, this is complicated by the fact that the criteria for rate change-over 
are rapidly exceeded, so that an iteration procedure is required. Simply allowing 
all mixture prepared to burn at chemical rates during the first calculation timestep 

may lead to serious over-estimation of the quantity burnt. 

Another possibility would be to allow only a certain fraction of prepared mixture to 
burn during the first calculation timestep. Ideally the parameter used should be 
linked to the ignition delay time and turbulent mixing parameters. This approach 
was adopted in the current work, but for simplicity a constant value of the'premixed 
bum factor' was assumed. The value was selected to give a good match to the 

experimental heat-release rates (see section 5.1). 
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4.4.3.7 Results 

Chemical rates were calculated using the constant values proposed by Nishida162 

and Meguerdichian234. The original form of Magnussen's eddy-dissipation 
combustion model was used to determine mixing rates223 . 

Typical values for 

premixed burning and the diffusion phase are shown in Table 4.12. Note that in 

order to determine a value for the Magnussen mixing-rate during premixed phase, 
an initial value of 0.1 was set for the fraction of fuel burnt. 

Author, rate Premixed phase rate (kgrn 3s 1) 

Nishida262, chemical 2.2x106 

Meguerdichian234, chemical 27.8 

Magnussen223, mixing 11.4x103 

Table 4.12 - Calculated reaction rates 

Nishida262 plotted reaction rate against fuel mass fraction for low-temperature 

premixed burning. The peak value obtained is 2x10' kg rn's 1 confirming the 

above result. Meguerdichian's values are much lower and provide a finite rate for 

the premixed phase. 

If Nishidas values are assumed to be accurate, chemical rates reach very high levels 

once the temperature has begun to rise. Thus, the rate of burning is only really 
chemically-limited during the precursive auto-ignition reactions, and this phase of 
combustion is at least partly included within the ignition delay period. However, 

since the rate is so high, the combustion rate is in practice rapidly limited by lack 

of fuel. In this work, the small fuel concentration remaining is obtained by 

numerical integration, as described in section 4.4.3.5. Subsequent combustion is 
limited by mixing rates and Magnussen's eddy dissipation combustion model was 
used to describe this phase. 
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4.4.3.8 Chemistry 

Most previous phenomenological models have used a simple one-step description 

of the combustion chemistry, though some of the more recent models have included 
up to 12 species19'193,262,389. In this work, a single-step chemical description is used 
in the interests of simplicity. 

4.4.3.9 Conclusions 

A variety of approaches have been used for the prediction of combustion rates in 
diesel combustion models. The expressions used can be classified according to the 
predominant controlling rate: chemical, flame propagation and mixing. However, 

empirical data on the importance of each mechanism are lacking. In practice, 
chemical rates rise very rapidly so that they are never limiting. A much more 
important issue is the quantity of mixture allowed to bum in premixed mode. 
Several crude methods have been proposed to define the transition to diffusion 
burning. In the current work a constant 'premixed bum factor' is used, the value of 
which is determined by fitting to experimental data. Magnussen's eddy dissipation 

concept has been successfully applied to the determination of the rate of diffusion 
burning. The original form of this model (equ. 4.90) was used in this work. 
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4.4.4 Thermodynamic state 

This section gives details of model elements that contribute to determination of the 
thermodynamic state. The thermodynamic structure and method of temperature 

estimation are described. 

4.4.4.1 Thermodynamic structure 

The model described thus far consists of a set of zones containing fuel and air which 
represent different regions of the diesel spray. Methods of following the evolution 
of the average zonal composition, in terms of liquid fuel, vapour and air have been 
described. Following ignition, hot products of combustion are formed and these will 
tend not to be uniformly distributed initially but rather confined to separate regions 
of the mixture. The fluid can be visualised as consisting of eddies of fairly uniform 
composition which are steadily breaking down and mixing. It has long been 

appreciated that a better description of the thermodynamic state may be obtained 
by recognising this subdivision, and describing 'reactant' and 'product' regions 
independently. A number of simple 'two-zone' thermodynamic models have been 
developed, which have even been used for emissions work 151,245,356,359, and some 
multizone phenomenological models have also incorporated some representation 
of the two regions193,2'1. Such a structure falls far short of modelling the full range 
of states existing in the mixture, but it does represent a major advance on the use 
of zonal averages, and has therefore been implemented in the current work. 

The cost of partitioning the model zones is the introduction of great complexity into 
the determination of composition and thermodynamic state, due to the transfers 
between subzones. Several processes are modelled which affect the composition 
at a zonal level: air entrainment, evaporation, combustion and soot formation and 
oxidation. The effects of some or all of these must be accounted for in each 
subzone independently. Moreover, though the combustion-products region may be 

taken simply as the fraction of mixture which has burnt stoichiometrically, a more 
realistic estimate is obtained by calculating a rate of transfer through a burning 

region. Thus, excess air or fuel will be found in the products region when the zone 
is globally rich or lean. 

The process of determining the component of unbumt air in each subzone provides 
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a good example of the complexity. Physically, most entrainment will be to the 
reactants region, but at the same time air from this region is being consumed in 
combustion and sooting processes, and in lean zones, some may be passing into the 
products region unbumt. The scale of the consumption processes depends in turn 
on the evaporation which is also occurring in parallel. Some of the methods used 
to describe these interrelated processes are outlined briefly below. 

The basic rate of combustion was given by equ. 4.90 for diffusion-phase burning. 
This may be re-expressed as: 

dmf 
= Rxfer mmin 

dt 
dff 

(4.96) 

where mm, � is the smaller of the fuel mass and the air mass divided by the 
stoichiometric air-fuel ratio 

R. 
, f,,,, the rate of transfer through heated fine structure, is: 

Rxier =mx (4.97) 
1 rx 

where x is the mass fraction of mixture burnt 

y is the mass fraction of mixture in the fine structure regions 

This rate cannot be applied directly to determination of the amount of mixture 
which burns, because the reactant concentration is changing according to the 

evaporation, air entrainment, sooting and combustion processes mentioned above. 
For example, considering only the latter, the rate may be sufficiently high that all 
fuel would be consumed according to the average rate multiplied by the calculation 
timestep. In fact, as fuel is consumed, the rate would drop to zero. Thus, some 
sort of numerical integration is necessary in order to follow the species 
concentrations. One limit on the average burn rate can be approximated as follows. 

Consider a mass of reactant subzone mixture, m', to which is entrained a mass of 
air given by (dm, /dt)ent St, and which loses a mass (dm1 /dt), St (1 +AFR,, ) in 

oxidation of soot during a small time interval St; at the end of the timestep At, mass 
m+ of mixture remains (Fig. 4.13). 
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Figure 4.13 - Change in subzone composition during a timestep 

By balancing the mass consumed in burning during the timestep with the change 
in mass of the reactants subzone, a limit on the average rate of consumption of fuel 

can be set: 

dm fSt (1 +AFRst) < dt I, m 
- mreac - mreac + 

da 
St - 

dm 
8t (1 +AFRS, ) dt 

m 

ent dt 
ý 

soot 

11 

dm 
a 

dt 
ent 

dm1 RxJermreac 
st 

dma 
dmJ - (1 +AFRj dt 

Soot 
(1 +AFRS, ) 

+ 
dt dm 

dt aim At (1 +AFR,, ) dt 
Soot 

(4.98) 

where mfeac is the instantaneous mass of reactants, which is followed during 
the evaluation of the numerical integral 

Similar limiting rates can be derived by considering the processes affecting the mass 
of air and the mass of evaporated fuel individually. These equations are set out in 
Appendix C. Note that the transfer rate, Rxier, is a function of the mass fraction 

burnt, x, and the latter is also changing during the calculation timestep. To 

properly allow for this change, iteration would be required, and this would add 
considerably to the complexity and computational time. However, the only time 

when x is changing rapidly is during the premixed burn phase, and the above rate 
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limit is used only for diffusion-burning. For the premixed phase, an all-inclusive 
initial burn factor is used. Thus, the error introduced by neglect of change in x is 
very small. 

Once the limiting value of the burn rate is known, a factor representing the fraction 

of the reactants subzone transferred to the products region can be defined: 

dm, 
At 

Xreac-pro = 
dt um (4.99) 

I ma 
meva' AFRstolch 

Jmin 

Use of this equation is only necessary for the reactant component which is not 
limiting (i. e., air in lean mixtures and fuel in rich mixtures). The value obtained for 
the limiting component should be identical to that obtained by summing the 
individual mass-transfer components. 

4.4.4.2 Temperature estimation 

Having established the composition of the subzones, the thermodynamic state may 
be determined. The basic principle used is to estimate the pressure at the end of 
the timestep according to the rate of change on the previous timesteps. The 
temperature changes in all zones are then computed by taking into account heat 

release, heat transfer, compressive work and mixing, and a check on the 
consistency is made by comparing the sum of the zonal volumes with the cylinder 
volume. It was demonstrated that the resultant error is small, and this procedure 
is more computationally-efficient than iterating for pressure. 

The basic equation for change of temperature is as follows: 

dr 
AHfuel +df AHsoot, 

ox 
+±-f AHaoot, 

/or + 
ýQ 

-PAV 

AT =ý comb 
dt 

wot, oX 
dt 

soot for W°Il +AT 

m cp "'[` (4.100) 



CHAPTER 4.4 - 157 - COMBUSTION AND 
THERMODYNAMICS 

where dQ/dt. 1, is the total heat-transfer rate to the wall 
AT,,,,, is the change in temperature due to the change in internal 

energy occurring on mixing between two elements 
m is the mass of the zone or sub-zone 

Each of the numerator terms represents a component of the internal energy 
change, and the sum can be defined as AU,,,,. The temperature reduction due to 
fuel evaporation is neglected. 

The estimation of temperature is greatly complicated by transfer processes between 

subzones. For example, where an element of mixture contains components which 
originated in two different subzones (or the air zone) on the last time-step, the 
overall volume change and average specific heat must be considered in determining 
the temperature change. Also, due to the rapid change in state, particularly during 

premixed burning, it is not sufficient to calculate rates based on the conditions 
existing at the start of the calculation timestep, and iteration is necessary. Special 

attention must be paid to the specific heat capacity, cp, since its value may change 
rapidly during a calculation timestep and the temperature change estimate is very 
sensitive to its value. The following equation was used to give a more accurate 
estimate of the temperature change (the derivation is given in Appendix C): 

AU,., log° c°' 

AT 
FP- (4.101) 

= cpa -cpl 

where 1 applies to conditions at the start of a calculation timestep 
2 applies to conditions at the end of a calculation timestep 

However, the rate of combustion and the sooting processes are not included within 
the iterative loop in order to reduce complexity. This omission is not serious, as the 
combustion rate is fixed and sooting processes are unimportant when conditions are 
changing fastest during the premixed burn phase. 

The simulation follows the temperature in every zone and subzone in the mixture 
and in most cases the latter equation is used since the temperature change is 

significant. Iteration is performed until the temperature converges both for the zone 
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and the component subzones. 

The methods used for evaluation of the terms in equ. 4.100 are now briefly 

considered. The rates of heat release and soot formation and oxidation are dealt 

with elsewhere. The heats of combustion, AH, are given in Appendix D; that for 

soot formation was obtained by difference (the other values are easily measured) 
thus balancing energy release between the sooting processes and direct fuel 

combustion. This is a fairly crude approximation, but using more detailed chemistry 
adds greatly to the complexity. 

The compressive work term is determined using the total pressure and the following 

expression for AV: 

AV = V2 _L2 VI (4.102) 

i 

where N is the number of moles of gas 

The volumes are obtained from the perfect gas law according to the known mass 
components, the chamber pressure and the instantaneous temperature and gas 
constant values. The expressions for gas constant are given in Appendix D. The 

chamber pressure is determined according to the following approximate equation: 

mcyl 
Rzonemsone Cu,,,,, msoneTsone 

ºncyl msone Cu_ 

m (4.103) 
cyi 

mcyl 
pCyj _ VcyI 

The summation terms, reading left to right, represent average gas constant value, 
the average temperature and the average specific heat capacity in the cylinder. The 

most accurate estimate is obtained using subzone values as inputs. 

The specific internal energy of the mixture is computed according to Kriegers 

polynomial expression194, given in Appendix D. An error in the original expression 
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was corrected in MSc thesis work366. Additional terms to account for the effects of 
dissociation, which becomes important above about 2 100 K, have been included in 
the current work. Overall, the polynomial expressions are claimed to be accurate 
to within 2.5% for temperatures up to 3000 K at the precombustion pressure, and 
the limit rises to over 3200 K at peak pressures. The specific heat capacity is 

obtained simply by differentiating these equations. 

In order to calculate the component of temperature change due to combination of 
two elements of mixture with different compositions, AT,,,, an internal energy 
balance is applied. The total internal energy of the two components at the last 

calculation timestep is equated to the internal energy of the resulting mixture, and 
the corresponding temperature is obtained using an iterative technique. Due to the 
large change of internal energy during combustion, these calculations must be based 

on conditions existing before any combustion has occurred on the current 
calculation timestep. 

Finally, determination of the rate of heat transfer is dealt with in the next section, 
4.4.5. 

4.4.4.3 Initial conditions 

It is very important to provide an accurate estimate of the conditions existing in the 

chamber at the start of the injection process. Determination of initial temperature 
is particularly important, since all subsequent temperatures are set according to 
incremental changes. It would be possible to use the above temperature change 
equation to follow the thermodynamic state from the time of inlet valve closure, but 

an alternative method which is simpler and well-established is use of the polytropic 
relationship: 

p V" = constant (4.104) 

The constant value is set according to the thermodynamic state at inlet valve 
closure. The pressure and temperature at this position are related via the 

volumetric efficiency, fleft: 



CHAPTER 4.4 - 160 - COMBUSTION AND 
THERMODYNAMICS 

ýeffpntpTfvc 
(4.105) pýoc - 

TItp 

where ntp is normal temperature and pressure (Appendix D) 

The temperature, T, 
v, will vary according to atmospheric conditions and the 

quantity of combustion residuals remaining from the previous cycle. Estimation of 
the latter was considered to be beyond the scope of this work, and a constant value 
was used (293K). 

The volumetric efficiency is typically about 90% in a diesel'16 but it will vary with 
engine speed. In the current work a value of 0.82 was taken from the chosen 
experimental dataset159 and an approximate speed correction was incorporated' 16. 

The polytropic exponent, n, is affected by heat transfer and consequently will also 
vary with engine speed, tending to unity as speed tends to zero. However, for 

normal operating speeds, there is broad agreement on a value of 1.3 (± 0.05)116. 
Analysis of curves published for the chosen experimental dataset159 yields a 
surprisingly high value of c. 1.47, but the author of that work recalls obtaining a 
value of 1.35 from the original pressure diagrams (Kamimoto, personal 
communication). Hence, the later value was used in the simulation program, and 
an approximate speed correction was incorporated (see Appendix Q. 

For the standard case of the chosen experimental dataset, a temperature of 907 K 
and pressure of 23.8 atm were calculated for start of injection conditions. 
Examination of the published curves159 yields values of c. 880 K and c. 28 atm, 
though there is reason to doubt these values as mentioned above. 
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4.4.5 Heat transfer 

4.4.5.1 Review 

Heat transfer in engines has been extensively studied and reviewed by various 
authors, including Spalding332, Heywood"", Markatos229 and Hiroyasu128. 
Hiroyasu12' describes a total of fifteen heat-transfer correlations, from a variety of 
sources, and plots calculated heat-transfer coefficients against crank angle. Yet 

more correlations are given in the diesel combustion modelling literature. Besides 

choice of correlation, the method adopted for distributing heat loss between the 

model zones must be considered. 

Heat transfer from diesel engines is primarily convective, but radiative losses are not 
negligible, contributing 20 to 40 % to the total' 16,228,241,86 Considerable variation 
would be expected in the radiative component, since it is dominated by emission 
from soot particles, and the concentration of the latter varies widely between 

engines. Most of the proposed correlations do not account for radiative transfer 

explicitly, and of the fifteen expressions listed by Hiroyasu128, only those of Nusselt 

and Annand9 include a separate radiative term. Also, heat transfer within the 

mixture is generally neglected. 

Some of the expressions applied to heat-transfer prediction in diesels are 
summarised in Table 4.13 (over). The most popular correlations are those of 
Annand"° and Woschni376. Hohenberg's expression" is a development of the 
latter' 16 Hiroyasu's comparative plot of calculated heat-transfer coefficients shows 
that the Annand expression gives values which are generally higher than those of 
the other correlations, and typically double the Woschni predictions376. However, 
the original form of the Annand correlation does not explicitly account for soot, so 
it is unlikely to provide a reliable estimate of the radiative heat loss. Bazari19 has 

attempted to remedy this by accounting for the influence of soot as follows: 

d9 
-02 (T34 

«-Tý,, 
)f (4.106) 

dt 
rod 

where q is a heat flux per unit area 
c is the emissivity 
f is a shape factor 
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Author Correlation(s) Comments 

Hodgetts132,1974 Woschni Includes additional 
turbulence factor 

Shahed3o9,1975 Annand 

Hiraki118,1980 Woschni 

Dent56,1981 Woschni Two-zone model 

Mansouri228,1982 Woschni IDI, stochastic model 

Hiroyasu124,1982 Woschni, main chamber 
Dent, swirl chamber 

IDI 

Hiroyasu126,1983 Woschni 

Kono184,1985 Woschni 

Guptalo5,1986 Woschni 

Lipkea213,1987 Annand 

Xiao378,1991 Woschni Stochastic model 
Interzone transfer allowed 

Zahdeh382,1991 Hohenberg Single-zone model 

Bazari19,1992 Annand Radiative term includes soot 

Jiang'-", 1992 Annand Single-zone model 

Li215,1993 Assanis15, convection 
Li214, radiation 

Rocco295,1993 Hohenberg Single-zone model 

Table 4.13 - Heat transfer correlations used in combustion simulations 
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The emissivity, c, is calculated assuming that the zonal soot cloud acts as a grey 
body: 

C =1 -efK. L (4.107) 

where LC, 
oud is the cloud dimension 

Ka, the overall absorption coefficient is related to soot density by: 

K. =1200 p, (4.108) 

f is taken to be unity, and Lc, o�d is set to the diameter of an equivalent sphere of 
equal volume to the zone. The overall heat-transfer rate is determined by 
multiplying the heat flux by the surface area of the soot cloud. 

dQ=dq Acioua (4.109) 
dt 

rod 
dt 

rod 

Since it is well-proven, the Woschni correlation has been chosen to describe 
convective heat transfer in the current work. The particular form of the expression 
used is that obtained by Woschni in 1979376, as given by Heywood116. The 
radiation follows the above Annand-based approach of Bazari19. 

There is no consensus on the method of distributing heat transfer between the 
model zones. Most authors either make no mention of it or simply state that the 
division is made according to zonal temperature and mass. Shahed309 and Guptalos 
give the following expression: 

dQ 
_ 

MsoneTzone dQ (4.110) 
dt 

Lone 
E msoneTzone dt 

total 

Bazari19 replaces the zonal temperatures in the above by the zonal temperature 
relative to the wall temperature, which seems more realistic. 

Mansouri extends this approach by accounting for the zonal surface area too, 
deriving the following equation227: 
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Tzone T 
,, 

2 

dQ 
_ 

(Pzon)3 dQ 
dt 

zone 
Tzone T. 

1, 
dt 

tot 
2 

(Pzon)3 

(4.111) 

However, in Mansouri's stochastic model, zones are of equal mass, so mass- 
dependency is not accounted for. For use with a multizone model, Xiao378 gives a 
modified version of this equation, replacing 1/p by zonal volume to include mass. 
The latter equation has been adopted in the current work to describe partitioning 
of convective heat transfer between the model zones. 

Equations of this type appear to be unsuitable for describing the division of the 
radiative component between spray zones. The temperature dependency differs 
greatly to that found in radiative transfer, and in the case of convective heat 
transfer, surface-area terms are involved since they are representative of an 
estimated wall contact area. With radiation, partitioning in terms of zonal surface 
areas is not possible because the process can only be meaningfully described in 
terms of the whole soot cloud. Since no alternative approach could be found in the 
literature, the following expression is proposed for use in the current work: 

dQ 
= 

£sone(T one 
T1 11) dQ (4.112) 

dt 
Eone £sone (T: 

one Tan) dt tot 

Interzone radiative heat transfer has been neglected in the interest of simplicity. 
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4.4.5.2 Results 

Initial results gave a ratio of radiative to total heat transfer of only 3.7% over the full 

cycle in the standard case of the experimental dataset (mid-load, 0=0.5). 
Kamimoto's calculated value for the same engine is about 33% during the main 
combustion period159 Moreover, the simulation result was obtained for a predicted 
mean temperature which exceeded the experimental value by 200 to 300 K. Since 
the method of convective heat-transfer estimation is probably more reliable than the 

radiative calculation, an additional model parameter was used to scale up the 

radiative term so that the ratio of the predicted values lay in the typical experimental 
range. With a multiplicative factor of ten, the total calculated heat loss at exhaust 
valve opening was 433 J, equivalent to 37.7% of the fuel energy. Heywood116 

gives a range of 8 to 41% for the maximum power condition, and the contribution 
of the heat loss is expected to increase towards lower loads. Thus, the calculated 
values are not unreasonable. 

4.4.5.3 Conclusion 

A heat transfer model has been implemented using the convective heat transfer 

correlation of Woschni and a radiative correlation which is expressed in terms of 
soot concentration, following Bazari. Initial results showed that the radiative 
component is underpredicted and it was found necessary to include an additional 
scaling parameter. With this modification, reasonable values of the overall heat loss 

were obtained. 

The overall performance of the thermodynamic models and further model 
development that was necessary are described in the context of the combustion 
model validation in section 5.1. 
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CHAPTER 5- RESULTS 

5.1 COMBUSTION MODEL RESULTS 

The fundamental requirement of the combustion model is the accurate prediction 
of thermodynamic state over as wide a range of operating conditions as possible 
and it is important that this is achieved without any variation of the parameters that 
relate only to the model. For validation, performance can be examined on a 
number of levels, including the overall engine efficiency, the time-dependent 

variation of properties, i. e. the progress of the combustion process and the in- 

cylinder distribution of temperature and composition. Depending on the parameter 
being assessed, different methods of evaluation will be appropriate and the criteria 
for satisfactory performance will also vary. In this work, though, the bulk of the 
validation is carried out by means of comparisons with experimental data from the 
chosen data-set (Kamimoto159, see section 3.2). Following the above breakdown 

of performance measures, the analysis is split into four sections, the first three 
dealing with thermodynamic performance in terms of global, time-dependent and 
spatially-dependent behaviour, and the fourth being comparison with results of a 
parametric study. In view of the need for general applicability, the final values of 
some of the key model parameters were selected in the context of the latter. 

5.1.1 Overall performance 

The most basic level of model evaluation is to check that the overall efficiency and 
the distribution of the fuel energy lie in the range which is typical for the engine 
type. Heywood gives performance data for a range of engines, including a 0.82 
1/cylinder Deutz DI diesel which is the closest match to the 0.781 engine chosen for 
the simulation. Table 5.1 gives the brake specific fuel consumption (bsfc) of this 

engine for the standard case of the simulation data-set, and the corresponding fuel 

conversion efficiency. The value of mechanical efficiency used in evaluating the 
simulation result was obtained by comparing the imep values given by Aoyagi11 with 
the corresponding bmep values of Kamimotois9. Averaging over the eight data 

points, and applying a correction factor to the imep values (see discussion on 
pressures below) yields an efficiency of 85.8%; the highest value was 88.7% and the 
lowest 82.3%. 
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Performance parameter Deutz engine116 Simulation 

bsfc (g kWhr') 240 188 

fuel conversion efficiency (%) 33.5 41.8 

Table 5.1 - Comparison of engine performance parameters 

The comparison shows that the calculated efficiency is too high; part of the 
discrepancy may be in the assumed mechanical efficiency, but more likely the 
calculated pressures are too high. Comparison with the corrected experimental 
pressure curve shows that this is the case since the simulation value is 
approximately 10% higher in absolute terms (see Fig. 5.9). Relative to the 
motoring pressure, the discrepancy is more like 20% and this is a better guide to 
the expected difference in the work output. Fundamentally, the higher pressure 
may result from overestimated temperatures. These issues will be dealt with more 
fully in subsequent sections. 

Other useful information can be obtained by examining the distribution of the fuel 

energy. Heywood gives typical data values for the maximum-power condition in a 
range of diesel engines. These are shown in Table 5.2 and compared with the 
nearest simulation case of 0.67 equivalence ratio. 

% of fuel energy Experiment'16 Simulation 

Brake work 34-38 40.1 

Heat loss 18-41 34.6 

Table 5.2 - Comparison of fuel energy breakdown 

Again the brake work is rather high, but the heat-transfer value lies within the 
range of the empirical values. Though the latter relates to quiescent conditions, 
the empirical values include swirl-chamber DI engines in which heat transfer rate 
will be markedly increased. However, for the equivalent simulation case with a 
swirl ratio of 4 the calculated value is only 42%, which is not unreasonable. 
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5.1.2 Combustion process 

Kamimoto159 has used various means to investigate the combustion process in the 
test engine. By application of a simple two-zone thermodynamic model, air 
entrainment rates were calculated and the mean equivalence ratio in the burning 

regions was determined. The flame temperatures were estimated using the two- 

colour method 1-18 and pressures were measured using both a strain gauge and a 
pressure transducer159 Also, detailed measurements of the chemical composition 
were made" 

An important conclusion of the analysis was that during the early part of the 
diffusion phase the burning mixture was rich and air entrainment was limiting. A 

parameter representing the efficiency of air utilisation in the flame was defined by 
taking the ratio of the entrainment rate times the heat of combustion at the mean 
flame equivalence-ratio to the heat-release rate. It was found to have a value of 
unity from the start of the diffusion bum phase at 5° bTDC up to about 100 aTDC. 
During this period the mean equivalence ratio in the burning region was greater 
than 1.5. After 10°aTDC, the air utilisation gradually declines from unity, i. e. some 
air escapes the burning process. Nevertheless, the mean equivalence ratio remains 
above 1.0 until about 25° aTDC. Consistent with this is the fact that the flame 
temperature is above 2000 K from the start of the diffusion-burning phase. 

The predictions of the current model calculations also indicate that early diffusion 
burning is air-limited. Air-entrainment rates were examined in section 4.1 in the 
context of the spray model. Figs. 5.1 - 5.3 illustrate the evolution of the zonal 
mixture composition and the mean equivalence ratio in the spray for the standard 
experimental case. Comparison with the estimated empirical value of equivalence 
ratio in Fig. 5.3 shows a generally good agreement considering the expected 
uncertainties in each value; the model may slightly over-estimate the richness of the 

mixture during the main diffusion-burning period. The model calculations indicate 
that the equivalence ratio remains rich until at least 400 aTDC. 
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Figure 5.1 - Calculated zonal AFR values 
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Figure 5.2 - Calculated zonal gaseous AFR values 
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Figure 5.3 - Variation of calculated and experimental overall spray equivalence ratio 
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Because the bulk of the diffusion burning occurs at rich conditions, the heat-release 

rate is very sensitive to the predicted air-entrainment rates so that accurate 
estimation of the latter is essential. In the course of optimising the model 
performance through appropriate choice of premixed bum factor and the constant 
for the diffusion burning rate (see'Parametric Study' below), it was found that overall 
entrainment rates were a little high. Using the original model developed by 
Hiroyasu, Kuo reached a similar conclusion and proposed the use of modified air- 
entrainment coefficients197. Kuo's study involved engines of 0.52 1 and 2.0 1 

capacity, whilst Hiroyasu first applied the model to a 1.81 engine. In the case of 
the smaller engine, Kuo achieved a satisfactory match with experiment only by 

reducing the coefficient which scales down the air-entrainment rate in burning 

mixture from 0.7 to 0.4. Since the current engine is of 0.781 capacity, it is not 
unrealistic to use this lower value. The coefficient which scales up entrainment after 
wall impingement was also modified in accordance with Kuo s recommendation of 
a reduction from 1.5 to 1.4. Khan17° and Dent56 have also adjusted entrainment 
coefficients to obtain satisfactory heat-release rates; in the latter case, Ricou's 

constant value of 0.32 was increased to 0.7. 

Fig. 5.4 shows the heat-release rate for the standard experimental case. Kamimoto 

calculated heat-release rates for each set of experimental conditions, but 

unfortunately, the curves published do not yield the correct totals for heat release 
when integrated. However, following his own recommendation (personal 

communication), the experimental heat-release diagrams were scaled up in the y- 
axis direction such that the total heat release matches the fuel energy. The figure 

shows that the curve modified in this way agrees very well with the calculated 
results. 

Figs. 5.5 - 5.8 show the calculated temperatures of every model zone and the spray 
average. Each plot applies to all zones at a particular position across the spray 
width, starting with the spray centreline zones and finishing with the edge zones. 
Also included on the plots are the flame temperatures measured by the two-colour 

method. These are seen to be typically a few hundred degrees below the calculated 
temperatures of the combustion products in the main diffusion-burning phase. As 
indicated in the discussion of 'Overall Performance' in section 5.1.1, the predicted 
temperatures are probably a little high. However, the two-colour method is not 
known to be particularly accurate380. Some limitations are described by 
Kamimoto159. 
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Figure 5.4 - Calculated and experimental heat-release diagrams 
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Figure 5.5 - Calculated centreline temperatures 
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Figure 5.6 - Calculated inner zone temperatures 
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Figure 5.7 - Calculated outer zone temperatures 
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Figure 5.8 - Calculated edge zone temperatures 
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In fact, estimation of the zonal temperatures is one of the most difficult aspects of 
the combustion simulation. The methods used are outlined in section 4.4.4.2. In 

particular, two factors contribute to uncertainty in the calculated temperatures. The 
first is the fact that the temperature change is determined on the basis of the total 

rate of change of energy and the specific heat in each element of mixture. The 

specific heat in particular is not constant during the time step, and at first bum, 

when the subzone temperature may rise by nearly 2000 K (see Fig. 5.8), its value 
is more than doubled. Because of the changing values, improved estimates of the 
temperature change may be obtained by integrating the rate equation over the 
timestep. For instance, the variation of cp is partially accounted for by use of equ. 
4.101. However, in reality, the relationship of the specific heat value to the 

physical mechanisms contributing to the change in energy is far from simple, and 
it is a gross simplification to assume an average specific heat value which applies 
to the whole zone and simply rises linearly. However, the details of the actual 
mechanisms are unknown and it is not possible to construct a model taking any of 
these effects into account. Thus, some uncertainty in temperature is inevitable and 
it would not be unrealistic if the magnitude were around 10% of the calculated 
temperature change. This amounts to nearly 200 K at first bum. 

The second contribution to temperature uncertainty is the incremental method used 
to follow the temperatures. The zonal temperatures at each timestep are obtained 
from the temperature change, and the other thermodynamic properties are 
determined from the temperature. Thus, any errors are cumulative and systematic 
errors are not corrected for. Again, no alternative method is available, and the 

overall accuracy of the thermodynamic calculations is directly limited by the accuracy 
of the temperature-change estimate. 

The computed pressure for combustion and motoring conditions together with an 
experimental pressure curve were shown in Fig. 5.9. Using the perfect gas law, the 
latter was found to be inconsistent with the corresponding mean temperature. 
Since the values of pre-ignition temperature given in Kamimoto's paper agree well 
with the calculated value, it may be assumed that the pressure curves are in error. 
By dividing all experimental pressures by a factor of 1.2, good agreement with the 

pre-ignition calculated values was obtained in all cases. Thus, all pressure curves in 

this thesis show the corrected values. In comparison to this experimental pressure 
curve, the computed values are rather high. This is consistent with over-estimated 
model temperatures. 
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5.1.3 In-cylinder variation 

A more severe test of the simulation is the prediction of the spatial distribution of 
temperature and species in the chamber. For the chosen experimental case, an 
abundance of detailed measurements is available for model validation, including in 

particular the measurements reported in 1980 by Aoyagill. This paper illustrates 
the results of a gas-sampling study in which N2,02+Ar, C02, CO, CH4, NO, NO2 

and unbumt hydrocarbons were measured. Most of the data is presented as time 
histories for a given point in the chamber, though some distribution maps have 
been constructed from this information (see Figs. 5.10 & 5.11). However, because 
the composition varies three-dimensionally, even the maps can only give an 
indication of the range of conditions existing in the spray. Also, because the 

simulation program is based on a quasi-dimensional spray model, conditions at a 
given position in the chamber are not well-defined. Whilst the location of the 
centre-of-gravity of each zone is followed in the simulation, the exact size and 
degree of overlap of the model zone is not known. Moreover, the model does not 
compute detailed chemistry. Notwithstanding these limitations, some useful 
information can be obtained from the maps of the history and spatial distribution 

of equivalence ratio and temperature shown in Figs. 5.10 & 5.11. 

The upper plot in Fig. 5.10 shows a steadily increasing equivalence ratio on the jet 

centreline moving away from the injector and a reduction following the injection 

period. This behaviour is in accord with our knowledge of the evaporation and 
mixing processes. The lower plot shows that the overall equivalence ratio does not 
vary in a regular manner across the spray width at the position 29 mm from the 
injector along the spray axis. This is somewhat surprising in view of the standard 
conceptual model of a spray with a fuel-rich core, and the predicted local value of 
spray width of only 8.8 mm at TDC (according to Hiroyasu's spray width 
correlation 130). 

Model results were illustrated in Fig. 5.1. It was seen that there is no convergence 
in the zonal composition with time, and because the model allows no mixing 
between the zones, the overall zonal compositions are fixed once entrainment is 

complete. This is a model deficiency which is imposed by the method used to 

calculate air entrainment. In practice it probably has a small effect on the overall 
thermodynamic predictions, but the effect on emissions would be much more 
serious. Therefore, the zonal compositions and temperatures have been post- 
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processed using a simple averaging technique to give better estimates for the soot- 
model inputs (see Appendix F). Fig. 5.1 also shows that at a given time there exists 
a range of air-to-fuel ratios along the length of the spray and across the jet. 
Generally, the composition of zones injected simultaneously is seen to evolve in a 
similar fashion; this gives a fuel-rich core since the centreline zones move faster. 
As mentioned above, this distribution is not borne out by the measurements. The 

only realistic way of ensuring a similar result from the model calculations would be 
to neglect the cross jet velocity variation and this is in turn would render use of 
multiple cross jet zones unnecessary (to allow interzone mixing is not feasible with 
this type of model). However, there is plenty of evidence elsewhere that 
concentrations do vary across the jet2,301,312, so the original form of the model was 
retained. 

Fig. 5.11 shows that the flame temperature is remarkably uniform at all points in 
the spray at a given time. Providing that radiative heat transfer from soot is 
unimportant, this is to be expected, since flames will be found predominantly in 

regions of near-stoichiometric mixture. The model predictions were shown in Figs. 
5.5 - 5.8. Careful examination shows that the temperatures of the products regions 
are fairly uniform, especially after the main diffusion-burning period. The largest 
discrepancy occurs between edge zones at the end of the injection period. At this 

point, the edge zones from the fuel injected last are very rich, and consequently 
about 25% of the mass of the combustion products region is excess unbumt air; the 

value for the first zone set is less than 5%. Hence, the temperature of these regions 
is not expected to approximate well to the flame temperature. 
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5.1.4 Parametric study 

Phenomenological models usually contain a number of adjustable parameters which 
allow some degree of "tuning" of the output to give a better match with empirical 
data. The existence of these parameters is undesirable since they generally 
represent approximations made necessary by a lack of understanding of the 

phenomenon in question, and a long-standing goal in the development of such 
models has been the elimination of as many as is feasible371. This should result in 

models which are more generally applicable, i. e. that can accurately represent 
combustion processes at a range of operating conditions and in a variety of engines, 
without the need of empirical calibration. There is still much to do before this goal 
is achieved280. 

A parametric study provides an opportunity to investigate the general applicability 
of a given model and parameter set, and also allows the value of some of the 

adjustable constants to be established with more certainty. The latter is achieved 
by identifying the choices which give satisfactory model output over the whole range 
of conditions investigated. The particular experimental case being used for 

validation of the current model was chosen in large part because of the provision 
of an extensive data-set from a parametric study. The engine parameters varied 
and conditions covered are shown in Table 5.3: 

Parameter Conditions Normal 

injection pressure 17 MPa, 25 MPa 17 MPa 

swirl ratio 0,2,4,8 0 

load 0=0.34,0.45,0.5,0.67 0.45 

injection timing 25° bTDC, 15° bTDC, 5° bTDC 15° bTDC 

piston shape shallow bowl, deep bowl shallow 

fuel type n-tridecane, gas oil n-tridecane 

Table 5.3 - Parameter variation details 

For each set of conditions a plot of measurements was included, illustrating variation 
of the following parameters: 
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mean flame temperature 
cylinder pressure 
mean flame-zone equivalence ratio 
heat-release rate 
air-entrainment rate 
injection rate 

To facilitate model development, graphics routines have been developed using 
Uniras AGL and FGL libraries to allow interactive display of the model predictions 
and experimental data. Predictions and experimental values of all of the above 
parameters can be compared, though as noted earlier, the combustion-products 
temperature from the model may not always correspond to that of the flame. The 

effect of varying any of the engine parameters shown in Table 5.3 can be 

examined, and the simulation program has been set up to allow easy choice 
between thirteen representative data-sets, which are specified in Table 5.4 below. 
The engine running speed was 1250 rpm and corresponding volumetric efficiency 
0.82. Other engine specification details are given in Appendix E. 

Case Value of varied engine parameters 

Standard Gas oil, 4=0.56 
Swirl 0 

2 

4 

Injection timing 25°bTDC 

15°bTDC 

5°bTDC 

Injection pressure Gas oil, 17 MPa 

Gas oil, 25 MPa 

Load = 0.67 

= 0.34 

Bowl shape = 0.67, deep bowl 

= 0.34, deep bowl 

Table 5.4 - Conditions for each case of parametric study 
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5.1.4.1 Results 

There is not space in this thesis to include comparative plots for all of the model 
predictions and operating conditions. However, as has been noted previously, 
accurate prediction of the heat-release rate is key to satisfactory model performance 
and development work focused upon this parameter. Therefore, plots illustrating 

predicted and experimental data points are given for all of the above model 
conditions (Figs. 5.12 - 5.17). Any error in the calculated heat-release rates will be 
due in part to inaccuracy in determining air entrainment, and further, it will result 
in an incorrect estimate of the thermodynamic state properties. In order to look at 
these effects and their interrelationship, plots showing the flame-zone equivalence 
ratio and chamber pressure are also included for each experimental case (Figs. 5.18 

- 5.29). The variation shown between the pressure plots also gives an indication of 
the general applicability and reliability of the model. 

The pressure plots can be analysed further since Kamimoto gives a value of bmep 
for each experimental condition and Aoyagi provides several imep values. A 

realistic estimate of imep and bmep can be obtained from the model since pressure 
is followed between inlet valve closing and exhaust valve opening. Table 5.5 (over) 

gives all experimental and calculated values and also includes peak pressure data 
from the pressure plots (Figs. 5.18 - 5.29) to facilitate the analysis. A discussion of 
the development work and results follows. 
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Case Condition bmep (MPa) Peak pressure (MPa) 

Simulation Experiment Simulation Experiment 

Standard 0.261 0.344 4.92 4.57 

Swirl 0 0.258 c. 0.344 4.93 4.83 

2 0.242 0.394 4.91 5.20 

4 0.232 0.336 4.98 5.14 

Injection timing 25° bTDC 0.221 0.359 5.43 6.15 

150b7DC 0.258 c. 0.344 4.93 4.73 

5° bTDC 0.276 0.294 4.10 3.51 

Injection 17 MPa 0.261 0.304 4.92 4.64 

pressure 25 MPa 0.265 0.314 5.48 5.33 

Load $=0.67 0.305 0.416 5.27 4.86 

= 0.34 0.165 0.140 4.13 4.18 

Bowl shape = 0.67 0.339 0.485 5.49 5.42 
(deep) 

= 0.34 0.182 0.162 4.16 4.65 

Table 5.5 - Comparison of calculated and experimental bmep and peak pressure 

swirl - 0, injection @ 15° bTDC, injection pressure 17 MPa, 0-0.5, shallow bowl, gas oil 
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Heat release for standard swirl 
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Figure 5.12 - Heat-release rates for standard swirl and standard injection timing 
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Heat release for different swirl ratios 
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Figure 5.13 - Heat-release rates for different swirl ratios 
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Heat release for different injection timing 
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Figure 5.14 - Heat-release rates for different injection timing 
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Heat release for different injection pressures 
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Figure 5.15 - Heat-release rates for different injection pressures 
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Heat release for different loads 
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Figure 5.16 - Heat-release rates for different loads 



CHAPTER 5.1 - 193 - COMBUSTION MODEL RESULTS 

Heat release for different loads, deep bowl 
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Figure 5.17 - Heat-release rates tor ditterent loads, deep bowl 
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Equivalence ratio v Crank Angle 
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Equivalence ratio v Crank Angle 
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Figure 5.20 - Equivalence ratios and pressures for swirl =4 
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Equivalence ratio v Crank Angle 
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Figure 5.21 - Equivalence ratios and pressures for 25° bTDC injection timing 
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Equivalence ratio v Crank Angle 
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Figure 5.23 - Equivalence ratios and pressures for 5° bTDC injection timing 
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Figure 5.24 - Equivalence ratios and pressures for 17 MPa injection pressure 
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Figure 5.25 - Equivalence ratios and pressures for 25 MPa injection pressure 
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Equivalence ratio v Crank Angle 
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Figure 5.26 - Equivalence ratios and pressures for 0=0.67 
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Figure 5.28 - Equivalence ratios and pressures for 0=0.67, deep bowl 
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Figure 5.29 - Equivalence ratios and pressures for 0=0.34, deep bowl 
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5.1.4.2 Development work and discussion 

In this section, the selection of adjustable model parameters is considered and the 
results of the parametric study are analysed. 

Having selected suitable air-entrainment model constants and obtained satisfactory 
predictions of entrainment rates, the main adjustable parameters affecting heat- 

release rate are those pertaining to the combustion rate. For the first of these, the 
amount of premixed mixture which is allowed to bum during the initial combustion, 
no value is given in the literature. The second is the constant used in Magnussen's 
burn-rate expression (equ. 4.92). Magnussen has provided a theoretical value of 
this constant and at first sight there seems to be no justification for changing it. 
However, initial work showed that whatever the value of the premixed burn factor, 
the diffusion-burning rates were too low during the early phase. If air-entrainment 
rates were artificially increased to compensate, late diffusion bum was too rapid and 
the diffusion-burn phase was completed too early. Also, when Magnussen's eddy 
dissipation concept has been applied in CFD models, a variety of constants have 
been used in order to obtain satisfactory burn rates (see section 4.4.3.4 - Diffusion 
burning). Therefore it is not unrealistic to allow some modification to the value of 
the Magnussen model constant. 

The mixing burn-rate equation (equ. 4.90) can be re-expressed in a form analogous 
to 4.93 by setting v= vt,,, b and assuming that y is small. This gives a theoretical 
value of A equal to 12.9, which can be compared with values used by 

others 94,112.223,262.274 in the range from 1 to 20. In this study, the effect of setting 
m using a constant value or a further multiplicative factor was investigated. 
Considering all cases of the parametric study, the best balance was obtained using 
a premixed bum factor of 0.27 and multiplying the combustion rate by 50. The 

plots illustrated in this chapter were obtained with rh actually set to a constant value 
of 15000, but this choice gives a virtually identical result. The universality of these 
constants is questionable, but it was beyond the scope of this work to extend 
analysis to different engines. However, the premixed burn factor is probably the 
least well-established and it is encouraging to see that satisfactory results have been 

obtained for a range of operating conditions including fuel of widely different cetane 
numbers (n-tridecane - 81, gas oil - 57). 
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Having established the combustion-rate constants, some further model deficiencies 

could be identified. The simplest was that for the high-load cases (4 = 0.67), the 
heat-release diagram was dominated by premixed spikes corresponding to the 
ignition of each successive set of zones. The effect is pronounced in this case due 
to the extended period of fuel injection, nearly double the value for the case of 25 
MPa injection pressure. The solution was simply to double the number of axially- 
injected sets to eight in this case alone. 

The second problem was more serious. In the variable swirl cases, combustion was 
much too rapid due to an excessive rate of air entrainment. The latter is a strong 
function of swirl, since the penetration velocity is reduced according to Hiroyasu's 

recommendation (equ. 4.12). The effect of using lower swirl ratios for the air- 
entrainment model was investigated, and surprisingly the best match of the heat- 

release diagram was obtained when swirl was set to zero. This implies that swirl 
has a much smaller effect on entrainment than suggested by Hiroyasu. The 

satisfactory performance of his own model 126,127 is hard to explain. Therefore, the 
effect of swirl on air entrainment was neglected, though it was maintained as an 
input to the heat-transfer and turbulence calculations. 

However, even with this modification, the model does not show the correct trends 
in bmep or maximum pressure. The pressures are reduced in the case of swirl ratio 
equal to 2, rather than increased. The reason for this can be deduced from the 

plots of measured air-entrainment rates'59. These show that as the swirl ratio 
increases, the initial rate of entrainment does in fact increase, but that during 

combustion it drops to a lower level than was obtained in the absence of swirl. The 

cause of this behaviour can be understood by referring to the turbulent entrainment 
equation Hoult and Weil (equ. 4.1). This equation simply relates the entrainment 
rate to the velocity difference between the jet and the swirling air. Under higher 

swirl conditions, this difference is progressively reduced as the jet becomes deflected 

and begins to follow the motion of swirling air. The momentum-based entrainment 
equation due to Hiroyasu used in the current work (equ. 4.21) cannot account for 
this effect and an attempt to implement the Hoult and Weil expression met with 
little success (see sections 4.1.3.2 and 4.1.4). The multizone spray model used is 
not well-suited to use of the latter expression, and a major change in the spray 
model would probably be necessary to achieve a better representation. This was 
not possible in the time available. 
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The plots shown in Figs. 5.12 - 5.29 were obtained with identical sets of model 
parameters, apart from the justifiable use of more axial sets for the high-load case. 
Overall the agreement with experiment is very good for all parameters, and 
excepting the swirl case mentioned above, the correct trends in variation of peak 
pressure are shown. However, there are some remaining discrepancies, and 
consideration is now given as to whether there are any underlying systematic errors, 
with a particular focus on pressure. 

Table 5.5 earlier in this section shows that the calculated bmep values are generally 
lower than the measured data. Peak pressures on the other hand, are more often 
higher than lower, but are a better match with experiment. However, both low-load 

cases contradict these generalisations, with significantly higher calculated bmep 

values even though the peak pressures are lower. These examples serve to illustrate 
that there is no obvious correspondence in the discrepancies between measured and 
calculated values of bmep and overall pressure. A clue to the explanation lies in the 
fact that the low-load cases show the poorest match of bmep. This implies that 
insufficient allowance is being made for the overhead of frictional work, i. e. a lower 

mechanical efficiency should have been used. This is confirmed by Heywood who 
states that the coefficient drops from about 0.9 at full load to 0.75 at part load 1 '6. 
If realistic bmep values are to be obtained, a way of representing this variation in 
the model must be determined. 

In view of this uncertainty, the calculated cylinder pressures alone give a better 

measure of model performance (the bmep includes an extra efficiency factor). The 
biggest discrepancies here are illustrated by the case of variation in injection timing. 
For the 25° bTDC injection start, the calculated pressure is too low at the peak, 
whilst for 5° bTDC, calculated pressure is always too high. Careful examination of 
the experimental curves reveals part of the explanation - the rise in pressure in the 
25° bTDC case begins about 2° CA after the heat release has taken off, and longer 
ignition delays give higher pressures. Perhaps the pressure trace was not measured 
simultaneously to the heat-release estimate (which has been used to determine the 

end of the ignition delay period). The flame-zone equivalence ratio gives a further 
insight. For 25° bTDC injection timing, the degree by which the diffusion-phase 

equivalence ratio is over-estimated matches the greatest of all the cases studied, 
while for 5°bTDC the opposite is true. The reason for this may be a consequence 
of some inaccuracy in the turbulence or squish models. Further work will be 

necessary to determine and resolve the problem. 
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5.1.5 Conclusions 

Overall performance of the combustion model compares reasonably well with typical 

experimental measurements. The most noticeable difference is the higher power 
output obtained from the simulation. This is directly related to calculated pressure 
values, which are slightly higher than those of the experiment. This in turn is a 
consequence of over-estimated zonal temperatures. Accurate estimation of 
temperatures is extremely difficult (see explanation in section 5.1.2) and there is 
little scope for improving this aspect of the simulation. Generally, a good match 
between calculated and experimental values of the flame-zone equivalence ratio is 

obtained, resulting in satisfactory predictions of heat release. 

In-cylinder measurements show a very small variation of equivalence ratio across the 

spray. This is contrary to the model predictions and the bulk of experimental 
evidence from elsewhere. The model could be modified in a simple manner to 

represent this behaviour, but in view of the otherwise satisfactory performance, 
there seemed insufficient justification for doing so. 

Finally, model combustion-rate parameters have been selected which give 
satisfactory predictions of heat-release rate for every condition of the parametric 
study. This resulted after initial work had revealed a serious over-prediction of air- 
entrainment rate in the swirl case when Hiroyasü s penetration correlation was 
implemented in its original form. Much improved behaviour was shown when the 

swirl effect on entrainment was neglected, though the trend in peak pressures was 
still incorrect. This is due to a weakness in the method of calculating the air 
entrainment rate. Hiroyasu's momentum-based approach cannot represent the 

reduction in entrainment following large deflection of the jet and a major change 
in the spray model would be necessary to obtain accurate predictions in all cases. 
Otherwise, peak pressures were generally well-represented and the overall 
thermodynamic performance of the model has been shown to be satisfactory. 
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5.2 SOOT MODEL RESULTS 

This section presents the results of the soot-modelling work. As described in 

chapter 3, five soot-formation expressions and six soot-oxidation expressions were 
chosen for study in the context of the simulation. These are listed in Table 3.11 

of section 3.5. The equations and constant values are detailed in Appendix B. The 

performance of the models is demonstrated in terms of predictions of soot 
formation and oxidation rates and also the calculated soot mass, which is known as 
the yield. Validation is made using empirical data, particularly the measured yields 
and exhaust values given by Kamimoto159, together with the results of other 
comparative studies. Model sensitivities are examined and applicability in different 

combustion model types is discussed. The section is divided into two halves: in 

section 5.2.1, the model results are presented and described and the main 
discussion is give in section 5.2.2. Final conclusions are summarised in chapter 6. 

Most of the comparative analysis which follows is made on the basis of predicted 
rates, though the yields are also examined in specific cases. This strategy is 
followed in order to simplify the analysis, since yields vary according to the 

expressions used and there are many possible combinations of soot formation and 
oxidation rate. However, two sets of expressions are normally used together: the 
formation and oxidation expressions proposed by Hiroyasu, and the Tesner 
formation and Magnussen EDC oxidation expressions. The standard case used for 

the yield predictions is the Hiroyasu expression pair, since these expressions may 
be calibrated to give a realistic estimate of the yield. This value is then used as a 
basis of all other calculations of oxidation rate, with the exception of the Magnussen 
EDC rate which generally uses the yield set according to the joint Tesner- 
Magnussen model. The use of a common soot yield is important because all of the 

oxidation expressions include a soot-concentration term. 

The soot calculations have a significant effect on the combustion-model predictions. 
In the model cases examined, empirical data shows that up to 30% of the fuel 

carbon may exist in the form of soot". Thus, an important part of the heat release 
is due to the formation and oxidation of soot. Also, the predictions of 
thermodynamic state are also strongly influenced by the sooting processes because 
the radiative heat loss is very sensitive to soot concentration. Therefore, to provide 
a uniform basis for comparison, the Hiroyasu-expression yield has been used in all 
cases illustrated in this thesis. 
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5.2.1 RESULTS 

5.2.1.1 Hirovasu soot model 

The Hiroyasu expressions are the most popular of those applied in diesel emission 
modelling and the results obtained from this model are examined first. The yields 
and rates obtained for the standard case of the experimental data-set are shown in 
Figs. 5.30 & 5.31. Following Kamimoto, the yield is expressed as a percentage of 
the total number of moles of gas and the carbon-to-hydrogen ratio is assumed to 
be three to one348. The Hiroyasu expression pre-exponential constants used in 
these cases were chosen to give average in-cylinder and exhaust levels matching the 
Kamimoto data. This procedure is described further in the "Parametric study" 
results section below. 

In-Qylinder soot 

Fig. 5.30 shows that during the main combustion period there is a considerable 
variation in yield between zones. This is followed by a progressive convergence 
towards the time of the exhaust valve opening. In fact, the convergence results 
from allowing some mixing between the zones, as described in Appendix F; the 
zonal yields obtained directly from the Hiroyasu expressions do not tend to 
converge. 

It can be seen that there is a tendency for more soot to be formed in the zones 
injected later. This is in-line with expectations, since temperatures and pressures 
increase in early diffusion burning, whilst the oxygen concentration is reduced. 
Kamimoto presented plots of in-cylinder measurements" (Fig. 5.32), but these are 
not well-suited to validation of the zonal data. Most zones move through the 
measurement region (X =19 - 39 mm) in less than ten degrees of crank angle, so 
only a small section of the zonal history can be traced. Perhaps more significantly, 
the engine spray impacts on the piston bowl at a radius of 36 mm (shallow bowl 

case), and reaches the chamber wall at 47.5 mm. The mixing and quenching 
occurring on impingement are not represented directly in the model. Nevertheless, 

a general increase in yield during the injection period is shown for the Kamimoto 

measurement region, as predicted by the model. 
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Figure 5.30 - Zonal soot concentrations from Hiroyasu model 
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Figure 5.31 - Hiroyasu model formation and oxidation rates 
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Cross-jet variation is also hard to verify, due to the difficulty in estimating the model 
values relating to a single axial plane. At the measurement position X= 29 mm in 
Fig 5.32 (b) the zones injected at the rear of the spray have not begun combustion. 

However, Fig. 5.30 shows that during the main combustion period, the variation 
in soot concentration between most sets is not much greater than the factor of two 

shown in Fig. 5.32 (b). The zones of the first set are an exception, showing a rapid 
fall-off to a value of about 10% of that of the later-injected sets. It is difficult to say 
whether this is borne out by the experimental data and in practice the phenomenon 
is likely to be obscured by wall-impingement effects. 

The total yield calculated by the model begins to rise at 9° bTDC and peaks at 
around 17° aTDC. No chamber-average data is given for the experimental case, but 
the point data and soot maps indicate a peak at between 5 and 10° aTDC11,230. 
Kittelson175 found peak concentrations at 20 - 30° aTDC in a very similar engine 
operating with a start of injection delayed by 5° relative to the standard Kamimoto 

case. However, assuming the accuracy of the Kamimoto data, there is a significant 
discrepancy with the model value. Unfortunately, it was found that there is very 
little scope for adjustment of the position of the peak within the constraints of 
matching the peak and exhaust concentrations. Thus, there is a weakness in 

representing in-cylinder soot; this is considered further in the discussion below 
(section 5.2.2). 

The results from other in-cylinder studies provide further interesting comparisons. 
In particular, Kittelson's measurements 175 were made in a DI diesel similar to that 

of the Kamimoto study. The engine capacity was 0.701/cylinder compared with 
0.781/cylinder in the latter. During the main soot formation period, the measured 
overall rate ranged from 0.26 to 0.30 gs1 and was found to vary little with speed 
or load (1000-1500 rpm, $=0.4 - 0.7). For the standard case of the Kamimoto 
data-set, the calculated net value is 0.36 g s-' in the period between TDC and 10° 

aTDC (see Fig. 5.30). Thus, agreement is good (however, see the following section 
for details of the variation in predicted soot formation rates with operating 
conditions). 

Finally, the calculated soot formation and oxidation rates are shown in Fig. 5.31 on 
a loge scale. To a first approximation it may be said that these rates have been 

validated indirectly, since they correspond to the computed yield (Fig. 5.30) which 
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has been set to match empirical data. However, this assumes the ratio of the rate 
magnitudes is also correct, since it is possible to obtain accurate yield predictions 
from overall higher rates with a smaller discrepancy or lower rates with a greater 
difference between them. Kamimoto16o has also computed oxidation rate from the 
in-cylinder measurements, assuming that the formation process has terminated by 
15° after the end of injection. The peak values are about 1.5 g cm Zs1 and allowing 
for use of a slightly larger particle size, this is about five times lower than the peak 
calculated rates (see Fig 5.44 in section 5.2.1.3). Thus, the model predictions are 
probably on the high side. 

Parametric study 

Table 5.6 presents the soot yield results obtained using the Hiroyasu expressions 
for all cases of the parametric study. Peak and exhaust predictions are given 
together with experimental values from the Kamimoto study. The Kamimoto values 
were converted from Bosch smoke number units using the Alkidas' formula for 

conversion to particulate concentration 6. 

Overall, the experimental values show a greater variation than the model results. 
The experimental concentration range is 0.028 - 0.376 gm3, whilst the simulation 
results range from 0.115 to 0.363 gm3. More seriously, it is found that the 
predictions of parametric variation are generally poor. Only the variation with 
injection pressure and bowl shape are well-represented. 

Besides exhaust values, it is important that in-cylinder levels are accurately 
described. Kamimoto provides in-cylinder measurements only for the standard case, 
and these were used as a basis for the selection of the pre-exponential constants in 
Hiroyasu's correlations (equs. B. 5 & B. 13 in Appendix B). In practice it was found 
that only a very narrow range of values gave acceptable predictions for any given 
case. Thus, the values chosen for default use were those which gave accurate 
values for the standard case, i. e. Ai,,. = 2, A0 = 6x10-6. 
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Case Condition Smoke (g m) 

Simulation Experiment 

Exhaust Peak Pk/exh ratio Exhaust 

Standard' 0.363 1.579 4.35 0.304 

Swirl 0 0.346 1.459 4.21 0.304 

2 0.247 1.069 4.33 0.155 

4 0.181 0.697 3.85 0.292 

Injection 250 bTDC 0.359 1.573 4.37 0.132 
timing 150 bTDC 0.346 1.459 4.21 0.304 

50bTDC 0.363 1.341 3.69 0.376 

Injection 17 MPa 0.359 1.573 4.37 0.292 
pressure 25 MPa 0.185 1.315 7.12 0.132 

Load 0-0.67 0.300 1.311 4.37 0.351 

= 0.34 0.299 0.794 2.66 0.105 

Bowl shape = 0.67 0.151 0.513 3.40 0.179 
(deep) 

= 0.34 0.115 0.418 3.64 0.028 

Table 5.6 - Comparison of calculated and experimental soot concentrations 

Other useful comparisons are provided by the results of other in-cylinder studies 
(see chapter 3.2). For example, Kittelson measured peak and exhaust soot 
concentrations in a DI diesel engine similar to that of the Kamimoto study. Data 
for medium and high-load cases are shown in Table 5.7: 

Case Smoke (g m 3) 

Exhaust Peak Pk/exh ratio 

=0.4 0.06-0.12 0.47-0.79 6.6-7.6 

=0.7 0.32-0.59 0.48-0.92 1.2-1.6 

Table 5.7 - Exhaust and peak soot concentrations measured by Kittelson175 

' swirl = 0, injection @ 15° bTDC, injection pressure 17 MPa, 4-0.54, shallow bowl, gas oil 
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Despite approximately equal peak values, the medium-load exhaust level is about 
five times lower than that for the high load. This trend is not shown by the 
simulation results. 

It is possible that inaccuracies in the model predictions stem from deficiencies in the 
underlying combustion model. However, it has been established in section 5.1 that 
the predictions of the combustion model are good, with heat-release rates and the 
mean equivalence ratio in the spray showing a reasonable match with experiment. 
Only the swirl effect is poorly represented. Thus, it is unlikely that any deficiency 
in the overall description of the combustion process is the only source of error. The 
detailed predictions of in-cylinder processes must therefore be examined. 

A good insight into the model deficiency is obtained by a careful analysis of the 

effect of load variation. Table 5.6 shows that almost identical exhaust values are 
predicted for the lowest and highest loading cases, though empirical findings show 
that exhaust smoke is very sensitive to load' 16. However, comparison of calculated 
zonal compositions and temperatures for the low (4) = 0.32) and high (4) = 0.67) load 

cases of the Kamimoto data-set reveal remarkable uniformities. Temperatures are 
very similar despite the higher pressure in the high-load case (see Table 5.5 and 
Figs. 5.26 & 5.28 in section 5.1.4). Overall zonal compositions are also found to 
be very similar during the main combustion period, such that the major difference 
between the two cases is simply the overall size of the jet. Since the temperatures 
and compositions are key inputs to the soot model expressions, it is not surprising 
that the predicted soot concentrations are very similar during the main combustion 
period. In the low load case, about twice as much air is mixed into the jet by the 
time the exhaust valve opens, but the slightly higher temperatures at the higher load 

enhance the oxidation rate overcompensating for this effect. Thus the resultant 
exhaust levels are almost identical. 

In practice, though, other factors give rise to much higher soot levels in the high- 
load case. Since a greater amount of air is consumed by the fuel injected early in 
the combustion, fuel injected towards the rear of the spray. encounters a much 
reduced availability of air. In fact, much of the mixture this fuel entrains will consist 
of combustion products from the burning of spray-tip mixture, and this naturally 
gives rise to greater soot-production rates. In the model, air entrainment is assumed 
to be entirely from the surrounding pure air zone, and no distinction can be made 
between zones injected early and late in the process. Transfers between spray 
zones are neglected, and the global mixing procedure (see Appendix F) has a similar 
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effect on composition whatever the jet size. Thus, there is a weakness in the model 
representation. However, to incorporate interzone transfers is extremely complex, 
since an iterative procedure is required. This adds greatly to the computational 
costs and implementation was considered beyond the scope of this work. 

The crude representation of air entrainment no doubt affects the predictions of 
other parametric effects. For instance when the air-swirl ratio is increased, there 

will be a different distribution of entrainment, with more air from the surroundings 
being taken up at the rear of the jet. However, in this case the major cause of the 
discrepancy between predictions and measurements can be attributed directly to a 
combustion model deficiency. As described in section 5.1.4.2 the spray model used 
is unable to correctly represent the reduced entrainment when the jet is deflected. 
Thus, the lowest predicted soot concentration is for the high-swirl case, whilst the 

experimental data gives a minimum for the medium-swirl condition. The model 
reduction with swirl corresponds to a marginal increase in aeration of the jet which 
gives enhanced oxidation, whilst the experimentally observed increase in smoke at 
high swirl is due to the reduced air-entrainment rate during diffusion burning 
following jet deflection. 

The remaining parametric effect which is not well-represented is that of variation 
of injection timing. The experimental variation shows a rapid reduction in smoke 
with injection advance, but this is not matched by the simulation values, which vary 
little. However, the measurements of air entrainment revealed a greatly enhanced 
rate with early injection, giving reduced average equivalence ratios in the jet (see 
Figs. 5.21- 5.23). This behaviour is not represented in the model, and may be due 
to a steady reduction of air velocities and turbulence towards TDC. 

Conclusion 

The analysis of the parametric study results reveals the need for a more 
sophisticated spray model. In particular, the method of representing mixing 
between fresh charge and combustion products must be improved and the reduction 
in entrainment following large deflection of the jet must be accounted for. Other 
deficiencies may be due to the assumption of constant turbulent parameters and an 
inadequate description of bowl and wall impingement effects. Despite these 
difficulties, the results shown are encouraging because they indicate that, given a 
sufficiently detailed spray model, zonal-averaged information may be sufficient for 
the prediction of parametric trends. 
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5.2.1.2 Tesner-Magnussen soot model 

This model represents the sooting process using a more detailed mechanism. It is 
also a popular combination which has been studied by various researchers19s. 57.226. 
The soot expressions are implemented within the framework of a unique partitioned 
thermodynamic structure, as described in Appendix B. The yields, particle number 
density and rates derived from the Tesner-Magnussen soot model are illustrated in 
Figs. 5.33 - 5.35 for the standard case of the experimental data-set. 

Initially, the formation and oxidation rates are very similar in magnitude to those 
obtained using the Hiroyasu expressions (Fig. 5.31). Therefore, the soot 
concentration rises to a similar peak level, which is a good match with the 
experimental data. During this period, the model calculations indicate a rapid 
increase in the soot-particle concentration, as shown in Fig. 5.34. The calculated 
rate in this region is given in Table 5.8, together with several experimentally 
observed rates. Except for the Tesner and Xu data, these values refer to cylinder 
pressure and temperature conditions. Thus, the calculated rate is of the right order 
of magnitude. 

Researcher Combustion 
system 

Peak concentration 
(1018 particles m 3) 

Peak rate 
(1021 particles m3s 1) 

Tesner'5 Diffusion flame 1.1 1.0 

Kontani186 DI diesel 0.40 0.24 

Du60 IDl diesel 0.021 0.042 

Xu379 DI diesel 0.0036 0.0021 

Current work DI diesel 0.10 0.076 

Table 5.8 - Peak concentrations and formation rates of soot particles 

After the early diffusion-burning period, the Tesner rate falls rapidly. Fig. 5.35 
indicates that the Magnussen EDC rate also falls, but this is due entirely to the 
reduced soot concentration which is input to the rate calculation. Fig. 5.37 in 
section 5.2.1.3 shows that the Magnussen EDC rate remains relatively high when 
the Hiroyasu soot yield is used instead. Thus, the Tesner formation rate is 

overwhelmed by oxidation and the calculated yields and particle number densities 
drop to negligible levels by 40° aTDC. 
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Figure 5.33 - Zonal soot concentration from Tesner-Magnussen model 



CHAPTER 5.2 - 222 - SOOT MODEL RESULTS 

0 

0 C') 

Cl) 

C) L 
L- 

N 

di 

0) 
C 

O 

TC 

U 

0 

0 

mmmm 0ö0ööT TTTTT 

:- ca Co qq* N0 

[Ew/s8I3lijed] A1isuap aagwnu eloped loos 

Figure 5.34 - Soot particle number density from Tesner-Magnussen model 
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Figure 5.35 - Tesner soot formation and Magnussen EDC soot oxidation rates 
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The calculated Tesner formation rate is indirectly affected by the Magnussen EDC 

rate because it is sensitive to the existing concentrations. To investigate the size of 
this effect, the calculation was run with the Magnussen EDC rate turned off. A 

similar peak yield was obtained to that of the combined model, but the yield 
dropped little before exhaust valve opening. The calculated rate is shown in Fig. 
5.35, and is seen to differ little from the original. Therefore, rate comparisons with 
the Hiroyasu expressions which give a different yield are valid. 

Finally, Fig. 5.35 illustrates the effect of incorporating Nakakita's recommended 
modifications to the Tesner constants (equs. 3.20,3.21, section 3.4.1.4). The 
effect is less than one order of magnitude. 

More detailed analysis of the Tesner-Magnussen soot rates reveals that saturation 
conditions are often reached, i. e. the number densities of radical nuclei and soot 
particles are so high that the negative terms in equs. B. 7 and B. 11 (Appendix B) 

exceed the positive terms. This is particularly true for the surrounding fluids 

subzone. Here, number densities may be relatively high, since particles are 
redistributed to this zone from the combustion-products region, and the temperature 
is low, so that the spontaneous formation rate of nuclei is usually zero. 
Furthermore, since the Tesner-Magnussen rate is calculated using a fourth-order 
Runge-Kutta scheme to integrate the simultaneous equations, numerical instability 

may arise at various points within the integration procedure. 

In addition to problems with formation, high oxidation rates may also give rise to 

numerical problems. The rate calculated on the basis of the soot existing at the 

start of a timestep may be so high that straightforward integration gives a 
concentration of zero at the end of the timestep. This should not be possible, 
because the oxidation rate is proportional to the soot existing at any point in time, 

so that the zero-soot condition is approached asymptotically. 

Various techniques were used to overcome these problems, and many error traps 

and checks had to be built into the integration procedure. The calculation timestep 

was sub-divided to various fractions of the single crank-angle step used for all other 
calculations. The degree of sub-division was related to the peak oxidation rate. 
Peak concentrations were sometimes set to the saturated values. These measures 
greatly increased the complexity of the code (2000 lines of FORTRAN were used), 
and added to the computational overheads. Despite these efforts, a degree of 
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instability remains, as can be seen in Fig 5.33. However, it is unlikely that this 
instability would seriously affect the total yields calculated or the conclusions reached 
on use of the model. 

In passing it is noted that an attempt was made to implement the Moss model242 
developed from the work of Gilyazetdinov88. However, even more severe problems 
were encountered regarding numerical stability, since terms raised to fractional 

powers cannot be allowed to drop below zero. Thus it was concluded that a model 
of this complexity is unsuitable for use when integration of simultaneous equations 
is involved. 

Conclusion 

The Tesner-Magnussen model gives realistic estimates of yield during the main 
diffusion-burning phase. However, the oxidation rate overwhelms the formation 
towards exhaust valve opening, such that the calculated yield tends to zero. Great 
difficulty was encountered in integration of the simultaneous rate equations in the 
model subzones due to numerical instabilities. The resulting model is relatively 
complex and computationally expensive. 
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5.2.1.3 Rates comparisons 

This section extends the analysis of the results to include all of the soot models 
implemented. Comparisons are first made on the basis of the calculated overall 
rates plotted against crank angle. Then basic rate dependencies are investigated by 

plotting the rates against temperature and composition variables which were 
extracted from the simulation predictions. 

Formation rates 

Fig 5.36 shows the variation of the formation rates with crank angle up to 40° 

aTDC. The quantitative accuracy of the rates may be gauged by comparison with 
the empirically-calibrated Hiroyasu rate. It is seen that the Harmadi and Tesner 

rates compare well with this standard, though slightly different trends with crank 
angle are shown. In fact, the Tesner rate is not strictly comparable with the others, 
because it is associated with a different soot yield. However, Fig. 5.35 in the 

previous section shows that this effect is fairly small. 

The Khan rate, however, rises to much higher values before about 30° aTDC and 
then drops more rapidly. This behaviour is a consequence of the explicit 
dependence on equivalence ratio in the correlation (see Appendix B, equs. B. 1 - 
B. 3 for details), and the high sensitivity to the value of the equivalence ratio (an 

exponent of 3 is used). Before 30°aTDC, the overall equivalence ratio in the spray 
and in each individual zone is rich (see Figs. 5.3 & 5.1). However, the input to the 
Khan expression is not the overall equivalence ratio, but that derived from the 

unburnt species concentrations. This is set by the balance between entrainment and 
combustion and its value is typically double the overall value, as can be deduced 
from Fig. 5.2 (see also Fig. 5.38). Thus, the formation rate is even higher than 
would be expected on the basis of the overall equivalence ratio. After about 30° 

aTDC, fuel begins to run out in the zones, and a large proportion of that which has 

not been completely burnt is existing as soot. However, air entrainment continues, 
so that the equivalence ratio drops sharply. This gives rise to a very steep drop in 
the Khan formation rate. Thus the equivalence-ratio term in the Khan correlation 
acts almost as a switch. 
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Figure 5.36 - Comparison of soot formation rates 



CHAPTER 5.2 - 228 - SOOT MODEL RESULTS 

The Farmer-expression rate is low throughout the period of interest. This is 

probably because the expression is being applied under conditions far from those 
for which it was derived. Nevertheless, the variation with crank angle is similar to 
that of the Hiroyasu expression and realistic results may be obtained by a simple 
scaling of the pre-exponential constant in the expression. 

Oxidation rates 

Fig. 5.37 shows the calculated oxidation rates in the period up to 40° aTDC. In this 

case, more uniformity is shown, though quantitative agreement is again poor. 

The Magnussen EDC expression stands out in giving a different variation with crank 
angle to that of the quasi-chemical rates. The rate does not fall as combustion 
proceeds because the correlation is expressed in terms of turbulence parameters, 
which remain relatively constant, and involves no explicit temperature dependency. 

The Lee and Feugier rates are relatively high. This is at least partly due to the fact 

that these expressions are being used beyond the range of experimental conditions 
for which they were derived. In particular, the Lee rate is proportional to the 

partial pressure of oxygen and in the model calculations this exceeds the value of 
0.05 - 0.1 atm applying in the original experimental work. Of the expressions 
applied, only that due to Nagle attempts to account for the variation in oxidation 
rate over a wide range of oxygen partial pressures (see Table 3.10 in section 3.5). 

The Nagle rate is slightly lower than the Hiroyasu standard and also falls more 
slowly as combustion proceeds. The reasons for this are explained in more detail 
in section 5.2.1.5. Finally, the lowest rate is given by the Magnussen laminar 

expression. This correlation was fitted using the same data as used in the derivation 

of the Lee expression. Thus, the error arising from application under the different 

operating conditions of the diesel engine is clearly demonstrated. 
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Figure 5.37 - Comparison of soot oxidation rates 
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Rate dependencies 

The dependencies of each expression are revealed by plotting the rate against 
certain combustion-model parameters. This is done using data from randomly- 
selected zones from the engine simulation, so that the analysis is confined to 
operating conditions found in the diesel. The formation rates are plotted against 
the 'global' temperature and overall equivalence ratio in the zone. The latter 

parameter includes both burnt and unburnt fuel and air, and it is therefore 
representative of the spray region and time of the sample. This relates the rate to 

more general parameters than the local fuel and air concentrations used in the soot 
correlations. To assist in interpretation of the rate figure, Fig. 5.38 shows the 
relationship of the equivalence ratio of unburnt species and the zonal temperature 
to the total equivalence ratio. 

The data points used were taken from the standard case of the Kamimoto data-set 

and relate to the period between ignition and 40° aTDC. In order to give a more 
even distribution of data points, the selection is weighted towards lower 
temperatures. Note also that some very rich zones are omitted from the plots. 

Figs. 5.39 - 5.43 show the formation rate plotted against the zonal temperature and 
total equivalence ratio, and against each of these parameters independently. Some 

common trends can be seen in all cases. The highest formation rates are found in 

zones with medium equivalence ratios and fairly high temperatures. In most cases 
the peak rate corresponds to a global equivalence ratio of about two. The rate 
drops off towards 'richer' conditions for two reasons: the temperature is lower and 
the unburnt fuel concentration is actually lower (see Fig. 5.38). Towards leaner 

conditions the fall in rate is mainly due to the reduction in fuel concentration. 

The different sensitivities of the expressions give rise to a marked quantitative 
variation on top of these general trends. By comparing the plots with each other 
a ranking of sensitivity is revealed. The most sensitive expression is that due to 
Khan, followed by those of Harmadi, Farmer and Hiroyasu. The Tesner expression 
gives slightly different behaviour, but is most closely matched by the Hiroyasu 

model. 
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Equivalence ratio of unburnt species v total equivalence ratio 
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Figure 5.38 - Unburnt equivalence ratio and temperature v total equivalence ratio 
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Hiroyasu soot formation rate v equivalence ratio & temperature 
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Figure 5.39 - Hiroyasu expression rate dependencies 
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Farmer soot formation rate v equivalence ratio & temperature 

oý; f 
Temperature 

s3 [K] i e (o 
Eq Ivde' 3 

ooo 2 1500 1000 

0 
8 

8 
m s 

\ 4 

4 2 ýo 

ý ll ý 

0r T 
ler 

ä 44; 

ýKý '000 

Farmer soot formation rate v temperature Farmer soot formation rate v equivalence ratio 

9 9 

8- 

7- 7 

63- 
: if 

15 5- 

24- m4 

3- 3- 

2 2- 

0- 0 

3000 2500 2000 1500 
Temperature (KI 

1000 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
Equivalence ratio ("j 

Figure 5.40 - Farmer expression rate dependencies 
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Harmadi soot formation rate v equivalence ratio & temperature 
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Khan soot formation rate v equivalence ratio & temperature 
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Tesner soot formation rate v equivalence ratio & temperature 
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The Khan expression is the most sensitive and shows a very sharp peak in the rate 
for equivalence ratios ranging from 1 to 2.5. These zones have temperatures above 
2000 K. This behaviour is to be expected, since the rate is proportional to the 
equivalence ratio to the third power. Lack of oxygen and high unbumt fuel 

concentrations give peak equivalence ratios in this region (see Fig. 5.38). Towards 

richer mixture the rate drops to negligible levels, due mainly to the reduced 
temperatures. Harmadi's expression also involves equivalence ratio and shows 
similar behaviour, though the rates at each end of the equivalence-ratio range are 
much higher in relative terms. The Farmer expression involves oxygen 
concentration, but the exponent is smaller again, so more moderate behaviour is 

observed. The medium temperature zones now give rates which are comparable 
with the highest. Finally the Hiroyasu correlation does not involve oxygen 
concentration and the fuel-concentration exponent is relatively low at a value of 
unity. Together with the fact that very low activation energies are used, this gives 
a rate which is fairly insensitive to the conditions. An anomaly is revealed on these 

plots since very high rates are found in certain rich zones before the start of 
combustion. This occurs at temperatures of less than 1000 K and this behaviour 
is clearly unphysical. 

The Tesner rate is also fairly insensitive to temperature. This is to be expected as 
temperature is involved only in the nucleation term for active particles, and the 

concentration of active particles rapidly reaches the saturation limit (see section 
5.2.1.2). Nevertheless, there is an upward trend at the highest temperatures which 
is not shown by the Hiroyasu expression. A different dependency on equivalence 
ratio is shown, with generally low sensitivity and a modest peak around an 
equivalence ratio of 1.5. Also, very high rates are found in certain low-temperature 

zones. These are zones at the rear of the jet which have not ignited, but which 
contain a small concentration of soot particles and nuclei (< 2% of the spray 
average) due to mixing (see Appendix F). Though nucleation is zero here, so is the 

oxidation rate, and this allows unchecked soot production. The model could be 

modified to correct for this. 
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Oxidation expressions 

The sensitivities of the oxidation expressions are best seen by normalising the rate 
by the soot mass, since all expressions are directly proportional to the mass. Park 

published a comparative plot of surface-oxidation rate against reciprocal 
temperature which has been widely cited26' (see Fig. 3.1, section 3.4.3.1). The 
form of this plot is followed in Fig. 5.44 to allow a comparison. Rates are shown 
for the Hiroyasu, Nagle, Lee and Magnussen (laminar) expressions; the Feugier 

correlation shows very similar trends to that of Lee, whilst the Magnussen EDC rate 
shows a very poor correlation with temperature. 

The data points shown were selected at random and relate to the whole of the 
combustion process and the whole of the spray. The intention is to show trends, 
and the number of points has been artificially reduced in places for clarity. The 
individual rates are now considered. 

The Magnussen laminar expression is very insensitive to variation in the conditions. 
The rate falls only when the temperature is reduced below 1400 K, very late in the 
process. This expression was fitted to Lee's experimental data for a temperature 
range from 1300 to 1680 K, and for this range, it was demonstrated to give a 
better fit than Lee's expression. Magnussen considers that this improvement will 
give a better description beyond the range of the Lee data, but this assumption is 
incorrect. The expression is of very limited use in the range of interest in a diesel 

engine. 

The Hiroyasu and Lee rates each fall on a curve having two arms. Data points 
along the length of the upper arm and at the elbow correspond to any time before 

peak temperatures are reached (before 20° aTDC). As the temperature drops 
towards exhaust valve opening the rate steadily falls, giving the lower arm. The 
reason that rates are lower for the same temperature later in the process is the 
reduction in oxygen partial pressure. Both rates are proportional to oxygen 
concentration. Also, in each individual arm, the rates show an increase with 
temperature. The slope is greater for the Lee expression because the activation 
energy is much higher. 
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Figure 5.44 - Soot oxidation rate v reciprocal temperature 
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All calculated Nagle rates fall on a single curve at reciprocal temperatures greater 
than 5 (T < 2000 K). This is because the form of the expression gives 
independence from the chemical composition at lower temperatures. Physically, 
this behaviour can be interpreted as follows. All oxidation is occurring at active 
sites, since the value of X in equ. B. 16 is approximately unity and the first term 
dominates. Furthermore, desorption of oxygen is the overall rate-controlling 
process, since the second term in the denominator is large (see also equ. 3.32 in 

section 3.4.3.1), and this results in the independence from oxygen partial pressure. 
Also, unlike the other expressions, the Nagle rate shows a plateau at temperatures 

above 2000 K. 

Thus, the oxidation expressions show more distinct variation in behaviour than the 
formation expressions. They can be classified into four groups as shown in Table 
5.9. For the first group of expressions, the rate is always directly proportional to 
the oxygen concentration and therefore similar trends with crank angle are shown 
(see Fig. 5.37). Though Magnussen s laminar rate expression was fitted to the same 
data as that of the Lee expression, a much different relationship is observed. 
Because the oxygen partial pressure is relatively high, the denominator of equ. 3.32 
(section 3.4.3.1) is dominated by the second term. In the simulation, the rate only 
begins to drop after the temperature has fallen below 1400 K when the oxygen 
partial pressure is 28 kPa. Nagle's expression shows opposite behaviour, with 
oxygen concentration effects only becoming apparent when the temperatures 

exceed 2000 K. Finally, Magnussen's EDC rate is only proportional to the oxygen 
concentration when the zone (or subzone) is overall rich. 

Expression Dependency on mass fraction of oxygen in simulation 

Hiroyasu, Lee, Feugier proportional 

Magnussen laminar proportional for T< 1400 K, no dependency for T> 1400 K 

Nagle proportional for T> 2000 K 

Magnussen EDC proportional when rich 

Table 5.9 - Soot oxidation expression dependency on oxygen mass fraction 

In fact, all but the Feugier expression are given in terms of oxygen partial 
pressure, rather than simply the mass fraction. 
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Other rate comparisons 

Several comparisons of soot oxidation rates are available in the literature, including 
the work of Park269, Najjar252 and Linden210. 

Park's plot is shown in Fig. 3.1 (section 3.4.3.3). Lees data is included, but the 

rate is below that given by Nagle since the partial pressure of oxygen is lower. The 

reverse is observed in the studies of Linden210 and Najjar252 and in the current work. 
The former studies were done in the context of gas-turbine combustion at pressures 
of up to 30 atm. In all of these cases, oxygen partial pressures are higher than 
those of Lee's experiment, leading to the discrepancy. Because Nagle !s expression 
is fairly insensitive to oxygen partial pressure, it is likely to give a more accurate 
measure of the oxidation rate in different combustion systems, and is more generally 
useful. 
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5.2.1.4 Expression sensitivities 

The expressions proposed for soot formation and oxidation have various different 
dependencies, and the values of the parameters used vary widely, even amongst 
similar expressions. For example, a range of activation energies have been used 
both for formation and oxidation. The sensitivity of the calculated rates to the 

values of dependent-parameter exponents and the values of the constants is of great 
interest. There is not room in this thesis to report an extensive investigation of 
sensitivities, but two interesting cases are described. 

The popular Hiroyasu expressions use abnormally low activation energies, derived 
from turbulent diffusion flame data26'. The effect of increasing these values to more 
typical levels has been investigated. Ef and E. were increased from 12.5 and 14 
kcal/mol to 40 and 44 kcal/mol respectively (see equs. B. 5, B. 13 In Appendix B). 
It was found that identical peak soot levels could be obtained for only a small rise 
in exhaust concentration by adjusting the pre-exponential factors, Ago, and A,., from 
2 and 6x10-6 to 400 and 3x10"3 respectively. Thus sensitivity to activation energy 
is low. 

The Khan expression contains an equivalence-ratio factor with exponent three (equ. 
B. 1, Appendix B). This is exceptionally high and one comparative study suggests 
a reduction would give better results47. The effect of using different exponents was 
investigated. It was found that very similar trends could be obtained using reduced 
values of the exponent, though the overall rate magnitude was reduced. This is 
illustrated in Fig 5.44, which shows the variation in rate with overall equivalence 
ratio for exponent values of zero and three. In the case of the former, a 
dependence on equivalence ratio is still shown because the expression also includes 

a fuel partial-pressure term. The reason for the peak in the rate is described in the 

previous section (5.2.1.3). The only noticeable difference in the case of the reduced 
exponent is the relatively high rates given for overall equivalence ratios of less than 

unity. Therefore, virtually identical behaviour can be obtained using the reduced 
exponent by simply increasing the pre-exponential factor in the correlation. 

Thus, the cases examined show that rates are not highly sensitive to either 
activation energies or simple exponent values. This contrasts the marked 
differences between expressions of different form described in the previous section. 



CHAPTER 5.2 - 243 - SOOT MODEL RESULTS 
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5.2.1.5 Combined rates 

Given the variety of expressions proposed for soot modelling, and their different 

sensitivities, it is of interest whether better yield predictions could be obtained by 

choosing different combinations. In particular, it has been shown that exhaust 
smoke may be correlated in terms of chemical and turbulence parameters, and a 
hybrid model accounting for both effects could be used. Nakakita has reported 
improvements in predictions by use of this technique in a multi-dimensional 
simulation for an IDI diesel engine. However, Figs. 5.36 and 5.37 show that the 
basic rate predictions vary widely and in using different combinations of expressions 
some calibration is of course necessary. 

The oxidation expression due to Nagle takes into account the effect of varying 
partial pressures of oxygen over a wide range of conditions and may be assumed 
to provide a better description than those expressions which were obtained under 
narrowly defined conditions. Magnussen's EDC oxidation rate is the only expression 
linking soot oxidation directly to turbulence parameters. Therefore, the effect of 
using a combined Nagle-Magnussen EDC oxidation rate, together with the original 
Hiroyasu formation rate was investigated. The oxidation expressions were 
calibrated by use of different multiplicative constants. 

The results were not encouraging, giving much poorer performance than the 
Hiroyasu pair of expressions, irrespective of the magnitude of the calibration 
constants used. The reason for this can be seen in Fig 5.45, which shows the 

relationship between the Hiroyasu formation rate and the uncalibrated oxidation 
rates in the period up to 80° aTDC. The Hiroyasu oxidation rate varies in a very 
similar way to the formation rate during the main combustion period, whilst the 
Nagle and Magnussen EDC expressions remain much more stable (the reasons for 
this behaviour were described in section 5.2.1.3). Therefore, the calculated peak 
yields are higher and the exhaust levels are lower, as shown in Table 5.10. The 
difficulties of rate matching are discussed further in the next section (5.2.2). 

Oxidation expression Exhaust soot (g n) Peak soot (g m 3) Pk/exh ratio 
Hiroyasu 0.363 1.58 4.35 

Nagle 0.093 2.50 26.9 

Magnussen EDC 0.014 6.31 441 

Table 5.10 - Calculated soot yields using different expression combinations 
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5.2.2 Discussion 

The complex mechanisms leading to the emission of smoke from a diesel engine 
and the modelling techniques applied to the problem were reviewed in chapter 3. 
It was noted that different conceptual models have been employed, with a clear 
distinction between those based solely on chemical kinetics and those which involve 

a turbulent mixing description. Also, correlations used in modelling soot emission 
derive both from local measurements in simplified combustion systems and more 
global correlations fitted using combustion simulations. The performance of a 
variety of these soot expressions was examined using the zonal simulation 
developed in this work and results were reported in the previous section (5.2.1). 
Conclusions are now drawn on the relative merits of the various modelling 
techniques and their general applicability is discussed. 

The first part of the analysis focuses on the expressions proposed for soot 
formation and oxidation. This is followed by a more general discussion. 

5.2.2.1 Rate expressions 

Introduction 

The goal of soot modelling is the accurate prediction of in-cylinder and exhaust soot 
at any operating condition and in any engine. This was not achieved in the current 
work, but careful analysis of the predicted rates and rate comparisons gives insight 
into the requirements of a practical emissions model. 

In this study, the expressions due to Hiroyasu form the basis for comparison, since 
they are calibrated to give yield predictions in line with experiment. Fig. 5.31 

shows that the calculated formation and oxidation rates for these expressions give 
very similar trends with crank angle, with the net soot production/consumption 
arising from a relatively small difference in the rate magnitudes. Despite this 

apparently fine balance, it is relatively easy to calibrate these rate expressions to 

give a good match to the experimentally-observed peak and exhaust smoke 
concentrations. Though the results of the parametric study were poor, in most 
cases this can be traced to clear deficiencies in the combustion model, rather than 
the soot expressions themselves. This may also account for the discrepancy in the 
timing of the peak in yield. It was shown that sensitivity to the values of activation 
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energy used is fairly low. Nevertheless, applicability in different engines and models 
has not been well-established. All that can be said is that the expressions serve the 
purpose of smoke prediction in this type of model. 

From these results, it seems that in this type of combustion model, the soot 
formation and oxidation rates must be well-matched, that is, they must show similar 
trends with crank angle. A brief look at the comparative plots of Figs. 5.36 and 
5.37 reveals a wide variation in rate magnitudes and considerable variation in 
trends. If different expressions are to be used in conjunction with each other, 
calibration will generally be necessary, but even so there will usually be difficulties 
in combining rates, as demonstrated in section 5.2.1.5. This matching requirement 
is borne in mind in the following discussion of the performance of the individual 

expressions. 

Individual expressions 

The calculated formation rates from the single-step expressions reveal broadly 

similar behaviour to that of the Hiroyasu expressions, but with different sensitivities 
to the chemical composition. A ranking in terms of sensitivity to fuel and oxygen 
concentrations is observed, with the Hiroyasu rate being least sensitive, and the 
Farmer, Harmadi and Khan rates being progressively more so. The absolute 
magnitude of the calculated rates is generally poorly matched to the Hiroyasu rate, 
and calibration would probably be necessary in all cases. Yield predictions obtained 
using alternative (calibrated) formation expressions would be worse than those of the 

original combination, particularly for those expressions which are more sensitive to 
the chemical composition. This may not mean that these expressions are less 

useful for prediction of diesel smoke, but simply that they are less suited to use in 
the current model. Use of the Tesner formation expression is discussed under 
"More detailed expressions" below. 

The oxidation expressions show more distinct variations in behaviour, and can be 

categorised into four groups as shown in Table 5.9. Consequently, the rates are 
not generally well-matched, even when calibration factors are used. It is likely that 
Nagle's expression is the most generally useful, since that study measured rates over 
a wide range of oxygen partial pressures, including the calculated levels of the 

simulation. The inadequacy of expressions derived under more limited conditions 
is clearly demonstrated by the Lee and Magnussen laminar results. In this case, 
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there is a large quantitative difference in the rates and different trends with oxygen 
partial pressure are shown, even though both expressions were fitted to the same 
experimental data. 

The Hiroyasu expression is of similar form to that of Lee. Despite the lack of 
generality in the form of this expression, it is found to be preferable to the Nagle 

correlation for use in conjunction with the Hiroyasu-formation expression (see 

section 5.2.1.5). This is a rather unsatisfactory result, since it suggests that a 
combination of errors is to some degree responsible for the satisfactory predictions 
of the Hiroyasu expressions pair. However, it may be that deficiencies in the 
combustion model representation lead to a poorer matching of the Nagle rate. One 

obvious model deficiency is the slight overestimation of zonal temperatures. 
Kamimoto has shown that soot oxidation virtually ceases when the local 
temperature drops below about 1800 K160. This occurs at about 40° aTDC, but in 
the simulation this temperature is not reached until late in the combustion process. 
Thus, the problem of excessive oxidation may not occur if the calculated zonal 
temperature were a better match to the experimental values. Other sources of error 
are discussed in section 5.2.2.2 below. 

More detailed expressions 

In an attempt to provide a more generally useful description of the complex soot 
formation processes, a number of more detailed formation mechanisms have been 

proposed (see section 3.4.1.4). The Tesner formation mechanism is a popular 
example, describing the process in terms of radical nuclei and soot particles. A 

constant soot-particle size is assumed, though in other models the size is included 
as an additional variable. It may be supposed that these multistep models will 
provide a more accurate description of the formation process, since they represent 
a more complete description of the complex mechanisms involved. However, the 
particular case examined in this study met with limited success. 

The Tesner expressions (equs. B. 7 & B. 11, Appendix B) were derived at 
atmospheric conditions in a laminar acetylene flame. Both the radical nuclei and 
soot particle formation rates may saturate, that is, they contain negative terms 
which depend on particle concentrations. This is slightly problematic in the non- 
constant pressure environment of the diesel engine. If a constant saturation value 
is used, soot may be formed or'consumed' as the piston expands or compresses the 
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mixture respectively (even once nucleation has ceased). To avoid this, Nakakita 
introduced modifying factors, which have the effect of increasing the saturation 
concentrations in the diesel environment; these expressions were used in this study. 
Despite use of Nakakita s modifications, it was found that the soot expressions were 
often saturated. This led to many problems with numerical stability, and in order 
to cater for these conditions, many checks had to be built into the integration 

procedure, greatly increasing the complexity of the code. 

In using some of the other multi-step models, the numerical difficulties would be 

even more severe. This is because fractional powers are used, so that no parameter 
can be allowed to fall below zero at any point of the integration procedure. 
However, these difficulties would not be encountered in a multidimensional model, 
where simultaneous integration is not necessary and the rates are merely used as 
source terms. Thus it seems that the more detailed models are better suited to use 
in CFD-type simulations. 

Turbulence 

Turbulent effects have been shown to be important in the diesel engine. It is well 
known that turbulence reduces rates of chemical reaction relative to the levels 

obtained under laminar conditions. Magnussen has shown that this effect is of 
importance in soot oxidation, since use of a laminar expression with average 
composition values leads to a serious overestimate of the rate221. Also, Dent has 

shown that exhaust smoke levels may be well-correlated in terms of the timescale 
of turbulence55. Other studies have shown a correlation with the flame temperature, 
so it seems that both effects are important. Consideration is now given to the 
problem of accounting for these effects in practical emissions models. 

The rate comparisons of section 5.2.1.3 show that calibration is necessary in most 
cases. The required adjustment may be in either direction and the models affected 
include those fitted in combustion simulations as well as those derived from simple 
laminar studies. Thus, the calibration is required for a variety of reasons, and not 
only to account for the reduction of chemical rates due to the effects of turbulence. 
Consequently any attempt to explicitly describe this rate reduction will not remove 
the necessity for calibration, though it may increase the general applicability of the 
expression. It is apparent that other model deficiencies are much more significant 
than neglect of turbulence effects, as discussed above. 
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The effect of turbulence may be taken into account using an additional factor in the 

rate expressions which links the overall reaction rate to turbulence-related 
parameters. For example, the oxidation rate may be factored by the proportion of 
mixture in the heated fine structure, following Dent, or the minimum species 
concentrations at a point in the jet may be substituted for the averaged values 
following Magnussen221. Alternatively, the soot oxidation rate may be expressed 
directly in terms of turbulence parameters, as in Magnussen's EDC oxidation rate 
(see equ. B. 19, Appendix B). Unfortunately, the results obtained from this model 
were not entirely satisfactory, apparently due to the lack of a direct dependency on 
temperature. The turbulence parameters in the expression are relatively constant, 
and the rate is also proportional to the mass fraction burnt. Thus the calculated 
rate remains relatively high even late in the process. Nakakita observed a similar 
effect and introduced a hybrid model, using Nagle's soot-oxidation expression to 

supplement the Magnussen rate in terms of its temperature deficiency. This seems 
to be a reasonable solution, but it could not be tested in this study due to the more 
serious problem of matching these expressions to the Hiroyasu formation rate. 

Sources 

The expressions examined in this study derive from widely different sources, ranging 
from simple laminar flow experiments to models fitted to experimental data using 
engine simulations. A wide range of operating conditions are covered (see Tables 
3.9 & 3.10 in section 3.5). The only correlation which was derived using diesel 

engine data is that due to Khan, but very simplistic methods were used. Hiroyasu's 

correlations use some information from high-pressure and turbulent-flow situations, 
whilst Nagle's expression also covers the range of oxygen partial pressures found 
in the diesel. The model results were analysed to see whether any aspect of the 
behaviour could be attributed to the expression source. 

In some cases, use of a soot correlation far beyond the experimental conditions of 
its derivation led to quantitative errors. A good example is the Lee expression 
which over-predicts the oxidation rate due to the high values of oxygen partial 
pressure in the diesel. Apart from this, there are no distinct differences in the 
behaviour of expressions from different sources; on the contrary remarkable 
similarities are shown. For example, the Hiroyasu expressions are of similar form 

to the formation expression of Farmer and the oxidation expressions of Lee and 
Feugier, which were all obtained in simple combustion systems. On the other hand, 

some quite distinct differences are apparent between expressions derived in similar 



CHAPTER 5.2 - 251 - SOOT MODEL RESULTS 

experimental conditions, for example the Lee and Magnussen laminar expressions. 
Thus, there are more important factors than the expression sources. 

Conclusions 

Results have been reported from a wide variety of soot correlations. Despite their 

simplicity, the Hiroyasu expressions are found to be relatively well-suited to use in 

zonal combustion models. Though Nagle's correlation seems to represent a more 
general description of the oxidation process, it is not so well-suited to use in this 

simulation since no formation mechanism gives similar trends with crank angle. 
Also, multi-step models are available which represent the phenomena leading to 

emission more precisely, but numerical difficulties mitigate against their use in zonal 
models. Turbulence is known to reduce the rates of reaction, but because 

calibration is generally necessary for models applied in the diesel environment, this 
factor is obscured. Finally, the source of a correlation seems to be of little 
importance. 

More important than all of these factors is the sensitivity of an expression to certain 
key combustion parameters, which is related to the 'form of an expression. The 

oxidation expressions show the most distinct differences in this respect, as shown 
in Table 5.10; the formation expressions show a ranking of sensitivities to chemical 
composition, but no clear qualitative differences in behaviour. These differences in 

sensitivity give rise to markedly different trends when rates are plotted against crank 
angle. This has a serious impact on the emissions prediction, because the 

calculated yields are very sensitive to the matching of formation and oxidation rates 
throughout the combustion period. For example, the Khan expression is extremely 
sensitive to the small air concentration existing under rich combustion conditions, 
giving a very high formation rate during the main combustion period (in relative 
terms). On the other hand, the Magnussen laminar rate shows virtually no 
sensitivity to any of the combustion parameters. In both of these cases, poor 
matching to oxidation and formation expressions respectively means that yield 
predictions will be poor. 

Some of these effects are related to the particular combustion-model representation 
employed in this study, which uses zonally-averaged compositions and temperatures. 
The relationship to some of the combustion parameters is discussed further in the 
next section. 
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5.2.2.2 General modelling considerations 

This study has demonstrated that the Hiroyasu expressions are fairly well-suited to 
the prediction of exhaust smoke in zonal models using averaged compositions. 
However, these expressions are fairly simplistic and it is known that they do not 
properly represent all of the phenomena leading to soot emission. For example, 
Nagle's oxidation correlation has been shown to give a better description of the 
effects of oxygen partial pressure variation. It is possible that this apparent 
contradiction arises due to deficiencies in the combustion model, and certainly, 
different results would be obtained using different types of combustion model. This 

section extends the discussion, considering the relationship between the soot models 
and the underlying combustion models. 

The current model represents the combustion process using zonally-averaged 
compositions and temperatures, divided between reactants and combustion products 
regions. However, with the exception of the Tesner-Magnussen model, the soot 
expression inputs are zonal averages. Use of subzone values is feasible, but was 
beyond the scope of this work. In reality, sooting processes are highly Intermittent, 
since the unbumt fuel, air and combustion products are contained, to some degree, 
in separate eddies. This segregation will affect the rates of soot formation and 
oxidation, possibly in different ways. In particular, use of averaged soot expression 
inputs tends to overestimate the initial oxidation rate, though the error reduces as the 
uniformity of the mixture increases. Thus, neglect of the Intermittency also changes 
the response to parametric variations, because the calculated formation and oxidation 
rates would show much different trends if a more detailed description were used. As 

observed in the previous section, this is of great significance for the prediction of soot 
yields. 

The only practical way of describing the complexity of the heterogeneous mixture 
composition is by use of stochastic models employing Monte-Carlo methods (see 

section 2.2). Rather mixed results have been reported from soot studies which use 
these techniques. For example, Brown obtained very poor parametric predictions 
using a sophisticated stochastic model built on top of a multidimensional simulation. 
The same model gave excellent results for NOR, providing indirect validation of the 
thermodynamic description and indicating the model's utility in describing non-linear 
emission behaviour. The study of Mansouri227.228 found that the initial soot loading 

was extremely sensitive to the value of the rich flammability limit; increasing this limit 
from 0=3 to 0=4 led to an order of magnitude increase in smoke. In Kittelson's 

study174, poor results were attributed to the fact that the model used a chamber- 
average description. Xiao378 is the only researcher to have used a zonal stochastic 
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model, and no exhaust results are given for this study. 

Mansouri's findings raise some important questions. Though an equilibrium 
assumption was used to describe soot formation, this may not have been the primary 
cause of the extreme sensitivity to flammability limits. Rather, the fact that the rich 
zones of equivalence ratio between 3 and 4 are allowed to bum provides a region of 
very rich mixture which is also hot, giving rapid soot formation. This highlights the 
general problem of describing the interaction between the sooting processes and 
combustion, which is also of relevance in simple zonal models . In the current study, 
the extremely small concentrations of unburnt air under rich combustion conditions 
had a big influence on the sooting processes. In fact, most of the simulations applied 
to the study of diesel smoke involve a very simplistic description of combustion 
chemistry, using a single-step representation. Particularly in these regions of high 

unburnt fuel concentration, other chemical mechanisms will be of relevance. 
Generally, very little attention has been paid to the balancing of soot and other 
chemical processes, but it is likely that these issues are of great significance for 

61 emissions modelling. 

Thus, no improvement in soot emission prediction has been achieved by use of 
models which include a more detailed thermodynamic description. This is to some 
extent due to weaknesses in the soot models, since excellent NO,, results were given 
by one of these models. However, in most cases, the failure may also be partly 
attributed to remaining weaknesses in the thermodynamic description. A further 
factor may also be significant: in using a more detailed thermodynamic description, 
the soot rates become more sensitive to the variation in conditions as combustion 
proceeds. This makes matching of the formation and oxidation rates more difficult 

and results in less stable overall behaviour. The increased sensitivity also means that 
prediction of the effects of parametric change is less straightforward. Thus it seems 
that quasi-chemical soot correlations are not well-suited for use with more detailed 
combustion models. 

Finally, it has been shown that phenomenological models have some intrinsic 
advantages over multidimensional descriptions. Though the latter provide more 
detailed information on the sooting processes, in practical terms they are confined 
to using local averages. No success in predicting exhaust levels has been reported 
in the literature. However, somewhat paradoxically, these models are better suited 
for incorporating multi-step soot models. 

Appendix G describes the methods used in the current simulation program. 
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CHAPTER 6- CONCLUSIONS 

This thesis addresses the problem of the modelling of smoke emission from a diesel 

engine. As a basis for the soot modelling study, a combustion simulation was 
developed and validated. This chapter describes some of the main findings related 
to the combustion model and summarises the conclusions of the soot modelling 
study. Finally, a set of recommendations is presented. 

From the outset, it was proposed that a zonal phenomenological model would be 

used for the simulation. This model type gives a number of advantages. Since 

sooting processes are very sensitive to the local conditions, any effective model must 
provide some representation of the variation in conditions existing within the 

mixture. Zonal models use quasi-dimensional zones to characterize the different 

combustion regimes, and these can be supplemented using thermodynamic 

subzones, as in the current work, or more complex representations of mixture 
composition. Thus, these models provide a high degree of flexibility, placing no 
restriction on the complexity of the information which is fed into the emissions- 
model mechanisms. Though CFD models provide a detailed description of the 

spatial variation in conditions, in practice, the local statistical information provided 
cannot be used due to a lack of knowledge of the correlation between soot 
concentration and mixture fraction. Zonal models have the further advantage of 
being relatively undemanding computationally. 

The zonal model developed in this work uses a flexible and controllable spray model 
based on that of Hiroyasu126. Thermodynamic partitioning was achieved by use of 
the Magnussen EDC model, dividing each zone between regions of pure reactants 
and mixture which has passed through the heated fine structures. The latter region 
will contain excess fuel or air when combustion is rich or lean respectively, and this 
is potentially of great significance for soot modelling. 

The performance of the model was assessed by comparison with the large empirical 
data-set of Kamimoto159. Some parameter tuning was required to obtain good 
agreement with experimental heat-release curves from the parametric study. In 

particular, it was found necessary to adopt the air-entrainment factors given by 
Kuo197 for light-duty diesel engines, and the amount of vaporised fuel burning in 

premixed mode at ignition was set to 27%, by fitting to the experimental data. 
Performance predictions are very reasonable, though the calculated temperatures 
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are slightly high, leading to a slight overestimation of pressure. 

The main weakness which came to light was in the method used to represent the 

effect of swirl. Adoption of Hiroyasus correlation for the reduction of penetration 
due to swirl leads to a serious overprediction of entrainment at high-swirl conditions. 
Moreover, the calculated air-entrainment rate rises progressively as the swirl level 
increases. In reality, under high-swirl conditions the jet deflects and begins to move 
in the direction of the swirling airflow, so that following large deflection, the air 
entrainment rate drops below the zero-swirl rate. Therefore, even when a reduced 
swirl factor is used, the predicted air-entrainment rates are a poor match to 

experimental trends. Otherwise, the trends shown by the pressure curves are 
correct, and with the exception of the swirl case, the combustion-model predictions 
were deemed sufficiently accurate for the purposes of emissions modelling. 

Soot modelling techniques have been analysed in order to identify the key 

controlling features and critical model parameters. For the first time, a detailed 

comparative study was made of various soot model mechanisms. Previous work has 

reported some success in prediction of emissions by use of simple correlations, 
mainly quasi-chemical rate expressions. This is perhaps surprising, in view of the 

enormous complexity of the sooting processes and the different mechanistic steps 
involved. 

In this work, the predictions of the popular quasi-chemical expressions due to 
Hiroyasu were first compared with the experimental results from the parametric 
study. The results matched the experimental trends in only about half of the 

parametric cases examined, with poor estimates of the effects of swirl, injection 
timing and load. In each case, though, the errors could be traced to combustion- 
model deficiencies. The poor representation of the effect of swirl has been 

mentioned above. Air entrainment was substantially under-predicted in the case of 

advanced injection, perhaps due to under-estimation of turbulence levels at this 

point. Most seriously, under high-load conditions, the reduced availability of fresh 

air charge to mixture at the back of the spray is not represented in the model and 
it is assumed that air is taken up by the spray at a fairly continuous rate until it is 

exhausted. In practice, the fuel which is injected late will tend to entrain 
combustion products from earlier combustion; since there is no simple way of 

representing interzone species transfers, this is a significant shortcoming. 
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The joint-model of Tesner-Magnussen has been selected for particular study. This 

model attempts to build in more understanding of the sooting phenomena by 

employing a more detailed formation mechanism and the sooting processes are 
followed in heated fine structure and surrounding fluids regions. The analysis 
showed that the soot formation rates are saturated for much of the main 
combustion period, so that radical and soot concentrations merely follow the 

saturation values, rendering the model ineffective for parametric predictions. Also, 
integration of the simultaneous formation equations is highly complex, and near to 
the saturation limit, numerical instabilities arise. In solving this problem, the model 
developed in this study became relatively complex and more computationally 
demanding. Similar difficulties would be faced by all detailed models of similar form 

and it seems that these expressions are much better suited to use in CFD-type 

models, where more advanced numerical integration techniques are used as 
standard. 

Examination of the other soot rates revealed a significant variation of sensitivities 
to combustion-model parameters. The formation expressions show a ranking of 
sensitivity to composition and temperature, with the Khan rate being most sensitive 
followed by those of Harmadi, Farmer and Hiroyasu. The oxidation expressions 
examined show more distinct qualitative differences in behaviour. The Magnussen 
laminar rate is extremely insensitive to combustion parameters and of very limited 

value for diesel smoke prediction. Those expressions which are proportional to 

oxygen mass fraction (Hiroyasu, Lee, Feugier) show a drop in rate as the overall 
oxygen concentration falls during the combustion process. The Nagle expression 
shows very different behaviour, with very little sensitivity to oxygen mass fraction 

once the temperature has dropped below 2000 K. Thus the rate remains much 
higher later in the cycle. Finally the Magnussen EDC rate is only proportional to 

oxygen mass fraction under rich conditions. Since the rate is expressed in terms 

of turbulence parameters, which are relatively constant, it also remains much higher 
later in the cycle. These differences have a big impact on the predictions of exhaust 
soot. 

In most cases, the overall rate predictions are quantitatively poor. This is often due 

to the use of expressions beyond the range of conditions for which they were 
derived. For example, the different sensitivities of the Magnussen laminar and Lee 

expressions lead to a difference in rate of several orders of magnitude under diesel 

engine conditions, though the expressions were fitted using the same experimental 
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data. These effects also tend to obscure the reduction of rates due to turbulence. 

The source of the various soot correlations was found to have no influence on the 
form and sensitivities of the expressions. For instance, the Hiroyasu and Farmer 
formation rates are very similar in form, though the first was proposed for use in 
diesel engine simulation, whilst the latter derives from measurements in a simplified 
continuous combustion system. The same can be said of the Hiroyasu and Lee 

oxidation expressions. On the other hand, the Magnussen laminar and Lee 

correlations give very different behaviour though they both derive from the same 
source. 

It has been observed that soot predictions are insensitive to variation of soot-model 
parameters such as activation energies and equivalence-ratio exponents. The 

predominant influence on sooting behaviour comes rather from the overall 
dependency or 'form' of the expressions. The qualitative differences between the 
oxidation expressions are of particular importance, giving different trends of rate 
against crank angle. This has a big impact on the sooting behaviour, because the 
calculated soot yield is very sensitive to the 'matching' of the formation and 
oxidation rates. Consequently, the Hiroyasu expressions give relatively satisfactory 
performance, for in this case the formation and oxidation rates follow closely similar 
trends. However, the success of this model may arise simply from the relative 
insensitivity shown to combustion parameters, rather than accuracy in representing 
the real dependencies of the sooting process. In fact, the oxidation expression is 

expected to be less generally useful than the Nagle expression. This is 
unsatisfactory and suggests a weakness in the combustion model. Overestimated 

zonal temperature may be part of the cause. 

The applicability of the soot modelling techniques in different types of combustion 
model has been considered. It was concluded that when a more detailed 
thermodynamic description is used, for example in stochastic models, the problems 
of matching formation and oxidation rates are increased. This finding also applies 
to CFD models, though to a lesser degree. Thus, there Is no improvement in the 
results obtained from detailed models, and this has been confirmed by the findings 

7 
. of other workers3,227 

In conclusion, the most successful models are those which use simple quasi-chemical 
soot mechanisms in conjunction with simple zonal combustion models. In this type 
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of model, it is crucial that the overall predictions of the combustion model, 
particularly the air entrainment rates, are accurate. Accurate prediction of the 
thermodynamic state, especially the temperature, is also very important. As far as 
the soot models are concerned, the key issue is the matching of the formation and 
oxidation rates and this is highly sensitive to certain dependencies of the oxidation 
expressions. Paradoxically, use of more detailed thermodynamic descriptions, or 
more detailed soot models, leads to more unpredictable behaviour by making 
matching less controllable. Finally, the interaction of the soot and combustion 
chemistry is of great significance. 

Specific conclusions are presented below in the form of a series of 
recommendations for diesel combustion and emissions simulation. 

Model recommendations 

Zonal phenomenological models should be used as a basis for soot modelling, due 
to their general flexibility. Stochastic models give less stable soot model 
performance due to enhanced sensitivity to the combustion conditions. CFD 

models are practically confined to using local averages and are computationally- 
restricted. 

In order to correctly represent the effect of swirl on combustion and emissions, it 
is essential to use a spray model which describes the reduction in entrainment 
following significant deflection of the jet. 

In conjunction with zonal models, single-step quasi-chemical expressions should be 

used for best results. Use of more detailed soot models gives no advantages and 
incurs substantial computational complexity. 

In order to exploit the full potential of the simple quasi-chemical expressions, 
accurate representation of the overall behaviour is essential. In this respect, the 

most important parameter is the overall air-to-fuel ratio of the jet, though the zonal 
temperatures are also significant. 

When expressions from different sources are applied in the diesel, calibration is 

usually necessary. 
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Explicit description of the reduction of chemical rates due to turbulence is not 
important, because the effect on soot rates is usually obscured by calibration. 

In achieving a good balance between in-cylinder and exhaust soot yields, attention 
should be focused on the relative magnitudes of the formation and oxidation rates 
over the whole of the combustion period. If the calculated rates vary in markedly 
different ways as combustion progresses, i. e. if they are 'poorly matched', then 
extreme sensitivity to calibration constants will be shown. 

In seeking to match soot formation and oxidation expressions, attention should be 

paid to certain key dependencies of the expressions. This is particularly important 
for the oxidation expressions, which show different sensitivities to temperature and 
oxygen partial pressure according to the absolute magnitude of these parameters. 
In this respect, the Nagle expression is found to be particularly problematic, since 
the rate is scarcely affected by the oxygen concentration below a certain 
temperature. It is therefore a poor match to all of the formation mechanisms 
studied. 

Amongst the quasi-chemical models, those of Hiroyasu seem to be best for 

emissions prediction. This is because the formation and oxidation expressions are 
well-matched, and relatively insensitive to conditions. 

Improved soot models could be developed by use of simulation programs like the 

one developed in this work. One of the most popular expressions in current use, 
Khan, was derived by fitting to exhaust data using a very crude model. Now that 

more advanced models are available, they could be used as tools for the 
development of more extensively validated and more generally useful expressions. 

In soot modelling work, particular attention should also be paid to the interaction 
of sooting processes and combustion. 



APPENDIX A- 260 - Soot yield prediction 

APPENDIX A- Soot yield prediction 

The effects of temperature and activation energies on the overall yield of soot may 
be investigated by applying some basic knowledge about the soot formation and 
oxidation processes. This appendix sets out the derivation of a yield equation which 
can be used to test sensitivities. 

The basic assumption of this analysis is that soot emission occurs in two discrete 

stages - formation and oxidation. A case can be made that this is a reasonable 
approximation to the processes occurring in a diesel, because soot formed in fuel- 

rich eddies is oxidised only when these eddies break-up. Even if it is not a strictly 
accurate description, the analysis allows a bound to be set on the expected 
behaviour. 

Crudely, the soot formation rate may be defined by the following equation (this 

assumes the dominance of chemical processes): 
E 

dmsoot 
=AeT 

(A. 1) 
dt 

Integration gives simply: 
L, (A. 2) 

msoot(t, 7) =Ate 

Thus, the yield at time 't. ' will scale with temperature according to: 

m soot =e 
4T t) (A. 3) 

moot (t. , To) 

The oxidation rate, however, is proportional to the mass of soot already existing: 

dm: 
__ = 

EI 

dt -Am,., e RT (A. 4) 

In this case, integration gives an exponential term: 
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m , (t', T) =m , t(t., 
T) eet'e 

The time, t', is measured relative to t,. The term Bt' is set by the boundary 

condition, T=To. Thus, the yield at time't' will scale with temperature according to: 

ma00, (t 
97) _em. ý�<<�T. º ` '` (A. 6) 

msoot(t. +7) 

The yield at T=To is defined as X: 

msc,, t 
"To 

=X (A. 7) 
msooc (t. 

I 
T) 

To determine how the final yield scales with temperature, it is necessary to 
substitute into equ. A. 6 from equ. A. 3. Using equ. A. 7 and simplifying gives: 

mt(t" T) 
_1 eýý(T' 

T (A. 8) 
m t(t', T) X 

This equation can be used to investigate the variation in yield with temperature and 
the activation energies. Fig. A. 1 shows the ratio of yields obtained in the 
temperature range 2000 - 3000 K plotted on a loge scale. The following activation 
energy combinations were used: 

Ef = 40 kcal/mol, Eo = 40 kcal/mol 
Ef = 40 kcal/mol, E. = 50 kcal/mol 
Ef = 30 kcal/mol, E. = 40 kcal/mol 

A yield of 0.1 is assumed for a temperature of 2500 K. 

It is seen that the yield falls with temperature over most of the range, whatever the 
activation energy. This is a consequence of the fact that the formation process 
gives a linear increase of soot at a rate set by the Arrhenius term, whilst the 
oxidation is an exponential decay in which the exponent is a function of a similar 
Arrhenius term. Thus it is not necessary to conclude that the oxidation process is 
more temperature sensitive. 
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Figure A. 1- Ratios of soot yields v temperature for different activation energies 
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APPENDIX B- Soot model expressions 

This Appendix gives details of the implementation of the soot model expressions. 
In each case, the equation is shown together with the constant values used. The 

expressions are presented in the order that they appear in the review of chapter 3 
(section 3.4). 

Formation expressions 

Khan; 197110 

EI dms 
dt 

=A sp 
euap 

6 RT (B. 1) 

A=0.468 
El = 40.0 kcal/mol 

Khan defines ý as the equivalence ratio of unburnt fuel in the soot-formation zone. 
This is expressed in terms of parameters used in the combustion model, i. e. the 
total fuel and air in the spray and the fraction of each which is said to be mixed, as 
follows: 

m) total 
mean 

(B. 2) 

MI 
mixed 

where dmean is the mean value of the equivalence ratio of unbumt fuel in the 
spray, i. e.: 

, Iýmean - 
meua 

`' 
ma,, 

(B. 3) 

In the current work, a separate soot-formation region is not defined. The 0 term 
input is simply taken as the equivalence ratio of unbumt fuel in the zone. This will 
generally be lower than the 0 values calculated by Khan. 
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Harmadi; 1982110 

A=2. Ox1012 
Ef = 40.0 kcal/mol 

Hiroyasu; 1982124 

dm3 
, _A 01.25T-1e RT 

dt 

I 
-±, dmý 

dt =A meU° p2e 
RT 

(B. 4) 

(B. 5) 

The value of A is variable. For the standard case illustrated in this thesis, the 
following value was used: 

A=0.2 
Ef = 12.5 kcal/mol 

The values of these constants used by some other authors are summarised below 
(following equ. B. 13). 

Farmer; 198169 

A=4.66x1014 

= 1.81 
m= -0.5 
n=1.94 
Ef = 32.0 kcal/mol 

Ei dmaoot 
=AmjmoT-e RT 

dt 
(B. 6) 
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Tesner; 1971345 

Radical nuclei formation rate: 

- 265 - Soot model expressions 

dnnuc 

dt 
= no +(f -3) nnuc - go Naoot nnuc 

where 
El 
RT no - Qo meuap e 

_ 
Tlocal prei 

go - go, 
ref T. 

ref 
plocal 

T1 
01 

prei 
b- bre/ 

Tr-l/ PI. 
Cal 

Soot particle formation rate: 

dNs00, 
= A(a - bN, 

ý, t 
)n 

dt nuc 

f -g=100s' 
go, rej =1x10"6 m3 particle-' s "I 
ao =1x1013 particles kg-1 g -I 
bfef = 8x10"5 m3 particle-1 s1 
a=1.6x105 particles m3 s-1 

(B. 7) 

(B. 8) 

(B. 9) 

(B. 10) 

(B. 11) 

The method used for implementation of the joint Tesner-Magnussen soot model in 
a partitioned thermodynamic structure is briefly described at the end of this 
appendix. 
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Oxidation 

Feugier; 197273,14 

A=1.3x106 
Eo = 32.0 kcal/mol 

Hiroyasu; 1982126 

E. 

dt _A mom, Xo' e 
RT 

dt 

_ 
E. 

dt 
Amaýt xo, p 

1.8e RT 

dt 

(B. 12) 

(B. 13) 

The value of A is variable. For the standard case illustrated in this thesis, the 
following value was used: 

A=6x10-6 
Eo = 14.0 kcal/mol 

Other authors have used different values for the constants in the Hiroyasu formation 
and oxidation expressions. Some of these values are summarised in Table B. 1 
(possibly the other authors have used different units in the oxidation expression): 

Author Condition Af0T A, 
x Ef (kcal/mol) E, (kcal/mol) 

Kittelson174 - 15.5 - - - 

Kuo197 0.51 engine 2.80 500 12.5 14.0 

Kuo197 2.01 engine 4.66 500 12.5 14.0 

Kouremenos19o 1 zone model 17 1 20.0 30.0 

Kouremenos192 2 zone model 70 5 19.1 28.7 

This study 0.781 engine 0.2 6x10-6 12.5 14.0 

Table B. 1 - Constant values used in Hiroyasu expressions 
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Lee, Thring, Beer; 1962207 

_I 
E. dm: 

oot =Am,. t 
Xos pTi e" RT 

dt 

A=1.085x104 
Eo = 39.3 kcal/mol 

Soot model expressions 

(B. 14) 

Magnussen; 1971221 

dms0t 
_ dt 

Eel 
A m... 

t 
e RT p0,2 

(B. 15) 

A=3.05x106 
B=3.10x101° 
E01 = 57.6 kcal/mol 
E,, 2 = 58.2 kcal/mol 

Nagle; 1962249 

LE,, 1 +B e RT pO=2 

dmsýý 
=A mss 

kA po, X+ kBpo=(1 -X) dt 
ý1 + kZ 

where X, the fraction of the surface covered by active sites, is: 

X= 1 

1+ 
kT 

pot kB 

and k is a simple Arrhenius term: 

_ 
E_ 

k=Ke RT 

(B. 16) 

(B. 17) 

(B. 18) 
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KA = 20. 
KB = 4.46x10-3 
KT = 1.51x105 
KZ = 1. /21.3 
Eo, A = 30.0 kcal/mol 
Eo. B = 15.2 kcal/mol 
Eo, T = 97.0 kcal/mol 
Eo, Z = 4.1 kcal/mol 

Magnussen; 1976223,225 

- 268 - Soot model expressions 

The rate of soot oxidation is related directly to the rate of combustion: 

d maw, 
_dmf 

mit (B. 19) 
dt dt m1 

The combustion rate is expressed in terms of turbulence parameters as follows: 

f1 
1k 

mmm X (B. 20) dd 
= 23.6 ý'-2 

k 

The method used for implementation of the Tesner-Magnussen model is now briefly 
described. 

Tesner-Magnussen model implementation 

The implementation of a joint model using the Tesner formation mechanism and 
the Magnussen EDC oxidation expression is described in various publications by 
Magnussen223,224,225,226 and also by Ahmad3. The basic principle of the model is to 
compute the rates of soot formation and oxidation within the framework of a 
thermodynamic structure which has been partitioned between regions of 
'surrounding fluids' and 'heated fine structure'. The partitioning also permits 
simultaneous computation of the fast combustion chemistry by using the modelled 
rate of mixture transfer through the heated fine structure region, where fuel is 
allowed to burn (see section 4.4.3.4 for more details). Turbulence parameters are 
used to define the region sizes and the transfer rate, using a model known as the 
eddy dissipation concept (EDC). 
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In implementing this model, it is important to define the method used to obtain the 
temperatures and compositions in each of the thermodynamic regions. In fact, in 
the current work a separate thermodynamic partitioning has also been defined 
between reactant and combustion products regions, as described in section 4.4.4. 
These regions are consistent with the Magnussen concept, since the evolution of the 
combustion products region is defined according to the rate of transfer through the 
heated fine structure region. The temperature of the surrounding fluids region is 
simply taken as that of the reactants in the current model, whilst the temperature 
of the heated fine structure corresponds to that of the combustion products region. 
The error introduced by this approximation will be small. 

Definition of the mixture and soot compositions to be used for each region is not 
so straightforward. In the earliest paper of the series, it is stated that the variables 
used in the soot model expressions are related to the mean values223. However, in 
that study, soot formation was limited to the regions of unburnt fuel, i. e. it was not 
allowed in the heated fine structure region. In the later studies, soot formation was 
permitted in both surrounding fluid and heated fine structure regions 224.225.226. The 
fuel concentration input is apparently still taken to be the mean concentration. 
However, the computation of the soot formation rates is now greatly complicated 
by the fact that mixing processes occur in parallel with the formation process 
transferring soot particles to and from the heated fine structure region. If these 
transfers are to be fully accounted for, then it would be necessary to simultaneously 
integrate both pairs of soot model expressions for each of the thermodynamic 

regions. This is not practical. 

This difficulty is bypassed by assuming local equilibrium between the surrounding 
fluid and heated fine structure regions following Magnussen's recommendation. The 

equations given by Magnussen are unclear, and in the current work, the soot nuclei 
and soot particle concentrations input to the soot model expressions were simply 
taken as the zonal average values from the previous timestep. This will have an 
impact on the behaviour of the expressions, since a timestep dependency has been 
introduced, but it is the only practical way of implementing the model. The 
timestep dependency was investigated by introducing a fractional timestep for 

computation of the Tesner-Magnussen soot model alone. It was found that the 
calculated rates were fairly insensitive to the length of the calculation timestep and 
the conclusions which were reached regarding use of the model are not affected. 



APPENDIX C- 270 - Expression derivations 

APPENDIX C- Expression derivations 

This Appendix lists various expressions which were derived by the author for use 
in the computer model. They are set out in the order in which they appear in the 
thesis. 

Cross jet velocity profile 

Hiroyasu gives a cross jet penetration correlation 126: 

S, =Se -8.557210' (I -1}Z (C. 1) 

where I is the zone number in the radial direction. 

Since the spray model used is simple, the velocity distribution coefficient, C1, can 
be obtained directly: 

Cf _e -8.557x 10' U -1? (C. 2) 

Hiroyasu uses 10 cross jet zones. Generalising to the case of n cross jet zones, C, 

may be written as: 

-0.693ýý (C. 3) 

C1 =e 

This can be simplified to give (equ 4.8): 

JI -1 (C. 4) 
Cf = 2.0 -n- ' 

Break-up region penetration expression 

A diagram showing the break-up region is given in Fig 4.3. In order to define the 
velocity of an arbitrary cross jet zone, a linear variation of velocity is assumed 
between the position of break-up for the zone in question and the end of the break- 
up region, where the centre-line zone breaks up. The boundary conditions are as 
follows: 
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At the break-up position of a zone: 
S= I'sone 

dS_U 
dt . one 

t= tbrk, 
zone 

At the end of the break-up region: 

S= Lc1 
dS 
dt =c U`, 

t= tbrk 

Expression derivations 

(C. 5) 

(C. 6) 

Therefore, an the expression for zonal velocity in the break-up region can be 

written: 

dS Lcý -S S -Lai C. 7 
dt = Usone lL, 

-L.... 

) 

dL _L cl sons 

An expression for the penetration, S, in terms of the general time, t, can then be 
derived by integrating this expression over the length of the break-up region, and 
applying the boundary conditions: 

S_ 
IUclCjLzone 

- Usonel'cl 
1_ 

Ucr C1 (l'cl -I'sone] 
e 

UcIC1 - U.... 
" 

UsoneLcl -UciCiLzone (C. 8) 

Finally, a general expression for the zone velocity can be obtained: 

(t -cl)(U, Cf -U-) 
dS CeL -L... (C. 9) 
dt `' f 
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Squish effect on penetration 

If air which is taken up by the fuel spray is moving in the opposite direction with 
a squish velocity, U$q, then by applying the principle of conservation of momentum, 
the following equation may be written: 

Umtat = Uo m1-ESmausq (C. 10) 

where Sma is the mass of air entrained during each calculation timestep 

Thus, the general zonal velocity, U, is: 

Um ESmv 
meot mtot 

In the case where the squish velocity is zero, 

U=U. ml (C. 12) 
mtot 

However, for this case, 

U= ds (C. 13) 
a 

Thus, the first term represents the zone velocity relative to the air. This is already 
known for the case of zero squish, being obtained from equs. 4.4 - 4.12. Simple 

consideration of the velocity reduction in the squish case allows us to write: 

U= U°U v. ' dS Sm ° V', (C. 14) 
Gt , 0, 

This is equ. 4.16. The second term on the right hand side accounts for the effect 
on the absolute velocity of the entrainment of air moving in a direction counter to 

, 
that of the jet. A simple check is to consider the case where the relative velocity, 
d S�d t� tends to zero. As it does so, E5m6 tends to m1ot so that the absolute zonal 
velocity tends to - v. , as expected. 
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Combustion rate limit 

In chapter 4, an expression for the limit on the combustion rate due to the change 
in the mass components of the subzones in the evaporation, air entrainment, 
sooting and combustion processes was derived. Similar expressions can be obtained 
considering the change in the air masses and fuel masses independently. 

For the air limit, consider an air mass in the reactants subzone, m, ', to which is 

entrained a mass of air given by (dma /dt)ent St, and which looses a mass of air (d mf 
/dt)., St AFRsto in oxidation of soot during a small time interval St; at the end of 
the timestep At, mass m,, of mixture remains. 

By balancing the mass consumed in burning during the timestep with the change 
in air mass in the reactants subzone, a limit on the average rate of consumption of 
fuel can be set: 

dmI 
6t AFRsto <- mä - mä + 

dma 
6t - 

d'nf 
St AFR,, 

o dt , l� dt 
eßt 

dt 
soot 

11 

dma 
(C. 15) 

dt ent_dmf 
Rxjerma 

St 
dma 

dm 
<- 

AFRsto dt 
soot 

AFR: t, + 
dt 

Q�ý _ 
dm, 

dt , ý, At AFR., 
o 

dt 
,,, ' 

where ma is the instantaneous mass of air in the reactants subzone which is 
followed during the evaluation of the numerical integral 

For the evaporated fuel limit, consider an evaporated fuel mass in the reactants 
subzone, me , which gains a mass of fuel (d me. /d t),,,, p 

St due to evaporation, and 
which looses a mass of evaporated fuel (d m1 /d t) «, 

St in oxidation of soot during 

a small time interval St; at the end of the timestep At, evaporated fuel mass m, + 

remains. 

By balancing the mass consumed in burning during the timestep with the change 
in evaporated fuel mass in the reactants subzone, a limit on the average rate of 
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consumption of fuel can be set: 

dm, 
t<- meva - ºneýa + 

dmýoa 

dt Ih dt 

Expression derivations 

,t _dm, St 
evap 

dt 
, a, t (C. 16) 

dmeUa 
_ 

m, 
-Rf r 

meua St 
d mt < 

dt 
evap 

dt 
soot 

dme�, dm f 
dt �m At dt 

e�p 
dt 

soot 

where me is the instantaneous mass of evaporated fuel in the reactants subzone 
which is followed during the evaluation of the numerical integral 

Temperature change when composition is changing rapidly 

In most cases, cp is not constant during the calculation timestep. By assuming a 
linear increase in the value of c, (= dU/dT) during the timestep, a more accurate 
expression can be derived. Thus, we write: 

dU 
_ 

dU 
_ 

dU AU + 
dU 

dT dT2 dT1 U2 -U1 dT1 (C. 17) 

_ 
dU 

_ 
dU 

+ 
dU 

dT2 dTl U2 -U1 dTl 

where 1 applies to conditions at the start of a calculation timestep 
2 applies to conditions at the end of a calculation time-step 

Also: 

dT = 
dU 

(dU) (C. 18) 
ldT) 
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Substituting from equ. C. 17 into C. 18, integrating, and simplifying, gives the 
following expression: 

dU 

DU ̀°` log` 
dT2 
dU 
dTi 

AT = dU dU 
äT2 äT1 

Replacing dU/dT by cp we obtain the following, which is equ. 4.101: 

AU�>, lie 
-Cp 

OT = 
CPs' 

Cpl -Cps 

(C. 19) 

(C. 20) 
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APPENDIX D- Property Values 

Units are SI unless otherwise stated. 

Liquid fuel data 

'Light' diesel, as defined by Kanury162 and Heywood' 16, is used as a standard fuel in 
the simulation program. The reaction chemistry is always computed on this basis, 

as well as other minor properties. However, for ignition delay, atomisation/ 
evaporation and heat-release calculations better results can be achieved by a more 
detailed specification of fuel properties. Thus, tridecane and gas oil are of interest 
in this study as these fuel were used in the experimental work of Kamimoto159. 
Property values are given below for each of these fuels in turn. 

'Light' diesel 

Fuel chemistry 

'Light' diesel has an average molecular weight 170 and formula C�H1.8,, 
(giving n- 12.3) (Heywood116). Kanury gives the average boiling point as 
250°C 162. The oxygen content of the air is taken as 21.0% (Heywood116), 

so that stoichiometric air-fuel ratio is 14.47, and F (stoichiometric mass 
fuel/mass oxygen) is 0.316. 

Latent heat - 2.674x105 J kg"' for light diesel, Kanury162. 

Heat of combustion 
Heywood"' gives a 'higher' heating value of 44.8 MJ kg'' for light diesel. 

Density 

A value of 876 kg m3 is given by Kanury161 for light diesel. 

Specific heat capacity 

For the liquid fuel (light diesel), Kanury162 gives a value of 1883 J kg'' K'1. 
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Coefficient of viscosity 

The coefficient of viscosity of the liquid fuel is approximately 1.35x10"5 kg 
m2s1 at 25° C (dodecane value, Kanury16ý 

Surface tension 

The following equations from Perry's Chemical Engineers Handbook273 are 
used to relate the surface tension to the droplet temperature and the critical 
point conditions for the fuel: 

ii D. 1 
a =P3 

_ fc) T q(1 -T) 

where: 

T= 
Ti 

T, 
TC 

and: 

(D. 2) 

q=0.1207 1 +T rlO9ePc -0.281 
(D. 3) 

br 

where: 

TB 
T6r 

T 
c 

(D. 4) 

The Chemical Engineers' Handbook272 gives a critical temperature of 449° 
C for fuel of API = 30, and a corresponding critical pressure of 23.1 

atmospheres. For dodecane, Faeth" gives a value of 20.8 atm for the 
critical pressure of pure fuel, and predicts 36 - 57 atm for a droplet critical 
burning pressure. 



APPENDIX D- 278 - Property values 

Gas oil and tridecane properties 

Fuel chemistry 

Average molecular weight of gas oil: 208, formula C., H1.82n 
Average molecular weight of tridecane: 184.4, formula C,, H2.15n 

Heat of combustion 
'Higher heating value of gas oil: 45.7 MJ kg-' 
'Higher heating value of tridecane: 44.3 MJ kg-' 

ensi 

Gas oil: 840.3 kg nz 3 
Tridecane: 756.8 kg n3 

Cetane number 
Gas oil: 57 
Tridecane: 81 
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Gaseous species data 

Air density - taken from the thermodynamic-state calculations already implemented. 

Coefficient of viscosity 

The following expression is given by Heywood116 for air and combustion 
products: 

u_3.3x10'T°"' 1+0.0270 
(D. 5) 

This expression fits experimental data accurately up to an equivalence ratio 
of at least four. 

Thermal conductivity 

The following general formula is given by Kanury162: 

T (D. 6) ý_ 
oT 

where n-0.94 for gases, n-1.83 for vapours. 

The following base values are given162: 

Species Thermal conductivity (J m1 s1 K') at 273.15 K 

CO2 0.0151 

H2O 0.0151 

Air 0.0244 

Table D. 1- Thermal conductivities of C02, H2O and air 
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Maxwell gives a approximate chart for hydrocarbon data231. For an average 
molecular weight of 170, the following equation has been fitted to the chart 
line: 

X=1.55x101T -0.032 

Internal energy 

(D. 7) 

For the gaseous species, the following expression was derived' from the 
polynomial expansions for CH2 hydrocarbons and their combustion products 
given by Krieger & Borman194: 

u (t, m,, m f, mob, Mid = 
(Al Ma +A2m, +A3mab +A4 mfb) (D. 8) 

where 

(ma + m1 + mob + mlb) 

Al =211.1+692.0t+39.17t2+52.93t3-22.86t4+2.776t5 

A2 = -1012. + 145.6t + 2734.5t2 -610.9 t3 -132.7t4 + 69.25t5 

A3 = 692.0t + 39.17t2 +52.93 t3 -22-86 t4+2.776t5 

3,356) 10, 
f17.52 

- 
22.14 0.1035 

- 0. P 

+ 2.326e1 it 

A4 = -44216. + 827.0 t+ 1377.4 t2- 312.1 t3- 29.04 0 

in kJ/kg-mixture, where t= (T in K/1000) 

The correction of an error in the combustion-products term given by Krieger 
& Borman194 is described in the author's MSc thesis3. A check on the 

accuracy using an alternative polynomial expression given by Heywood"' is 

also given in that work. 



APPENDIX D- 281 - Property values 

Specific heat capacity 

An expression for the specific heat capacity can be derived from the above 
internal energy expression: 

cP(t+ mal mil mab, Mfl) _ 
(B1 ma + B2 m1 + B3 mab + B4 mJb) 

(ma+m1+mab+mjy) 

where 

+ 

Bl = 692.0 + 78.35 t+ 158.8 t2 -91.45 t3 + 13.88 t4 

B2 = 145.6 + 5469. t- 1833. t2 - 530.7 t3+ 346.3 t4 

B3 = 692.0 + 78.35 t+ 158.8 t2 -91.45 t3 + 13.88t4 

0.2408 (213.9 - logep) 
el 

17.52- 22 
t 
. 14 

'I0.1035 _ 0.3356) log p] 
e 

t2 

B4 =827.0+2755.1-936.5t2-116.2t3 

(D. 9) 

in kJ/kg-mixture, where t= (T in K/1000) 
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Soot-data 

Heat of combustion 

For carbon oxidation, the heating value given by Heywood"" is 33.8 MJ kg''. 
For the standard fuel (light diesel), the heat released in formation of soot 
from fuel can be obtained by difference: 11.0 MJ kg''. These values are 
modified as follows for the experimental fuels: 

gas oil: 34.5 MJ kg 1,11.2 MJ kg-' 
tridecane: 33.6 MJ kg"1,10.7 MJ kg-' 

Densi 

The value for the soot particle density is normally taken to be slightly less 
than that for carbon"', which is 2.0 kg m3. In this study, a value of 1.8 kg 

rff 3 was used. 

Particle size 

Soot particle size varies considerably according to engine and operating 
conditions and in practice, a distribution of sizes will be found in any region. 
However, it is necessary in some cases to assume a particle size in order to 

calculate masses from number densities, and in this thesis a value of 27 nm 

. 
13 has been assumed' 

Other constants 

Acceleration due to gravity - 9.81 m s-' 

Normal conditions - p�, p = 101325 Pa, T,,, p = 293.15 K 
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APPENDIX E- Engine specification 

Combustion system Direct-injection diesel 

Cylinders 4 

Displaced volume 0.7801 

Bore 95 mm 

Stroke 110 mm 

Compression ratio 14.6 (shallow bowl) 
14.3 (deep bowl) 

Standard operating speed 1250 rpm 

Injection nozzle Four-hole, 0.2 mm diameter 

Injection pump Bosch 

Injection pump plunger diameter 7.5 mm, 9.0 mm 

Table E. 1- Engine specif icationl l 
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APPENDIX F- Mixing expressions 

The spray and combustion models do not permit mixing between model zones. 
This means that the both the zonal compositions and soot yield predictions tend to 
constant values after the main combustion period, whilst in reality there is a steady 
mixing in the time before exhaust valve opening. To remedy this, the calculated 
zonal compositions and temperatures are post-processed according to a mixing law 
before being used as inputs to the soot-model equations. The calculated soot yields 
are corrected using the same relationship. The equations used for mixing are give 
below. 

A factor, X, 
�,,, is defined to describe the extent of mixing. The mixed values of any 

parameter, P, are related to the original unmixed values, P� and a calculated spray 
average value as follows: 

"mb, = Po (1 -Xml) +PaugXmiz (F. 1) 

The mixing factor is related to the fraction of time which has elapsed between 
ignition, t, gn, and a 'fully-mixed' time, t,.,,. The later value is entered as a model 
constant; a default value of BDC timing was used. If a linear relationship with 
elapsed time were used, then X, 

�, x would be defined as follows: 

Ix 
t -t, gn (F. 2) Xm _ 

tjull -tlgn 

However, a more realistic representation is achieved by using weighting in the form 

of an S-curve rather than a straight-line. Thus, a modified expression is required. 
Equation F. 2 can be re-expressed as follows: 

Xmtv =1 _[l -t 
-tlgn (F. 3) 

tfull -tlgn 

By including an additional term, and S-curve weighting can be achieved: 
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n 
t -tlgn 

- 
(F. 4) t -t, gn bull -tlgn X, 

�, ý =1-1 tfull -tlgn txo 
r 

-tlgn 

t/ull -tlgn 

Here, txouer is the time at which the expression crosses over from underweighting 
the scaling predicted by the linear expression (equ. F. 2), to overweighting the 

scaling. The default value txouer - t, g� was set to 20% of the total time t1, ll - t, 9,,. 
The 

exponent, n, simply allows the degree of curvature of the S-curve to be adjusted. 
A value of zero corresponds to zero curvature; a value of 1.5 was chosen for default 

use. 
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APPENDIX G- Soot-combustion interaction 

This Appendix briefly outlines the methods used to describe the interaction of 
sooting processes and combustion. 

The main processes affecting the composition of the mixture in a zone are air 
entrainment, evaporation, combustion and soot formation and oxidation. At a 
given time and location, all of these processes will be occurring in parallel and 
description of the inter-relationship is complex. However, the rates of air 
entrainment and evaporation are relatively independent of the other parameters and 
can be taken as constants during a timestep. More problematic is the relationship 
between the soot and combustion processes. If the rates were integrated 

simultaneously, the combustion rate would generally dominate, consuming virtually 
all of the available unburnt fuel. This would have a serious effect on the soot 
production. However, the formation of soot is in fact an intrinsic part of the 
combustion process. Thus in modelling the process, the soot mechanism can be 

allowed access to all of the unburnt fuel. This does not imply that the sooting 
processes are more rapid than the combustion process, but simply that they form 

a fundamental component of the total burning. This approach was followed in the 

current work. 

Therefore, the calculated soot formation and oxidation rates are used as constant 
inputs to the balance calculation for the combustion rate (equ. 4.98, and equs. C15 
& C16, in Appendix C). However, in calculating the soot formation rate, it is 

necessary to take account of the variation in the concentration of evaporated fuel 
during the timestep. Similarly, the soot oxidation rate depends on the soot 
concentration which will also be varying. These problems were solved by means 
of a simple numerical integration for the soot and evaporation processes, neglecting 
the effect of combustion. The number of timesteps used for the integration was set 
according to the ratio of the initial rate and the existing soot concentration. 
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