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Abstract

This work presents a mathematical model for the anto-ighition process of 4 single drople
of pure liquid kydrocarbon at high pressure. The madel solves the Tadl transient equations
ol continnity. species diffusion and energy in the vapour phase snrronnding the droplet
using finite difference techniques. The Peng:Robinson equation of state is used to deserile
vapour-tiquid equilibrivm at the droplet surface, The offects on droplet eviporation ol

ignition of pressure, temperature, and liquid phase ditlusion of dissolved air are discussed.

The model was tested with a droplet size of 1.5 mm and an ambient temperature ol 973 LN
and pressure varving from 1 te 30 atm. For a pure (single component) fuels the iznition
delay time was found to be a strong function of presswre. temperature and dizimeter, The
ignition thme decrenses as pressare rises. At high pressure the reaction zone moves closer
to the droplot surface. The air diffusion in the lignid phase ansd coprrection of transport
properties for the effects of pressure have only siall effects o mnition titme, The moded
shows that the droplel cannot roach or pass the critical state but can only approach it
asvmptotically,

The fgnition beliaviour of a two-compotent mixtur is stronely controlled by thee oge
volatile component. A change in pressure does ot lieve sigaifican offeets on the hehaviour
of ignition titne with mixture composition.  Liguid diffusion has no large ofiect on thae

jenition time . but nay allect the subsequent combust ol proeesses,
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Nomenclature

a.b.ca S coollicients of the diseretization equations
a.h reaction orders with respect to fuel, oxyeen:

constants in the Peng- Robinson equation

Cp coustant pressure specific heat, (K3 /kp K)
o droplet diameter, (m)

n diffusion coeflicient., (mn=/x)

Dy, offective, and molecular diffusivity, (mlfs)
I cuergy ol activadion, {keal /ol )

I multiplication lactor, fugacity

e neass flnx (ka/m?)

I lieat of formation, (kJ/kg)

by, heat of vaporization. (kJ/ks)

I, effective heat of vaporization, (kd/ke)

5 prire component enthalpy. (k3 /Kol

i° perfeet was enthalpy, (ki fRimol )

i partial enthalpy, (kJ/Ke)

i partial molal enthadpy, (kS flemol)

Jj.t ditfusion flux in the vapour and Laguid plase respeetively, Chafins)
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Greek Letters
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P=pD

thermal conductivity. {W/m Kj

binary interaction parameter

pre-exponential factor

equilibrinm constant

molecular weight. (kg/kmol}

number of grid points in the vapour and liquid phase respectively
pressure, (kPa)

total heat flux. (W/m?)

radial position. (m)

droplet radius. (m)

gas constant, {kd/kmo! K)

=dR/dl

time. [sec)

temperature. (K)

radial velocity. (m/s)

volume, (m3)

velocity relative to £ coordinate

source term due to chemical reaction. (kg/m?s)
mol fraction: vapour and liquid phase respectively
mass fraction: vapour and liquid phase respectively

compressibility factor

relaxation factor
absorptivity of the droplet

diffusion coefficient (kg/ms)

iv



] viscosity of the lignid

E=r/R dimensionless coordinate

p density (kg/m®)

o Stefan-Boltzman constant {W/m? R')
o fugacity cocfficient

w acentric factor

Subscripts

AF.0 air. fuel, oxygen

c critical state

d droplet

EW castern and western grid point respectively
i chemical species

LL liquid

m mixture

P grid point

r teduced state

R droplet surface

v vapour

1.2 fuel compor~nts

o ambient

Superscripts

V,L vapour and liguid phase
o previous time step

! trial value
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Chapter 1

Introduction

1.1 Ignition Process

Droplet vaporization and ignition at near and super-critical conditions has long
been a matter of serious practical concern in the development of high-pressure com-
bustion systems. Examples include Diesel engines. gas turbines. lignid-propellant
rockets. etc. The underlying physical mechanisms are different from those at low
pressure, and contain many characteristics which the conventional low-pressure the-
ories cannot deal with.

In high pressure combustion chambers, the influence of the droplet vaporization
ignition process on engine performance is of primary importance. Spray combus-
tion systems are utilized in many fields of engineering, including Diesel engiues, gas
turbines and many industrial furnaces, where the fuel is atomized to fine droplets
to enlarge the surface area for fast evaporation and easy control of combustion rate.
In order to understand spray phenomena, it is a basic requirement to have a good
knowledge of single droplet behaviour. The phenomena associated with the evip-

oration of a single droplet and methods of predicting its evaporation rate are also
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Figure 1: Temperature and fuel concentration profiles near 2 vaporizing fuel droplet.

important in the analysis of engineering operations involving the processes of spray
cooling, and drying.

In a Diesel engine, ignition occurs shortly after fuel is injected into the hot,
high-pressure environment existing in the cylinder at the end of the compression
stroke. Fuel breaks up into a spray of fine droplets, which vaporize and mix with the
surrounding air. Chemical reaction begins if enough ignitable mixture is produced.
The temperature and pressure at injection in a modern Diesel range from 650 -
800°C and from 30 - 50 atm. This mode of ignition is called auto-ignition or
élmntaneous ignition, and is different from spark or flame ignition. The ignition
delay time is the interval between fuel injection and ignition and is important in a
Diesel because it affects the power output, efficiency and noise.

The present work is concerned with spontaneous (auto-) ignition of single droplets



at pressures well above atmospheric. It must be understood that o single droplet
does not completely represent the process of spray evaporation and reaction in »
Diesel. but is a necessary first step in studying the processes of liquid fuel ignition
which occur in the engine.

When a cold droplet is injected into a combustion chamber, it is heated by heat
conduction and convection from the surrounding air and by radiation from the hot
walls of the chamber, The fuel evaporates at the droplet surface. and the vapour
diffuses radially outward, mixing with air (see Fig. 1). The process of evaporation
and diffusion must produce enough mixture to sustain chemical reaction. In other
words. the total ignition delay consists of a "physical delay™ which is the thne
that the droplet is exposed to hot air environment and heated up for initiation of
gas phase reaction. and a “chemical delay”, which accounts for the time for these
reactions to accelerate to “runaway . The physical and chemical processes are
coupled together.

The ignition process is affected by:

the temperature of the surrounding air:

the vapour pressure (volatility) of the fuel components:

the reaction rate behaviour of the fuel components;

the droplet diameter.

The vapour diffusion velocity is roughly inversely proportional to droplet radius, so
vapour may leave a very small droplet at high velocity and make ignition impossi-
ble. Droplet ignition therefore involves the interaction of simultaneous physical and

chemical processes.



1.2 Previous Work - Atmospheric Pressure Model

The prurpose of the present work is to determine how pressure affects the ignition
churneteristics of fuels. It is part of an ongoing study of the relationship between
ignition and boiling hehaviour and chemical composition, with particular reference

to the applieation of Canadian tar sand and other fucls in Diesels and gas turbines.

Previous work done by Bergeron and Hallett [5.4,3] described ignition of liguid
fuel at atmospheric pressure. The work at atmospheric pressure was necessary to
establish mathematical modelling and experimental techiques. The mathematical
model of the mtoignition process developed for a single droplet solved the energy.
diffusion and continuity equations for the time-varying conditions in the vapour
phase surrounding the droplet using the finite difference techmique. A nmunber of
simplifving assumptions were made to reduce computational effort: spherieal sym-
metry. negligible reactant consumption prior to iguition, constant trausport proper-
ties ( Bergeron and Hallett [3]). and a uniform (but time-dependent ) droplet temper-
attre. Chemienl reaction rates were modelled with a one-step Arrhenius equation.
For two-component fuels, the liquid diffusion equat.imi was solved numencally. the
combined effeets of molecular diffusion and internal circulation being represented
by an effective liquid diffusivity. In the experimental technique the single droplet
was suspended on the end of a thin quartz fibre and an clectric furnace rolled over
the suspended droplet fast. enough to approximate a step change In temperature.
More details abont the experiment and model development are found iu Bergeron
and Hallett {3, Experiments were performed with the droplet size rauging from
1.0 - 1.6 mn and ambient temperature varving from 600 - 800°C. Reaction rate
constants requived for the model were fitted. using the experimental data for the
pare fuel components, The following conclusions were drawn about the behavionr

of liguid fuels:



1. Single component fucl:
e the ignition delay time is nearly independent of droplet dineter, b
decrenses strongly as temperature rises:
e the process of droplet ignition involves physical amd chemieal provesses
which are coupled together and oceur siinultancously:

o the ignition time is affected by the boiling point for fuels from the sae
chemical family: a higher boiling fuel will require o longer transient heat
ing period before vapour is evolved and henee give a larger ignition time:

e the most reactive fuel reacts only twiee as rapidly as the Jeast veactive
fuels: henee. ignition times for fuels of similay volatility from ditferent

chemical families do not ditfer greatly:
2. Two-component mixtures:

o the ignition behaviour of the mixture is strongly dependent on the be-

haviour of the more volatile component:

¢ the mixture reaction rate may be modelled by taking o mole fraction

weighted average of the rate constants of the components:

o liquid phase diffusion has little effect on ignition time and a0 well-mixed

mwodel corld be used for the liquid phase.

The model gave good predictions of experimental data for pure fuels and ixinres,

1.3 Research Proposal - High Pressure Model

The model developed in this thesis is an extension of the low pressure model just

deseribed to pressures high enongle to properly shmlate the Diesel environment.



Developinent of a model for high pressure vaporization and ignition is complicated
by the fact that some of the assampt jons used for low pressure are no longer valid
and several modifications are necessary. It is therefore proposed to extend the Jow
pressure work to pressures of 50 -60 bar. These pressures are well above the critical
prossures for the fuels which we are concerned about (eg. n-keptae P, = 27.0 atm,
n-hexadecane P, = 14.0 atm). Both experimental wark and mwathematical mod-
lling are required, but the present work contains only the mathematical modelling.

Work in the following areas is necessary to oxtend the model to high pressure:

1. Selection of a suitable deseription of vapour-liquid equilibrivan at the droplet

strface:
3 The offect of absorption and diffusion of air in the licuic] phase:
3. Selection of conelations for transport properties at high pressure:

1. Pressure effects on reaction rate.

These considerations will be discussed in detail in the next several chiapters.

Chapter 2 presents a literature survey of experimental work. mathematical mod-
elling. pressure effects on vapour-liquid cquilibrium (VLE). and numerical mcthods
for the study of single droplet ignition for one and two-component fucls. The math-
ematical model for o single component fuel is presented in Chapter 3. Results and
diseussion for single component fuels are presented in Chapter 4. Chapter $ presents
the mathematicn! model. results and diseussion for two-component fucls. followed

by conclusions and recomendations for fture work (Chaprer 6).



Chapter 2

Literature Survey

2.1 Introduction

Unfortunately there is not very much information in the literature about 1Enition
at high pressure. Only one study {Kadota et al. [17]) of high pressare ignition ix
found in the literature: it presents a simple correlation. but docs not shed el light
on the phenomena involved in the process. However, several maodels ave available
for pure evaporation or steady combustion of a droplet whieli we will diseuss later,
including a nunber of theoretical and experimental stuclies using # single droplet at
high pressure. This chapter will hriefly review the available we k. foensing on miath-
ematical models and aspeets of vapour-liquid equilibrivun and tramsport. properties

which are different from those at atmosphierie pressnre.



2.2 Quasi Steady Theory

The simplest theory for the deseription of droplet ¢ aporation and combustion is
quasi-steady theory, which is the basis of the “classical” droplet vaporization theory.
The main assumption in this theory is the omission of the transient terms from
the diffusion. energy and contimity equations for the vapour phase. As a droplet
hegins to heat up the temperature increases. the vapour pressure at the surface also
increases atcl the rate of vaporization rises. As the vapour pressure changes and
chemicnl reaction oceurs in the vapour, the gas phase undergoes transients to adjust
stself. These transients are described by the (8/8t) terms in the equations, The
temperatures. concentrations, and velocities change faster in the vapour phase than
at the droplet surface (beenuse of the significant difference in Bquid and vapour
densities). The ratio of the gas-phase heat and mass diffusivities to the droplet
regression rate is in order of 1000/1 (Law [19]). which is the same order as the
ratio of the liquid to gas densitics. The gas phase transient heing wmuch more
rapid. its effeers are assumed of low order and the liguid droplet heating becomes
the controlling transient process.  This allows the gas-phase transient terms to
be eliminated. The whole solution depends only on surface droplet temperature
and concentration (Tr. Yg). This theory. for constant surface conditions {(Tn, Yn)
predicts a constant droplet surface regression xate which i cxpressed in the ™ d¥ -law”
{ Berzeron and Hallet [5]). This theory has its limitations at high pressure because
ax prossure rises the gas phase density increases and the transient terms become
more significant. When the pressure approaches or exceds the eritical pressure of
the fuel, the density ratio (pi/p,) approches nnity and the liquid-gas interface is
no longer recognizable. the enthalpy of vaporization approaches zero and the guasi-

stendy theory fails completely.



2.3 Experimental Work

The main issues dealt with in the literature on high pressure droplet evaporation
and combustion are the extent ro which behaviour at high pressure resembles the
predictions of the classical quasi-steady theory. and the question of whether the
droplet itself actually becomes supereritical under supereritieal mubient. conditions
(eritical state is nsed with reference to the eritical state of the fucl not the aambient
gas).

The earliest known work on droplets at pressures above atmospherie is that of
Hall and Diederichsen [11], who performed experhnents on vaporizing and burning
suspended droplets ar pressures of up 20 atm. At high pressures, the dvoplet life-
time was found to deerense as P70 while the fiame moved eloser to the droplet
surface.

I experiments by Natarajan and Branstowski [25] on wrning pentane droplets
a clearly defined droplet remained visible at total pressures up to 1.26 tines the
critical pressure. the highest value astempted, suggesting that the droplet renmined
suberitical. Measnred dropler diameters showed that the linear relationship between
the square of droplet diameter and time predicted by the quasi-steady theory (the
“* law”) held approximately even at high pressure.

Facth et al. [9] recorded the liquid temperature histories of burning n-deeane
droplets suspended on thermocouples. and conelnded that the droplets heeame su-
pereritical at pressures in excess of twice the eritical. These experiments were
conducted at zero gravity in o free-fall apparatus, thus exeluding the effects of 1
ural conveerion.

Similar experinents were performed for n-octane and n-decane by Lazar sind
Faeth [20]. Combustion experiments were performed on single droplers suspetseled
from thermocouples by Kadota aud Hirogasn [17] for varions paradfins: their pe-

sults show that the droplet remains suberitieal up to at least L3 ties the eritieal
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2.4 Mathematical Maodels

The first model of Ligh pressure droplet combustion devised was that of Spalding
[33]. which treats the droplet as a point souree of fuel vapour of finite mass and
solves the trausient ditfusion cquation aualytically to arrive at a simple expression
for the Hme radins aud hurning thae, As no lignid phase is present in this model, it
is strictly ouly valid for supereritieal combustion (liguid pressare and tempernture
above the eritical values),

A similir model is presented by Rosner [20] using a finite rather than a point
sonree of vapour its resalts agree closely with those of Spalding [33]. In both mod-
els constant deusity aud transport properties were assumed.

Wicher [40] used results from the classical quasi-steady theory of droplet va-
porization {see exaple Bergeron and Hallett [5]) to calculate liguid temperature
histories at pressures up to the critical. Vapour pressures were taken from tabu-
luted data, Although the guasi-steady theory is invalid at bigh pressures because
of the mereasing importianee of gas phase transients, the ealenlations do give some
quakitative ideiof what is 1o be expected:” they suggest that a stationary n-heptane
droplet will not exceed the eritical temperature unless the pressure is some 2.3 times

the eritical {1.8 times for o droplet with rapid external air flow).

2.5 Pressure Effects on VLE

Manrique and Borman {22] presented the carliest model to take into account the

effeets of high pressure on vapour-liguid equilibrium. Quasi-steady solutions to the



cquations for the vapour phase were obtained nmnerieally for o COy droplet of con-
stant. diameter and temperature evaporating into Ny (equivalent to a porous sphere
experinent where fuel is supplied to the center of a porous sphere suspended i a
combustion clramiber. This experiment can be used to simulate steady state evap-
oration or combustion). Transport propertics were allowed to vary in space, and
the Redlich-Kweng equation of state was used both for vapour-liquid equilibrivun
and for gas-phase densities. The results show that a significant amount. of mnbient
gas (N3} dissolves in the surface of the droplet as the critical point is approached.
Comparison with a low pressure model in which non-ideal effects were omitted
and properties assuiied constant showed that the low pressure model overpredicted
droplet temperature and underpredicted vaporization rates somewhat at low pres-
sures, and diverged wildly at pressures in excess of about 1.2 times the eritical. Tt
should be noted at this juncture that the eritical point of significance here is not
actually that of pure Liquid, but rather is the critieal mixing state for the mixture
at the liquid surface, which varies with composition.

Savery and Bormian [32] used the same vapour-liquid equilibrinm model together
with results from quasi-steady vaporization theory with constant properties to cal-
culate the liquid temperature history for a droplet which heats up and vaporizes.
Predictions were compared to data from experitnents on suspended n-heptane and
Freon-13 droplets, hut the absence of the gas phase transient term from the equa-
tions makes the results inconclusive at high pressures because the difference in
density of liquid and gas is smaller. Also, the model does not inelude ligquid phase
processes, but these processes are important.  However, the results do show the
mnportaice of absorption of ambient gas in the liquid at high pressure.

Lazar and Facth [20] presented an analytical quasi-steady theory with variable
properties for conitbustion of a constant temperature, constant diameter sphere, The
Redlich-Kwong equation of state was again used to describe VLE, hut the gas phase

density was cvaluated using the perfect gas law. The droplet reaclied its critical
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state at ronghly 2.5 times the fuel eritical pressure, ar which point the mol fraction
of dissolved nitrogen in the liguid was some 0.15 - 0.20.

This mitel was extended by Canada and Faeth [7] to include combustion prod-
uets (H,0 and COs) in the vapour-liquid equilibrivan calculation, giving four com-
ponents in all; this did not significantly cffect burning rates or (fl'oplot. temperntures,
It did change the caleulated critical mixing states. High pressure and low pressure
{i.c. with icleal mixture behaviour at the surface) theories were compared with each
other and with results of porous sphere experiments on several n-paraffins and alco-
hols. Significant differences in droplet temperatures were observed between the two
theories, although the predicted bumning rates were very similar. Comparisons with
experimental data were inconclusive, sometimes favouring one theory, sometimes
the other.

Very similar results were obtained by Canada and Faeth [6] for combustion of a
porous sphere in a gas How, _

Uniemura [36] developed a mathematical model for supercritical liquid combus-
tion for the binary systems of n-butane and nitrogen and of oxygen and nitrogen.
The Redlich - Kwong equation of state was used to calculate vapour liquid equilib-
rium. In this model a eritical state is achieved but model does not include liguid

heating and absorption of amnbient gas in the liquid.

It should be pointed ont that solutions can be strongly affected by the choice
of transport properties {thermal conductivity, spéciﬁc heat, diffustvity); the mod-
cls of Facth and co-workers assume a linear variation of hoth specific heat and
thermal condnctivity in order to obtain an analvtical solution to the equations in

the gas phase, whereas conductivity actually varies roughly as the square root of

temperature,



2.6 Nuinerical Solutions

Matlosz et al. [24] presented a numerical solution of the governing equations, in-
cluding transient terms, the offects of droplet heating and surface regression, for
cvaporating n-hexane droplets in nitrogen. The Redlich-RKwong equation of state
was used, but the solubility of mubient gas in the liguid was neglected on the grounds
that it only becomes important towards the end of the droplet heating history. An
naportant conclusion of the maodel was that the gas phase Lewis number. th -~ ratio of
thermal to iass diffusivity, had a strong effeet on the vredicted liguid temperature
anl dismaneter histories; this indicates that correct prediction of transport properties
is hportant. The mass diffusivity required to fit the vesults to measured tempera-
ture and diameter histories for suspended droplets proved to be considerably higher
than that predicted using an (unspecified) correlation; this could either be due to
inadequacies in the correlation or to experimental ervor. This model also did not
include the liquid phase heatiﬁg process and they did not reach the eritical point.

Gas phase transients were also included by Rosner and Chang [30] in & munerical
solution with constant properties for a constant temperature droplet. Droplets of
n-dadecane were predicted to become supereritical only at a pressure of 2.96 times
the critical. The caleulations showed that omitting the gas phase transient terms
would result in a large nnderprediction of vaporization rate as pressure rose,

Lee and Fernandez-Pello {21] have presented a model for a droplet vaporizing
at constant temperature, in which the energy equation is expanded in a series in
time and then solved munerieally. No vapour pressure relationship is used; instead,
the energy equation is solved for the heat transfer to the droplet, thus fixing the
evaporation rate, which in turn throngh conservation of fluxes at the surface is used
to solve for the surface mass fraction. This results in the remarkable - and physi-
cally incorrect - econclusion that the surface vapour pressure varies while the lignid

temperature remains fixed.



2.7 Two-Component Models

Two studies have been made of two-component droplets evaporating at high pres-
sure. Jin and Borman [16] presented a model for the heating up and evaporation of
a pentane/octane droplet, in which a simple quasi-steady solution for the gas phase
was coupled with a detailed numerieal solution of heat conduction and componcent
diffasion in the droplet lignid. The Redlich-Kwong equation was used to describe
the mixtures at the liquid surfaee, but the gas phase was asswumed ideal.

Most recently, Hsich and Slen [13] have developed numerical solutions to the
full transient governing equations for a two-component (n-pentane/n-octane) fuel
droplet using the Redlich-Kwong equation of state. Again, the importance of includ-
ing high pressure effeets (transient eoffects, surface regression, solubility of ambient
gas in the liquid phase) ts demonstrated. A comparision of calculations made with
a diffusivity which varied with temperature and pressure with those for constant

diffusivity showed a substantial difference.

2.8 Ignition

Only one paper has appeard on droplet ignition at high pressure: this is the work. of
Kadota et al. {17}, who performed suspended droplet experiments similar to those of
Bergeron and Hallett [5,4,3]- A simple model of vaporization based on quasi-steady
theory and correlation of the results with pressure and temperature were presentec,
hut no complete model of the ignition process was developed. This paper presents
experimmental and theoretical studies on the ignition delay for normal paraffin hy-
drocarbon droplets at ambient gas temperatures of 220-700°C. In the theory, a
model was developed for droplet ignition, which consisted of the evaporation of a

droplet and ignition of a homogenecous gas mixture. From that the ignition time was



calenlated. The vesults were that ignition delay decreases rapidly with an inerease
i temperature and inereases with an inerease i the muuber of carbon atoms in
a molecule of fuel and is independent of droplet size. This medel inehrdes draplet

lieating but there is not specific mention of pressure effects in the model.

2.9 Summary

From the papers reviewed here, a number of conelusic s for the present work ean

he drawn:

o aun adequate model for high pressiures must account for non ideal belawionr

and absorption of air by the liquid;

¢ many models use quasi -steady solutions for the gas phase, but more detailed

solutions show that the transient terms must be included at high pressures;

o the droplet will not become supereritical during its lifetime unless the ambient

pressure is mch greater than the critical pressure of fucl;

* most models include non-ideal effects at droplet surface eg. correct acconuting
for enthalpy changes in vaporization and absorption of ambient gas in the
liquid by using the Redlich-Kwong EOS. Not including these leads to large

crrors in of droplet temperature;

o some madels used vapour pressure correlations instead an cquation of state
at high pressure, which can lead to large errors in calculations of evaporation

rates or droplet temperature;

¢ models did not include the pressure and temperature dependence on transport

properties, but these can greatly influence the results;
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¢ most models did not include liquid phase processes (except droplet heating).

Their effect is unknown and must be investigated.

These conclusions will be investigated and discussed later.



Chapter 3

Mathematical Model

3.1 Introduction

The purpose of a mathematical model is to allow reliable extrapolation of exper-
imental results and to yield information and conclusions about the fundamental
processes at work which cannot be obtained from experiments.
The mathematical model is to predict the ignition delay of liquid fuel droplets which
are suddenly exposed to a hot, high pressure environment. A mathematical model
of the ignition process of liquid droplets requires solution of continuity. energy and
species diffusion equations in the vapour phase surrounding the droplet. These must
be coupled with a description of the heating of the liquid phase. and. in the case of
a multicomponent fue.1, of diffusion of fuel comporents in the droplet.

The model uses finite difference techniques to solve the governing equations as
in the earlier model of Bergeron & Hallett [5]. In order to extend the carlier model

to high pressure, several modifications are necessary:
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e The Antoine equation for vapour pressure and the perfect gas law used by
Bergeron and Hallett [5] lose their validity at high pressure. and must be

replaced by a suitable equation of state.
¢ Trausport property correlations suitable for high pressure are required.

e The effects of pressure on reaction rate must be accounted for by proper se-

lection of concentration exponents for fuel and air.

3.2 Assumptions

The following assumptions were made to produce a simplified model and reduce

computational effort:

o the droplet temperature is uniform (but may vary in time):

e the reactant consumption prior to ignition is neglected. This allows difftusion
equations for oxygen and products to be omitted and the ratio of oxygen to

nitrogen to be set constant and equal to the ambient value:

e transport properties are uniform in space, but may vary in time. Thesce are

evaluated at a suitable average temperature and composition;

o spherical symmetry of the droplet and surroundings , so that only radial trans-

port is possible. Thus the analysis is reduced to one dimension.

These same assumptions were used for the earlier model: they are discussed and

justified in Bergeron & Hallett [5].



3.3 Basic Equaticns

3.3.1 Vapour Phase

The governing differential equations for the vapour phase are:

Enerqy Equation:

aT OT 19

pC, N + poCy——

Diffusion Equation:
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Continuity Equation:
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(3.1)

(3.2)

(3.3)

In one carlier version of the model of Bergeron & Hallett [5] the transient (5)

terms were dropped from the diffusion and continuity equations, so that vapour-

phase concentrations and flow velocitics could be represented by the "classical”

qnasi-stcady theory of croplet vaporization. The basis for this assnmption is the

obscrvation that vapour-phase densities are much less than that of the liquid phase,

At high pressare. this is no longer true, and the quasi-steady assumption is no

longer valid. A full transient solution of the governing equations is then necessary,

as described in Bergeron & Hallett [3,4]-



3.3.2 Liquid Phase

With the assmmption of uniform liguid temperature, the transient heating of the
droplet is deseribed by a simple heat balance:
Energy absorbed in droplet + Energy for evaporation = Heat flux to cdvoplet

1 .,
%wRap;Cm% + 47 R*Gh, = 47 R*Q (3.4)
[ ¢

where heat flux Q to the droplet surface is calculated from the temperature gradient

at the surface (conduction) and the thermal radintion transfer to the droplet

aT
Q= I-'E lr +eaa(T3 — TR) (3.9)
The shirinking of the droplet as evaporation proceeds is described by
IR G
e (3.6)
ot m

The flux expression required to calculate G will be discussed later.

At high pressure some air can be dissolved in the liquid phase. The species
transport in the hquid phase is modelled by a single radial diffusion equation with

an equivalent diffusivity equal to some multiple f of the molecular diffusivity Dy:

A _ 1 d 23.’[-," -
= 1'2fDL5-r:(r Y (3.7)

The factor f accounts for the fact that some internal circulation is nearly always

present in o droplet, so that the offective rate of diffusion is higher than given by

D,, alone (Talley and Yao [34]).

3.3.3 Boundary and Initial Conditions

The boundary and initial conditions applied to the system are:



1. Boundary conditions:

o at the droplet surface (r =R T =T X = Xy, Yo = Y
e at mfinity (r — o) T=T,, Yr=10
o at the centre of the droplet OXp/0r = 0 (symetry)

2. Initial conditions:

ot =0: T=T. for 1r>R
ot =10 Yp=0 for- r>R

ot =10 Xp, X4 uniform for allr < R

3.3.4 Chemical Reaction Modelling

The mathematical model is completed by calculating the reaction rate of hydrocar-
bon mixture.

The actual reactions of hydrocarbon fucls with oxygen are complex chain processes,
involving dozens of reaction steps and intermediate specites. Recent kinetie work
presents detailed kinetic models of the oxidation of paraffins, but these are too com-
plex for inclusion in the present model. For the present work a one-step irreversible

reaction model was adopted as in the carlier model (Bergeron & Hallett [4]):

m

CoHu +(n + '12"2)02 — nl0s + -2—H_a_()

with the rate given by the Arrhenius equation:

, YaYS E

—-_— a4 _
WF - MFKP M;M(fs t:zp( RT) {38)

The present moxlel uses the same a, b, K and E parameters as the previous model of

Bergeron & Hallett [3]. The exponents a and b were taken from work by Westhrook
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and Dryer [39]. but values of K and E were fitted to experimental droplet ignition
data using the model. The constants a and b dictate the pressure dependence of .
the rate; they are not based on much data. and may have to be modified when
experimental data become available.

Table 1. presents these values for the substances of interest.

3.2 Finite Volume Solution

Equations (3.1-3.7) together with the boundary and initial conditions were cast into
finite difference form as described in the previous work (Bergeron & Hallett [3]).
Although development of the finite difference equations and the algorithmn requirecd
to solve them was not part of the work undertaken for this thesis. the methods used

are briefly sumxmarized here for the sake of convenience.

s Coordinate transformation
r

E= R (3.9)

It was necessary to introduce a new transformed coordinate to keep the surface
of the droplet on the first grid point. otherwise the droplet surface would recede

with respect to the first grid point as the droplet vaporized.

e New velocity

The mixture velocity relative to the new coordinate system is:
w=v—ER (3.10)

o Transformed equations:

Energy Equation:
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Diffusion Equation:
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Continuity Equation:

2dp R -
5—4‘}—266(5:0“)'5'!’1266'-.) 0 (3.13)
Liguid Equation:
NAY R 9N, fDL 8 ,0X, )
Yo TR e TR o (‘f aa) (3.14)

The finite volume techniques described by Patankar [26] were used to integrate
these equations over a radial coutrol volune (see Fig. 2 and Fig. 3) to obtain

algebraic difference equations of the following form:

s temperature:

an=ng+CTw -E-(J.OT};-i-S (315)

e concentration:

aYip =bYi +cYiw +a°Yp (3.16)

where P is the point being solved for and W and E are its west and east neighbours,
The coefficients a, b, ¢, and a° are obtained by integrating each term of the dif-

ferential equation over the control volume and over the time interval ¢ to ¢ + Af.
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Figure 3: Diagram of cell inside droplet




droplet
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Figure 4: Exponentially spaced grid

To deal with the transient behaviour of the system an implicit solution was used:

T and Y represent values at the curtent time step (t 4 A1), while 7 and Y° are

those from the previous time t. For more details sce Patankar [26) or Berperon and

Hallett [4]. The difference equations are presented in Appendix AL

The resulting sets of stmultancous algebraie equations are then solved iteratively

at cach time step, and the solution proceeds step by step through time,
An iterative process is required to establish valnes of tempezature, ligquid and

vapour phase mass fractions, and mass fractions ot the droplet sinface. The in-
terdependence of density, concentiation, temperatue snd velocity in e poverning

equations also requires that these be solved jter atively for given set of swface con-
ditions,

3.4.1 Grid spacing

Because of the nature of the temperature and concentration profiles it is necessary
to have more points near the droplet surface and fewer points far from the surface.

To obtain this, a suitable choice of gricl points is necessary and is shown on Fig, 4.



In the vaponr phase an exponentially space.d grid is used:

In §(N
£(i) = cap [%{—f—(-_-T)(i - 1)] (3.17)

In the liquid phase most of the droplet mass lies near the surface; hence a cubice

equation is wsed for the grid,-which carves the droplet up into layers of roughly

cqual mass:

. i—-1 13
£(z) = W—l] (3.18)

where N and NN are the number of grid points outside and inside the droplet

respectively.

It should be noted that an increase in pressure requires changes in the grid
caleulation. For pressures of 1, 3 and even 10 atm the outer boundary is situated
at £ = 500 droplet radii, which allows sufficient room for coucentration profiles to
develop as though the vapour phase were of infinite cxtent, and the temperature
profile near the boundary is nearly flat. For higher pressurc it was necessary to
sitnate the outer boundary at 50 draplet rachi in order to give enough points close

to the droplet surface to make calevlations sufficiently accurate.

3.5 Vapour-Liquid Equilibrium Model (VLE)

As the literature on droplet evaporation and combustion at high pressure shows, the
correct treatment of VLE must consider departures from ideal solution and perfect
gas behavionr at the liquid surface, accounting for enthalpy changes in vaporization,
and the absorption of ambient gas in the liquid. A number of authors have confirmed

this by making caleulations for ¢uasi-steady vaporization, for which these cffects are



the only high-pressure phenomena to be modelled (Lazar and Faeth [20], Manrigue
and Borman [22]. Canada ot al. [7,6]). Omission of these does not affeet the
cvaporation rate very strongly, except at pressures well in excess of the eritieal
(Manrique and Borman [22]). but does result in significant overprediction of droplet
Hyuid temperatures. However, caleulations which include gas-phase transients show
a much larger influence of non-ideal effects on evaporation rates (Matlosz ot al.|24],
Hsich and Shuen [13]). Negleet of ambient gas absorption alone can lead to large
errors in both quantities {Manrique and Borman {22], Savery and Borman [32]).
The approach favoured for calenlating VLE in the literature cited is to use an
cquation of state rather than a vapour pressure correlation, This is the approach
usually recommended for high pressare (Reid et al[27]). The siue cquation of state
can be used to evaluate vapour-phase deusities, although some authors have used
the perfect gas kww here { Lazar and Faecth [20], Canada and Faeth {7], Jin and
Borman [16]).
The VLE calculations reviewed have treated air as pure nitrogen and have neglected
combustion products, thus reducing the problem to a two-component mixture - fuel
and nitrogen (for a single component fuel) and a three-component mixture in the
case of two-fuel component mixture (two fuels and nitrogen). This appears to be

justified by the caleulations of Canada and Faeth [7] for a more complex mixture

with products included.

3.5.1 Choice of Equation of State (EOS)

Having concluded that an equation of state is to he used for modelling VLE at the
droplet surface, a suitable cquation must be selected. All of the works eited with
detailed models of VLE have employed the Redlich-lKwong equation. This is one of
a family of equations of state referred to as cubic equations, becinse they are eubic

in specific volume. The general forin of these equations is:
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- - 3.19
i e R A LI (3.19)

The simplest of these is the classical van der Waals equation, which is not sufficiently
accurate for practical use. Parameters a and b are functions of critical tempera-
ture and pressure, but for mixtures are also functions of composition. For mixtures
of two or more components these parameters are caleulated with well-established

mixing rules which are valid for all forms of cubic equation (Reid et al. [27)):

ta = 3 D yiyslaia;) 51 = ky) (320)
C

b = _yil (3.21)

The binary interaction coefficients &;; must be known from experimental data for
cach pair of components involved. Since in the present work VLE calculations must
always be made for a mixture with at least two components so as to allow for. ab-
sorption of gas into the liquid surface, the choice of equation of state will be partly
coustrained by the availability of k;; values for the compounds of interest.

The Redlich-Kwong equation is no longer considered to be the best one and
has been superseded by newer versions, the most popular of which are the Soave-
Redlich-Kwong, and the Peng-Robinson EQS. Extensive tabulations of binary in-
teraction cocfficients are available for both of these (Knapp ct al. [18]). A recent
survey of the accuracy of 10 different cubic EOS for 75 pure components (Trebble
and Bishnoi [35]) showed that the Peng-Robinson EOS is onc of the best for the
prediction of vapour volumes at and near saturation. For the 75 compounds tested,
the Peng-Robinson equation precicted the vapour pressure to within an absolute
average deviation of 1.39% (best equation 1.27%) and the saturated vapour vol-

unie to within 5.34% (best equation 5.08%.); deviations for hydrocarbons were even



29

lower than these. The Peng-Robinson equation is not the hest for predicting liguid
volumnes (8.538%. average deviation), but this is a little concern in the preseut work,
as the lignid volume affects only the droplet diameter, a parameter whiclt is known
to be of little inportance (Bergeron and Hallett [3]).

The work of Adachi et al.{2] also shows the superiority of the Peng-Robinson equa-
tion for predicting the saturated vapour volume of paraffin hydrocarbons. Adachi
ancl L [1] hawe recently developed another eubic EOS which for pure components
is slightly more accurate than the Peng-Robinson (Trehble and Bishnoi [35], Adachi
and Lu [1]}, and shows some improvement for two-component mixtures { Adachi and
Lu [1]). However, only a limited munber of binary interaction coefficients by, are
tabulated for this equation,

More complex EQS are available, the most popular of which is probably the
Lee-Kesler (Reid et al. [27]). It is claimed to give better results far from the satu-
ration state than the cubic cquations; however, since the prediction of VLE is the
main concern here, this advantag.' is of little consequence. A prime advantage of a

cubic equation is its computational simplicity, as it can be solved explicitly (withont

iteration) for volume.

3.5.2 Peng-Robinson EOS

From the above discussion, it will be clear that the choice falls upon the Peng-

Robinson EQS. It is defined by:

u=2 w=-1, and

0.07T7SORT,
b= : 3.22
b T (3.22)
[t 22
o= 2B 0 4 pa - Ty (3.23)
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wliere
J = 037464 + 1.54226w — 0.26992.° (3.24)

To solve this equation it is more convenient to write it in terms of compressibility

factor Z :
Z2*~(14+B+C+D)Z*4+(A+C+D+BC+BD+CD)Z-AB-CD-BCD =0 (3.25)

wliere A, B, C, D are diunensionless constants, which are :
aP
R2T?
_ LP
T RT
C=-(1+V2B
D=-(1-V?B

A=

B

For a mixture, a and b are ealeulated from the pure component a and b using Eq.

3.20 and 3.21.

The acentric factor w is a constant which is tabulated for most compounds of
interest in Reid et al. [27]. The literature cited has shown that this equation works
very well, particulary for hydrocarbons near the saturation state. As a caveat, it
should be noted that the Peng-Robinson equation, together with many other EOS,
is not generally recommended for polar molecules: for aleohols, for example, it gives
crrors that are 2-3 thmes as great as the averages quoted earlier (Trebble and Bishnoi
[35]). This is of little concern at the moment, as the present work is only concerned
with hydrocarbons.

An iterative solution is necessary for solving the equation of state for the equilib-
rium annpusitﬁms of two or three component mixtures (fucl and air or two fuel
components and air) in both liquid and vapour phases.

The computer software for most of the VLE calculation steps was kindly pro-

vided by Prof. B.C.-Y. Lu and Dr. M. Margenun of the Department of Chemical
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Engincering at the University of Ottawa. The caleulations and numerieal meth-
ods are general procedures, applicable to most cubie equations of state with most

mixing rules. The following procedure explains briefly the caleulation of VLE :

¢ Fora given P, T and initial trial values of 2 and gy (note that ry=1-ap0, ya=1-
yr) the root secant micthod (subroutine RTSEC) is used to solve iteratively

for the correct value of rp, subject to

Zy,- = ZI\‘;;&'; =1

¢ At cach iteration step the equilibriun constant Iy; = y; /x; for each component

is calculated (subroutine KCALQC) as
Ki= o746}

¢ From the Peng-Robinsan equation the fugacity cocfficients ¢ are

-

B ¢ - D, A A Z-D
1 . = -1 —
i = FopWZ-Bilep-l-Tlephr e
A : C; D; \
C-D'z-C Z-D
where 4;. B., C, arc the derivatives of A, B;, C; {(subroutines MIXGEOQ,
MIXAR).

o The compressibility factors Z for vapour (V) and liquid (L) are found by

solution of Eq. 3.25 using subroutine RTCUB.

o In calculating the I; at each step new values of the y; are calculated (FRBUBDP)
as
I\-,':lf,'

2 I

I
%=

The calculations are controlled by routine BUBX. Further details about the method

and maodelling techniques can be found in the Ph.D. thesis of Michael R. Margerum
[23].



3.5.3 Enthalpy Change on Evaporation

At high pressure, as air is absorbed in to the liquid, the cuthalpy change due to
evaporation is no longer the pure fuel enthalpy of vaporization (hy,). Instead, the
enthalpy change for each component must be accounted for separately, so that an
offective heat of vaporization (h,) can be defined as:
1 v 1. v L .
he== (G (HE - HE) + Ga (HY - HE)) (3.26)

whore H; = H; /AL .
This equation weights the component enthalpy changes in passing from the liquid to
the vapour phase by the mass fluxes of the individual components from the swrface.
The partial molal enthalpy H; is a function not only of temperature and pressure
but also of mixture compaosition and is not equal to the pure compouent enthalpy
h; unless the mixture is ideal.

The H; include the effects of enthalpy changes on mixing. The H; are hest

evalnated as (Van Wylen and Sonntag [37]) :

Ho= T - RI2n doy (3.27)

where ¢; = ;f; is the fugacity cocfficient. The perfect gas enthalpies r; are given by
polynomial expressions derived by integration of the ideal gas specific heat equation

given by Reid et al [2§]

W= 4T+ Dy %T" + %T' - (3.28)

2
where 4;,....D; - are constants, given hy Reid ct al. [28].

The expression a‘—?r(ln ¢:} was cvaluated numerically, as recominended by Walas
[38] :

Angi) _ (Ingi)r — (Indi)r-ar
oT AT

(3.29)
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where AT is a small inerement in temperature, in our case selected as 0.2 K, and

the values of ¢; were caleulated from the solution of the Peng-Robinson cquation.

3.6 Diffusion in the Liquid Phase - Single Component Fuel

3.6.1 Flux Expressions at the Liquid Surface

Although at low pressure air does not penctrate the surface, at high pressure air
can cither be absorbed by the liguid (G4 < 0, G > G) or desorbed from the lguid
(G4 >0).

The liguid and vapour phases are coupled by the finxes at the liguid surface, The

fluxes in the vapour phase are given by:

Y
FUEL: Gp =GYpp - ng} n (3.30)
- Nr
AIR: G4 = G(l-—}frn)-l-r-a;— =G -Gp (3.31)
where the total Hux G = G + G y;
and in the liquid phase by :
FUEL: Gy =XpnG - P:,aéj |» (3.32)
-
- 2X, . oX,
AIR: G4 =XunG - r‘La—r‘ = G(1 = Xpp) + 1‘,,—5—,_’— ln  (3.33)

where the first term represents the recession of the draplet surface due to evapora-

tion.

For a given temperature and total pressure the state (X, Yiegp) at the surface is

deternuiied by VLE.

Equating the expressions for G in the liquid and vapour phases ;
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aXp (e
PO vl [ B Nyl (3.34)

Xen=Yen

The carlier model of Borgt;mu and Hallett [4,5] essentially sets Xpp = 1 and
does not. require the lguid diffuston term sinee air is not absorbed .
Work with the carlier model showed that a linear approximation to the concentra-
tion gradient in the vapour phase at the liquid surface was not sufficiently aceurate;
instead (‘%ﬁ)n was evaluated by fitting a concentration profile of the form of the
solution for quasi-steady droplet evaporation to the space between the surface and
the first finite difference node in the vapour phase {Bergeron and Hallett [5]) :

1-1%

o (4= Y (3.35)
1=Ypn

The parmmeter A is solved for by substituting r and Y at this first node. This
leads to the following cquation for G:
T2 |y —2(1 — Yrg) In(A — Yra)

st

G=

Xrer—=Yrr (3.36)
This expression shows that the mass fluxes in the vapour phase are affected by events
in the liquid. In order to assess the importance of this, transport of dissolved air in
the liguid-phase was modelled by solving the diffusion equation in the droplet (eq.
3.7), with the value of diffusivity being varied to assess the effects of the degree of
internal mixing, .

Au important topic in the literature on droplet ignition has been the question of
whether the liquid phase ever becomes supercritical. Since Yrp a,nd Xrn approach
cach other at the critical point, the above equation suggests that attaining the

critical point would require an infinite mass flux, and hence he impossible.



3.6.2 Flux Expression for a.-Weli-Mixed Liquid Phase

If the liquid phase is well-mixed the concentration gradient beconies zero | and the
expression for liguid diffusion in Eq. 3.33 becomes andefined. In this ease a new
approach in writing mass flux equations is necessary.

Defining ¢; = G;/G and using the form of concentration profile near the surface

defined by eq. 3.35, the component mass fluxes in the gas phase hecome

Gi= —2o = GG (3.37)
.
where A; = - 51 = Yig) In( — Yig) is the diffusion flux.
Solving for G |
G = ?:.1}_" (3.38)

Writing this for i=fuel and i=air and equating

.A;-‘ .A_q
— = - 3.39
Gr=Yprpn Gai-Yan ( )
Now G4 = 1- G, so that
A Ar . .
Ge(l+-—)= —(1—-Y Y- ' 3.40
Gr(1 + A.-l) A, ar)+ Yren (3.40)

This allows Gr to be found explicitly, from which G and G4 can be found.

3.7 Gas Phase Equation of State

The next, very important step in the modeling of ignition at high pressure was to

test the behaviour of the vapour phase to see if it could be treated as a perfect gas.
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Sanple valies of compressibility factor were obtained using typical vapour fuel mass
fractions from the results of the present model for P = 50 atm and T, = 973 K for
n-lheptane and n-hexadecane, Data at points zext to the liguid surface were used
for tests, as these will show the largest deviations from ideal gas behaviour (low
T, large fuel fraction). The air was treated as a mixture of nitrogen and oxygen.
The Prausnitz - Gunn carrelations for the pseudocritical parameters of the fucl/air

mixture were used (Reid et al. [27]) :

Tem = ZyJ'I:.‘) (3.41)
3
1 J

The compressibility factor was obtained from the compressibility chart in Van

Wrylen and Sonutag [37] :
Z=2PF,T,) with P,=P/P,, and T,=T/T..

and for all the cases Z was within 2.4% of 1. This shows that the use of the perfect
gas law for the vapour phase is justified. The same test was performed for P =
50 atm and T, = 773 K for the same mixtures. In that sase also the vapour
phase is an ideal gas ( Z = 1). Since the cuthalpy of a perfect gas is a function
only of temperature, the ideal gas specific heat can continue to be nsed for enthalpy
calculations at high pressure. By definition the enthalpy of mixing of an ideal gas
mixture is zero. Henee, the ideal gas assumption allows thé low pressure maoxle] for

thie energy equation to be used without modification at high pressure .

The density of the local gas mixture is estimated using the ideal gas law.
MpP
A9

P=T (3.43)



where Af is the local mixture molecular weight:

!

2w,

(3.14)

witl the termperature calenlated from the previous thue step.

3.8 Transport Properties

An important stage in development of the high pressure model is to account for the
offects of pressure on the transport properties, especially the thermal conduetivity

and the diffusion coefficient.,

3.8.1 Reference State for Vapour Fhase Properties

The transport propertics are generally a function of temperature and mixture com-
position in the gas phase and they can vary with time and location owing to change
i the temperature and concentration gradients. However, Hubbard et al {14] con-
cluded that the vaporization rate could be calenlated with good aceuracy using
constant propertics if these are evaluated at an average temperature and composi-

tion using Sparrow’s 1/3 rule to estimate a reference temperature and composition:

2 1
T = §Tn+ §T \ (3.45)
Y. 21" 1}" 3.46
s—gm-i-gm (3.4G)

where subscripts R and oo represent the droplet surface and amnbient conditions

respectively.
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4.8.2 Thermal Conductivity in the Gas Phase

The thermal conductivity varies sipuificantly with small changes in pressure andd
temperature near the critical point and shows anomalous behaviour near the eritical
point. The explanation of this phenomenon is still not clear (Reid et al. [27]).
However. the results of calculations so far suggest that the droplet itself cannot
reach the critical state, so that the vapour phase away from the surface will always
be superheated. Available correlations for properties at high pressure neglect the
anomalies occurring at the eritical point I any case.

Many investigators hiave correlated excess thermal conductivity as a function of

PVT properties of the system (Reid et al. |27]) :

- -o —
(k=Lk%) = [f(p)
with ° as Jow-pressure thermal conductivity at the smne temperatare.

The effects of T and P are included in 2° and p respectively. Recent theoretical
papers have not, as yet, led to accurate predictive technigues to estimate thermal
conductivity at high pressure.

There are three estimation methods which give a good estimate of the excess
thermal conduetivity with errors averaging about 5 - 7% (Reid et al. [27h. All ave

about equally aceurite:

1. Stiel an:l Thados
2, Chung et al,
3. Elv and Hanley

None of these methods sire applicable for polar substances. hydrogen or helinm,

For the present model the method of Stiel and Thodos was chiosen for ealenlation
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of thermal concductivity at high pressure, because of its siplicity and beeanse the
properties for this method were already in the model.

Stiel and Thodos assumed that f{p) depends only on the eritieal parameters T,
PV, and on i\[ and p. Based on data for many nonpolar substances including

hydrocarbons a correlation was established (Reid [27]):

(k=%°Z% = 1.22.107%ecxp(0.535p) — 1] pe < 05 (3.47)
(k=&°Z8 = 1.14-107%{eap{0.670p) = 1) 0.5 < p, < 2. (3.48)
(k=Ek°)TZ] = 2.60-107%erp(1.135p) + 2.016] 2.0 < p, < 2.3(3.49)

with:
I = 21T A/ PHe
pe =V /W

V' = ZRT/P

This procedure can be adapted for mixtures, since mixing and combining ritles
are available for determination of the pseudocritical parameters for mixtures. Of
the several mixing rules available, that of Praunsnitz and Gunn was used to deter-
wined psendocritical parameters for the mixtures (Eq. 3.41 and 3.42) (Reid et al.
[27)).

The low-pressure thennal conductivity £° is ealeulated as in the earlier atmo-

spheric pressure model using the Eucken equation (Reid et al. [2§]).

3.8.3 Diffusion Coefficient - Vapour Phase

For multicomponent mixtures an exact description of diffusion is given by the Ste-
fan - Maxwell equations rather than Fick’s law. Most workers, however, prefer to

approximate multicomponent. diffusion as binary diffusion of a component i the
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mixture, using an effective binary diffusivitg, In general this effective diffusivity is
a Mnetion of concentration, but at low concentrations it hecomes constant. In our
case. the gas mixture behaviour is approximately ideal and the fuel concentration
is quite low. Under these conditions the cffective diffusivity becomes constant and
ean be taken equal to the binary diffusivity of fuel in adr. This is the approach taken
in this work.

At high pressure. the product DP or Dp is no longer constani but decreases
with an increase in P or p (Reid ot al.{27]) . The gas phase may deviate signifi-
cantly from an ideal gas. and some effects of composition have been noted (Reid et
al.[27]). Therefore, equations for caleulation of the diffusion coctficient agree with
experiment at low or moderate pressures. but they are much less successful at high
pressure. There are few experimental studies of binary diffusion coefficients at high
pressure. Up to about half the critical pressure D ogP is essentially constant. Above
that pressure DapP decreases and at a P, of about 2D,45 becomes proportional to
P2 (Reid et al. [27]). The value of D g is nmch less than that at low pressure.

A few estimation methods have been proposed (Reid et al. [27]):

1. Takmmnashi has snggested a simple corresponding states method:

Dig/(Da) = f(T,.. P)

)

Martur and Thodos suggested that Dp = (Dp)°. This can be o good guideline,

but near the erttieal point. it should be used with caution.

Here o refers to fow-pressure values.

From the previous arguanents (section 3.6.1) we know that the droplei cannot
reach the eritieal condition during its life time, so that it is safe to assume Dp =
constanut. The method nsed to estimate the diffusion coefficient is the Chapman -

Fuskos theory with the Leonard - Jones 12-6 potential as in the earlier model of



Bergeron and Hallett [3] :

sqora {3+ M)/ My Mp] /2

Dig =1.858.10"
ag = 1.858-10 PG’:‘.!‘BQ[)

(1-107Y (3.50)

with Qp and o5 calculated as in the previous model of Bergeron and Hallett {5].

3.8.4 Specific Heat - Vapour Phase

Heat capacity is calculated using the ideal gas polynomial equations given in Reid
et al. [2§] for fuels, oxygen and nitrogen. Component heat capacities are combined

by their mass fraction. and since gas behaviour is ideal no heat of mixing is needed.

3.8.5 Diffusion Coefficient - Liquid Phase

The molecular diffusivity Dy, was predicted using the Vignes corelation as in the

earlier model of Bergeron and Hallett [3):

Dy = (D% )Y (D% )Y (3.31)

where A is for air and F for fuel. Since X, is very small and X, =1.

Dy = D% (3.52)

The correlation used for estimating Djr is the Wilke-Chang method (Reid et al.
[28])

(6Mp)'/* T

Dip =74 x 107" G

(3.53)

where ¢ is an association factor of solvent B which for unassociated solvents ts equal

to one. The liquid molal volume at the normal boiling point is estitmnated using the



Tyn and Calus method {Bergeron and Hallett [5)) :

T, = 0.285170% (3.54)

The liquid viscosity is estimated using a correlation given by Reid et al. {28]:
logn = (VISB)((1/T)—(1/VISTO)) (3.53)

where VISTO. VISB are constants listed in Reid et al. [28].

3.8.6 Specific Heat - Liquid Phase

Heat capacity is calculated using the Luria and Benson liquid-heat capacity equation
(Reid et al. [28]):
Cp:=A+BT+CT:+DTJ (3.96)

where A.....D are coefficients obtained from Reid at al. [2§].
For the liquid mixtures it is assumed that the mixture heat capacity 15 a mass-

fraction average of the pure component values:

Cptm = Z X:Cpii (3.57%)

3.8.7 Radiant Absorptivity of Droplet

The absorptivity of the droplet to thermal radiation is treated in the same way as
in the earlier mode} where the curve obtained for absorption with both refraction
and internal reflection Ly Hottel et al [12] was fitted to give approximations to the

absorptivity of the droplet in the model. The equation is:

ag = 0.89(1 — e~*+h) (3.98)



where a4 is the absorptivity of droplet.
The absorptivity of large droplets is about 0.8. so that radiation makes a signiticant

contribution to droplet heating (Faeth and Olson [10]).

3.9 Solution of the System of Equations

The equations developed in the previous sections must be solved at eaclt time step.
The sequence of calculation used is shown in Fig. 3.

An implicit scheme was chosen for the solution of the temperature and diffusion
equations as in the earlier model of Bergeron and Hallett [3).

For trial walues of temperature. concentration and mass fluxes the energy equation
and the EOS are solved. which gives a surface vapour pressire. and a new gas phase
temperature field. By solving the diffusion equation and liguid diffision equation
new flelds of concentration in the vapour and liguid phases are obtained. After this
the density and coutimiry equations are solved. Next the mass Huxes are obtajued

and checked for convergence. the criterion being

(.00001 3.29
Gr )< (3.29)

By calculation of heat flux to the liquid, the surface temperature is calculated and
checked for convergence:
abst 2= TR < 0.0001 (3.60)
Tr

and a new value of T is calculated for the next iteration
Trxew = aTp + (1 ~ 0T} (361

where o is a relaxation factor equal to 0.3 which gives quick and reliable conver-

gence,

As an ignition criterion it is said that ignition occurs if the temperature anywhere
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in the gas phase exceeds 2000 K. which is approximately the adiabatic flame tem-
perature for hydrocarbous. An iteration is performed at each time step to solve the

differential equations and properties are updated at every time step.



Table 1: Chemical reaction constants of the fuels

Fuel Kx107%) E a b
n-Heptane C-H g 0.16 14.2 [ 0.25 | 1.50

n-Dodecane Cmst 0.95 17.7 1 0.25 | 1.50

n-Hexadecane CisHay 0.76 17.8 [ 0.25 | 1.50




r:}ta.rt time step using values of X;z.w.G; from previous time step
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Figure 5: Flowchart of model
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Chapter 4

Results and Discussion - Single

Component Fuel

4.1 Effect of Pressure on VLE

As was mentioned in a previous section. at high pressiue there is o possibility of
alr dissolving in the Hquid surface and a simiple vapour-pressure correlation is no
longer applicable.

Some trial calculations for the system nitrogen/n-heptane. represeuting the sur-
face of a heptane droplet evaporating in air, are shown in Fig. 6 as a pressure-
composition phase diagram for the pressure range of interest. For each phase en-
velope the upper branch represents saturated liguid (ie the bubble point) suxl the
lower saturated vapour (ie the dew point), while the regions above and below the
envelope represent compressed liquid and superheated wapour respectively. The
critical points shown were not calculated explicitly, but cdetermined by examining

solutions at successively higher pressure for equality of lignid and vapour compres-
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sibility factors. Points close to the eritical states are approximate. as the caleula-
tions do not converge to a high degree of accuracy here. The critical pressures of
the mixture are substantiaily higher than those of either component {nitrogen P
= 33.5 atm. heptane P = 27.0 atm ) this is characteristic of mixtures of compo-
nents with widely differing boiling and critical temperatures. In the present work,
since the ignition time becontes shorter as the presswee rises, ignition always oc-
curs when the droplet is far short of the critical state. At 50 atm pressure, the air
concentration in the liquid phase at ignition was of the order of 2% by mass. For
pure cviporation or steady combustion, involving much longer droplet Iifetimes. the
droplet. temperature can of course rise much higher. and phase envelopes of Fig. 6
show that larger dissolved air concentrations can be reached. Some experimental
data points from Kuapp et al {18] are also shown. and it can be seen that the results
agree very well with them. The calculations show that significant amounts of air
will dissolve in the Hquid surface at pressures in excess of about 20 atm: the offeets

of this on the ignition process will be discussed later.

4.2 Effect of VLE Model

At the begiuning of the development of the present model attention was concen-
trated on conditions at the lquid surface. These results outline the effects of adding,
step by step. the elements to the model which deseribe processes at the liquid su-
face at high pressure. The sample caleulations are made for pure evaporation (1o

cliemieal reactio) of tapical droplets.

The first step was to replace the Antoine vapour pressure corelation in the earlier
mode]l with the VLE ealeulation based on the Peng-Robinson equation discussed in
Seetion 3.5. Some sample caleulations were made for n-heptane and n-hexadecane

droplets evaporating in air for the pressure range of interest. The deviation of the



vaponr phase fuel mass fraction at the droplet surface and the chamge i vaporization
hixtory for pure evaporation from that predicted by the Antoine cquation are shown
in Figures 7 .12, For these calenlations no acconnt was taken of Hiquid phase diffusion

of air and the enthalpy of vaporization was still that of pure fuel.

From Figures 7-12 it can be seen that there is no signiticant change in the
hehavionr of the new model at low pressures (1 atm, d atm), but there is a greater
change at high pressnres. because the Antoine equation is not satisfactory at high
pressure. Fig. 9 and Fig. 10 also show that an increase n prossure canses
reduction in fuel mass fraction at the surface. As droplet radius deevenses the
mass fiux from the droplet surface increases (Figs 110 12)0 which can, eise a shghi
cooling of the droplet so that the surface mass fraction deereases slightly (Fies &,

3).

The difference hetween the models is not large: however, it should be noted
that the comparison can only be carried out at pressures helow the eritical pressure
(P.. = 33.9 atm for n-heptane. 14.0 atm for n-hexadecane) as the Antoine equation
cannot be nsed at all at supereritical prossures. The very good agreement hetwern
models at 1 ot shows that the model is working properly. From the physical point
of view. an increase in pressure reduces the fuel fraction at the swrface and the

evaporation rate. which in turn allows the droplet liguid to heat np more quickly.

4.3 Effect of Enthalpy Change on Evaporation

At hight pressure as air is absorbed in the liquid. the enthalpy ehimpe on evig wation
ix no longer that of the pure fuel, Following the disenssion i the Section 3.5.5 wome
tests were done with n-heptane for different. ranges of temperatire and preseage.

Fig. 13 shows that the enthalpy of evaporation deereises with inereasing pressare



and teraperature and approaches zero at the mixture eritical point. The caleulated
vailues of B, at the boiling point agree well with the heat of vaporization of the pure
substance. but are lower at temperatures above the boiling point. Similar behaviour
is shown in Hsich and Shuen [13} and Kadota and Hiroyasu [17]. In the caleulations
of enthalpy in Fig. 13 the vapour mass fraction of fuel has been used instead of
the mass Huxes as the weighting factor. since mass Huxes were not available in this

caleulation.

Figures 7-12 record the effects of adding the new calculation of /i, to the model.
At 1 atm the effects are insignificant. again indicating that the model works properly
at low pressure. At high pressure. the lower enthalpy of vaporization causes the
droplet to lieat up more rapidly. increasing the sirlnce fuel vapour concentration
and mass Hux, and causing the droplet to evaporate more rapidly. The cffect on the
mass Hux i large. sinee this is sensitive to any inercase iy 2wp. This is especially
true for n-heptane (Fig. 11). An increase in pressure causes a reduction in fuel
mass fraction at the surface. and consequently the rate of vaporization becomes

nnteh slower.

Fig. 14 shows that ignition times decrease sharply as ambient presswre riscs.
Surprisingly. in view of the cffects on fuel vapour concentration and mass fluxes.
Fig. 14 shows that ignition times predicted by the new model are similar to those of
the low pressure model. This suggests that the process is to a large degree chemically
controlled and not strongly dependent on physical processes. At pressures above
the eritieal. the low pressure madel fails completely as Iy, — 0. This figure agrees

qualitatively with the measurements of Kadora et al [17).



4.4 Effect of Liquid Phase Diffusion

.

The expressions for mass flux include terms which represent liguid phase diffusion;
these terms have been set to 0 up till now. To include them requires solving equation

3.7 for the diffusion of air (nitrogen) in the liquid phase,

The parameter f which multiplies the diffusivity in this equation represents the

state of mixing in the droplet. depending on its value:

o f = 0 droplet completely unmixed - no diffusion. air does not penetrate from

surface into droplet.
o f = 1 laminar diffusion.

¢ f- large - droplet well-mixed. uniform concentration of air.

Talley and Yao [34] estimate that the internal cirenlation in a droplet with an

external flow Reynolds muisher of 100 is equivalent to f = 4.

In a well-mixed model the mass flux is controlled by diffusion in the vapour
phase. The fluxes of the components are then determined by fuel concentrarion.
which is fixed as long as the droplet temperature remains constant. Any increase
In temperature leading to a change in vapour-liquid equilibrium will result, in the
concentration of the whole droplet changing at once. In the diffusion limited model
(smaller f) a change in the liquid composition which occurs at the surface will
spread through the droplet by diffusion and the mass fluxes of the compounents will
change to reflect this. In the unmixed model the droplet surface has an equilibrinmn
concentration of air corresponding to a given T and P, but air -loes not penetrate
into the droplet. In that model the air is removed by evaporation of the liquid layer

as fast as it is absorbed. Any change in fuel diffusion will be balanced by an equal



change in air diffusion. so that the liquid and vapour phase gradients will adjust to

keep the difference constant.

Some caleulations for n-heptane and n-hexadecane droplets were made. The
events occuring during droplet evaporation and ignition are affected not only by
diffusion in the liquid phase (ie the value of f) but also by the inirial conditions.

Two different initial conditions for the air concentration in the liquid were tested:
a - zero initial concentration of air in fuel liquid
Iy - uniform initial concentration of air in fuel Lquid.

In a Diesel engine the fuel spray is suddenly exposed to high pressure. and for
this case the condition (a) is valid. but in experiments of the suspended droplet
type the fuel droplets are in contact with air at high pressure for some time prior to
the start of ignition and condition (b) is more realistic. Tests were therefore made

of the effeets bath of initial condition and of the state of mixing. choosing values of

f = 0.1, and 100.

The results show in general that both the value of f and the initial condition
have remarkably little effect on ignition time (see Table 2). although they enn signif-
icantly influence events at the liquid surface. An initial concentration of 0 combined
with a diffusion-limited liquid phase at sufficiently high pressure can cause the air
mass flux absorbed to exceed the fuel mass evaporated (G, < 0. | G4 |> Gr) so
that the net flux G becomes negative and the droplet actually grows! This is a
transient condition. however. and after a sufficiently long time G becomes positive
again. These effects become smaller as f increases. For a well-mixed droplet. the
net flux was always positive, regardless of pressure. Calculations for a droplet evap-
orating at room temperature with f = 1 showed that the liquid concentrarion field

was essentially uniformn after about 30 sec. This indicates that the uniform initial
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concentration model i the wost realistie for comparison with the experiments to
be peformed, Fig, 15 shows the elimee i air s action with diraplet tadins o
these conditions: ax expected, ait concentration deetenses Tiom the s faee 1o the
droplet centre. Figure 16 shows how the aiv concentrations ot tlee <mfaee hehave
under ignition conditions, As tests for w heptane aned o hesadecine showed that i
diffusion in the liguid phase has no signifieant indlnenee ondenition times, it will Tae
neglected in future modelling. and the droplet sseamed well mised, This conelision

15 at least partly the result of the low air concentintions i the Bguid phase.

4.5 General Results and Discussion

At this point the model ix completed Dy adding the Presstite enttections too the
transport properties. Sote finnl vesalts from the wode! ane Shown i Fiemes 15

25. Fig. 17 shows that jgnition delay times decrease <hanply s muhient pressure
risex, owing largely to the pressure depetidence of the teaetion tate, The cortection
of the trausport properties for the effeets of pressure is ween to have o telatively
simall effect on predieted jgnition times, Examinantion of predieted temperatanes
aad fuel concentration profiles shiowed tlet s proessaime e the fuel e fraetion
near the droplet surfiace decreases (Fig, 189 this ix to be expected, sinee the an
partial pressure is rising while the fuel partial pressore semains byecly nnehanged.
This leads to lower evaporation rates for dvoplets ot hieh presse, sohicl in tua
wmeans that more of the heat transferred to the droplet s wsed 1o heat the Tegnid,
Henee, droplet heating is more rapid at bish pressure. The pesnlts ane presented
in Fig. 18, Figures 19 and Fig 20 show that the concentiation elmnses e the
reaction zone and the subsequent loeation of fanition to nsove eloser 1o the dioplet
surface at high pressure. Reaction was found to tabie place ander progressively

leaner conditions as pressure rises,



I shonled bee noted thar the Lelwvionr of ignition delay with pressure depends
strongly on the veaction orders in Eq. 3.8 (exponents of fuel and oxygen coneen-
tration in the veaetion rate expression in the maodel). At present the values used
are those from the wark of Westhrook and Dryer {39): an exponent of a = 0.25 for
fucl and I = 150 for axygen. To find effect of pressure on exponents a and b it
wis decided to elimge reaction constants to a = 1 for fuel and b = 1 for oxygen
and = 025 and b = 175 . For these ealenlation the pre-exponential constant I
lad to e eliged so as to give the same igaition thne at 1 atin. The fitted values
of K are presented ju Table 3. The significance of & = b = 1 is that it was nsed
by most iznition wodels in et this wis proven to be incorreet by Westhrook and
Dryer 39 Figares 21 and Fig. 22 show the effeet of changing these exponents.
These chiuges have asipnificiat effeet on the reaction zone, which moves towards
the droplet surface won o b inereases, Another result is a large change i delay
tie, evidenec of @ strong degree of control by ehemieal kineties. 1t should be noted
that overall pressure dependence of rate is given by (a + b) (see Eq. 3.8). Thcrofnro
A =025 b = 195 (4 + b = 2) pives a steeper drop of ignition time with pressure
Hama < 020,00 = 15 Got b L75) Howeverna=h =1 (a + b = 2) gives a less
steep dependence. The reason for this is that a = 1 gives a much stronger offect of
fuel concentration but a lower effeet of oxygen, hence requires more fuel to ignite.
It ean be seen from the Fig, 22 that ignition for case 2 (a = b = 1} oconrs in a
el richier mixture. e will he necessary to vary ondy b to fit pressure dependence

te experitiental dati, Experimental results will be required to see if these values

are correct,

The temperature dependenee of tle fgnition time (Fig. 23 and Fig. 24} is almost
aostraipls line onan Archentus plos (B ignition time vs 1/T) whose slope changes
lietde withe pressuve, T slope of this plot gives an elfeetive activation cnergy of

about 37 k1 /ol for 1 heprane. which when compared to the activation ciergy of



60 kJ/gmol used for the chemical reaction itself suggests a lurge degree of control
of the process Iy cheniical kineties.

A plot of ignition time versus droplet diameter (Fig. 26 and Fig. 23) shows the
familiar phenomenoen of a minimum droplet diameter below which ignition eannot
oceur: this limiting diameter decreases as pressure rises. The effeet of droplet Jdinnu-
eter on ignition time is small for the example of n-heptane. bLut Becomes somewhat
larger for fuels of higher boiling point. Both the temperatnre and the diameter
dependence of ignition delay time are similar to those at low pressure. It ean there-
fore be concluded that high pressure does not introduce any fundamental changes

in ignition hehaviour beyond a reduction in ignition delay time.

An importaut topic in the literature on droplet behaviour at high pressure has
been the question of whether the liquid phase ever becomes supereritieal. In the
present work. since the ignition time becones shorter as the pressure vises, ignition
always occurs when the droplet is far short of the eritieal state: Fig. 18, for example,
shows that n-heprane droplers ignite at a liguid temperature below 370 K regardless
of pressure. while the eritical temperature for pure n-heptane is 340 K. Ar 50 atm
pressure, the air concentration in the liquid phase at ignition was of the order of
2% Ly mass. For pure evaporation or steady combustion. involving mnel longe
droplet lifetimes, the droplet temperature can of course rise much higher, and the

sample phase envelopes calculated in an earlier section show that larger dissolved

air concentrations can be reached.

Further insight into the question of whether the critical point is reached is given

by the expression for the total evaporated mass flux G developed previonsly:

X ¥
I'L5E |k =T5E |n

G=

= = 4.1)
Xrr=Yen (4-1)

Since vapour and lignid phase fuel wass fractions at the surface Yegu and Xpp
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approach each other at the critical point (by definition. liquid and vapour phases
have identical compositions and densities at the critical state). this equation suggests
that attaining the critical point would require an infinite mass flux. and hence be
impossible. It is therefore postulated that it is possible for a droplet to approach
the critical state asymptotically. but not to reach it or pass through ir. regardless

of pressure.



ignition =1 |[=100 f=1 [ =100
time initial initial initial i initial
(SP(‘} .\-_4 =0 .\'_.\ =0 .\._.1 =1- .\.F -\.A =1- .\.;.‘
n-heptane 0.116 0.122 0.115 0.116
n-hexadecane | 0.532 0.528 0.532 0.532

-V

Table 2: Effect of f on ignition time for a 1.5 mm n-heptane and n-hexadecane droplets a
973 K and 50 atm.



Table 3: Fitted values of chemical reaction constants for a 1.3 mm n-heptane droplet a1 973
K with different values of exponent a and b.

a=02ja=10]a=025
b=130b=1.0|b=155

Kx10™ 0.52 29.5 38

s
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Figure 6: Pressure-mol fraction diagram for nitrogen-n-heptane mixtures, showing sample
calculated isoterms. The points are experimental data from [18]: A 305 K; ¢ 400 K.
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Figure 7: History of fuel vapour mass fraction at the surface Yrp for a 1.5 mm n-heptane
droplet at 973 K. Key: - » - low pressure model, —- low pressure model with P-R equation
to calculate VLE, - - - model with P-R equation, new expression for enthalpy of vaporization
and mass fluxes, but no liquid phase diflusion.



Gl

1.0
0.9-
0.8-
(T8 ]
Q P SK
g 071 (otm)
a4
=
1¢p]
e
L 0.5-
=
<
§ 0.5-
| 3
&
< N-HEXARGECANE
G
8.4~
[9p]
&a T -873 K
=
o 0.34
>
L.
0.24
0.1 -
0.0 ] T i 1
0.0 1.0 2.0 3.0 4.0 5.0
TIME (SEC)

Figure 8: History of fuel vapour mass fraction at the surface Yrp for a 1.5 mm n-hexadecane
droplet at 973 K. Key: -« - low pressure model, — low pressure model with P-R equation
to calculate VLE, - - - model with P-R equation, new expression for enthalpy of vaporization
and mass fluxes, but no liguid phase diffusion.
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Figure 9: History of liquid mass fraction evaporated for a 1.5 mm n-heptane droplet at 973
K. Key: - - - Jow pressure model, — low pressure model with P-R equatior to calculate

VLE, - - - model with P-R equation, new expression for enthalpy of vaporization and mass
fluxes, but no liquid phase diffusion.
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Figure 10: History of liquid mass fraction evaporated for 2 1.5 mm n-hexadecane droplet at
973 K. Key: -- - low pressure model, — low pressure model with P-R equation to calculate

VLE, - - - model with P-R equation, new expression for enthalpy of vaporization and mass
fluxes, but no liquid phase diffusion.



MASS FLUX EVAPORATED FROM THE SURFACE

64

0.250

0.2254 . .
N-HEPTANE
I

!
L

0.2001

0.175

1
!
&
t
'
¥
[
¥
!
t
t
'

P(ARIM): 20

L}

[

0.150- ;!
1
5
[

0.1254

0.100 +

0.075 4

0.050 +

0.025 1

0.000 ] + L
0.0 1.0 2.0 3.0 4.0 5.0

TIME (SEC)

Figure 11: Comparision of total mass flux evaporated from the surface for 2 1.5 mm
n-heptane droplet at 973 K. Key: - - - low pressure model, — low pressure model with
P-R equation to calculate VLE, - - - model with P-R equation, new expression for enthalpy
of vaporization and mass fluxes, but no liquid phase diffusion.
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Figure 12: Comparision of total mass fiux evaporated from the surface for a 1.5 mm
n-hexadecane droplet at 973 K. Key: - . - low pressure model, — low pressure model
with P-R equation to calculate VLE, - - - ‘model with P-R equation, new express:on for
enthalpy of vaporization and mass fluxes, but no liquid phase diffusion.
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Figure 13: Enthalpy of evaporation for a 1.5 mm n-heptane droplet at 973 K. - - - Enthalpy

at normal boiling point from {15], e - Boiling point.



N

T - 973 K
T d - 1.5 mm
o X5 N-hEXADECANE
10°- o
8 i [
R S
7:2;1‘ 4
H -
=
o
= ] N-HEPTANE
z
10'1_ \\\\
8*10‘2 o H * [1 [] + . L) i i 1 L] i L4 L] LIRS
10 10' 10°

PRESSURE (ATM)

Figure 14: Comparision of ignition delays time for n-heptane and n-hexadecane mixtures
at 973 K . Key: - - - low pressure model, ~—— low pressure model with P-R equation to
calculate VLE, - - - model with P-R equation, new expression for enthalpy of vaporization
and mass fluxes, but no liquid phase diffusion.
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Figure 16: History of air concentration at the liquid surface under ignition conditions for
1.5 mm n-heptane and n-hexadecane droplets 2t 973 K and 50 atm. Curves end at ignition
time : — n-heptane t = 0.115 sec, - - - n-hexadecane t = 0.532 sec.
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Chapter 5

Model and Results -
Two-Component Fuel

5.1 Mathematical Model

The model used to predict ignition delay time for two-component fuel droplets is
an extension of that presented in chapter 3 for single-component fuels.

In extending this model to two-component fuels ( actually three-component mix-
tures: two fuels plus air) some modifications need to be made in the expressions
for mass fluxes at the droplet surface. For a given pressure and surface tempera-
ture Tr the mixture composition at the droplet surface is required (Y. Ya. Y, )
which gives a balance between liquid and vapour phase mass fluxes. Note that for
a given T, one mass fraction is now an independent variable, in contrast to the
situation with a single component fuel. Once one of ¥;, ¥,, or Y, is specified, the
other two are fixed by VLE. The value of the additional, independent Y must be
solved for from suitable flux expressions. The other model equations are the siune

as In Chapter 3, except that two diffusion equations are now required in the vapour

80
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phase, one for each fuel species. Work with one component fuels has shown that air
can be assumed well-mixed. but diffusion of fuel components in liguid phase will be
modelled.

5.1.1 Basic Equations

It was necessary to develop new relations for mass fluxes at the droplet surface:

e vapour phase

G; =G}'-|R +j| (5.1}
G2 = GYer+ J2 (3.2)
- oYr .

Ga =G(1—}pR)+I‘—a— R (5.3)

r

e liquid phase

Gt =GX1p+ 7, (3.4)
G = GXor+ 2 (3.9)

oxX
Ga=G(l —-Xra)+ I‘a—rp |r (5.G)

where J; and J; are diffusion fluxes of : in the vapour and liquid phase respectively:

5= —l“;% (5.7)
aX;
Ji= _rLiW (5.8)

and the total fuel lux Gp = Gy + G2 . The total mass flux is

G=Gr+Ga (5.9}



By equating total fuel fluxes in the vapour and liquid phase (G = Gpyp) the

total mass flux at the droplet surface is obtained ax:

Jr=Jr
G=F"—"—"—
Xrr—1Yrn
Subscript F refers to the fuel and A to the air.

(5.1

The total mass flux G is then used to compute Gy and Gy, from Eq. 5.1 and
5.4. The objective is to find X g. Yig. etc. so that G, = &y, This is done by
using the mass flux discrepancy (G, - Giz) to calculate a new trial value of Xy i as
follows. For small variations in Yjz one can write: Yip &= KX, 5 and substituting

this in Eq. 5.1 and 3.4. together with linear approximations for the derivatives,

Gi—-Gi=GhX\p+ AKX \p—Yn2)+ le-\-lRR + B{Xip = Xivva) (5.11)

where:

L1 512
A= R (52—1) (5.12)

B= pirDE 1

(3.13)
Solving Eq. 5.11 for K:

- 1 . Lo . . ’
K= —(G FANA [G1 =G+ 4AY 2 = pipXagR = B(Xp — Xinvn-1) (5.14)

To generate a new trial value X{p, require that Gy, = Gi. so that
(G+A)KX!p=AY12 — prX1gR — B(X1p — Xinno1) (5.15)

BX,yn-1 +4Y,

X=X
1R R (G1 = GiL)+ AY 12 + BX vvog

(5.10)

Convergence 1s achieved when the X,z from successive iterations are nearly equal.

It was necessary to introduce a relaxation factor ¢ equal to 0.3 which makes the



convergence of X,y faster:

Xigvew = aXip+ (1 - a)Xir (3.17)

After the correct Xz has been found for the given velocity. concentration and
temperature fields. the fuel flux Gr is ealculated and checked for convergence

Gr—Gr

abs( Gr

} < 0.00001 (5.18)

The sequence of calculation used is shown in Fig. 27.

5.1.2 Calculations of Transport Properties

Transport properties for the mixy’ e were obtained using the same correlations as
were developed and discussed in Section 3.8 for a single component fuel-air mixrure:
the thermal conducetivity was calculated using the Stiel and Thodos correlations with
the Prausnitz - Guun correlation for pseudocritical parameters for the mixture: the
diffusion coefficient in the vapour was obtained using Chapman - Enskog theory
with the Leouard - Jones 12-6 potential and in the liquid phase using rhe Vignes
correlation with Wilke - Chang method to estimate the DS, diffusivities. Specific
heat, liquid molal volume and liquid viscosity were calculated as destribed in Section
3.8

5.1.3 Calculation of Reaction Rate

To complete the model for two component fuel mixture calculation of the reaction
rate is required. Remarkably little information exists on this topic. The most com-
prehensive study is that of Salooja [31] who measured ignition delays in premixed

combustion for numerous binary hydrocarbon mixtures in air. For the presemt work



a ane-siep global reaction model was adopred as in carlier work (atmospheric pres.
s.ure model for two component). which combined pure component rate data to an
expression for a mixture. For more details see Bergeron and Hallett [3]. The uiodel

uses linear combination by mol fraction of component rate constants, giving, :

R = 5y Ry + yal\y 19,19
E=ykE +yE (5.20}
a = iray + aay (3.21)
b= yb + yobe (5.22)
with the overall rate as :
. . 17+ 1Yo 1 -F
e [ (B () e
F LP i 3 CPA\RT (5.23)

wher M is the fuel mixture molecudar weight.

M=y + 42y {3.24)

This model shows the best ualitative agreement with the earlier work and s also
supported by the observation of Cullis and Foster [§] that- the effective activation

energy of a mixture is a linear function of component mol fraction (Bergeron and

Hallett [3]).

5.2 Modelling Results

Some tests were carried out for a mixtures of n-dodecane/n-hexadeeane s n-

heptane/n-hexadecane with droplets of 1.5 mm diameter and a furnace temperature

of 973 K.



5.2.1 LEffect of Component Volatility

The results shown in Fig. 23 demonstrate that ignition time decreases quickly as
the more volatile el is added to the heavier component and approaches the value
for the pure light cotponent. The reason for this is that even for the mixtures
with o small difference in component boiling points the mmore volatile component
(hecause of its higher vapour pressure) is present in much higher concentrations in
the vapour phase than the other. Henee even at low liquid phase concentrations
the more volatile species dominates the vapour field. This also reduees the droplet
heat-up required to produce significant amounts of vapour, and henee reduces the
ignition time. For the caleulations o value for f = 1 was used (f is the factor
multiplying the lquid diffusiviey).

Fignre 29 shows the typical behavionr of a mixture with a very wide difference
in boiling points {(volatiiity difference). Addition of even a very small amounr of
heptane to hexadecane will cause the iguition time to drop nearly to rhat of pure
heptane. The reason for this is that pure hexadecane has long transient heating
period, during which alimost negligible quantities of fuel vapour are present. and very
little reaction occurs. The addition of a very small amount of more volatile heptane
allows significant amounts of vapour to be produced: hence the reaction occurs
-arlier and shortens the ignition time. Further increases of heptane concentration
Lave little effeet. This can be explaiued by the fact that although more heptane s
produced (higher rate of vaporization) this reduces the amount of heat available ro
increase the droplet temperature, so that the evolution of hexadecane is suppressed.
Higher rates of heptane vaporization also inerease the fuel mass finx aud reduee the
residence time of fuel molecules near the droplet stuface. making conditions less

condneive to complete reaction.

Figures 28 and 29 show. that an inerease in the pressure camses a deercase i
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ignition tite for both mixtures. The qualitative effects of wixtore concentration on

tgnition time s the siine at botl high and low pressares,

5.2.2 Effect of the Liquid Phase Model

In the previous chapters attention was padd to the eadenlation of dilfusion i the
hguid phase. Some tests were made to cheek the effect of liquid diffusivity f 1)
on ignition time. Figure 28 {for mixtures of n-dodecane-n-hexadecane shows that
inereasing f from 1 1o 100 has remarkably little offeet on ignition time especially at
high pressure. |

However, Figs. 30 -33 show that the infinence of diffusivity on the processes i
the hquid phase ean be quire large. especially at low pressure. A Ligh ditfusivity will
more quickly supply the lower boiling component from the interior of the draplet
and produce nniform conditions m the droplet. while a low ditfusivity confines the
depletion of the lighter component to a thin surface laver. Au imeresse i f (ie
liquid diffusivity) leads to more of the droplet heing vaporized prior to jenition,
which could reduce the combustion life time after ignition. At high pressare the
effective diffustvity has no effeet on ignition time, wlicl shows that production of
large quantities of vapour is not necessarily o condition for ignition to oceur at high
pressure. The effects of different f values on concentration profiles in the lignid
phase are much less at high pressure heeanse the jpnition times are el shorter
and there is less tiime for diffusion. The concenuration profiles for f o 100 are very

close to o perfeetly mixed state (uniforn concentration),

The value of f can snbstantially inflnenee conditions at the droplet sarfiee: how
ever, its offeer on lgnition tme is sinalll so smaldl thar for some mizmres predietions
for different vahies uff weoere l‘r-:a'r'llli:lll_\‘ identieal, Two f'}:!)]-’ﬂl:lli”“.\' enn b offeyed:

the first is thas. ::]l]lnnf_';ll the vitponuy pl::sﬁ(' concentrations of indivich] :\;.m'il':\ are



quite strongly dependent on f. the total fuel concentration is much less so. The
second explanation is that the progress of reaction is governed by competirion he-
tween reaction rate and convective hieat loss from the reaction zone: an increase in
fuel concentration leads to higher reaction rates. but is coupled with an increase
in vapour mass fux and hence convective loss. For more details see Bergeron and
Hallett [5]. Therefore. it can be assumed that the liquid diffusivity has a negligible
effect on ignition time. and it appears that the present droplet ignition model could
be greatly simplified by assuming a well-mixed state (uniform concentration) in the
liquid.

5.3 Well-Mixed Model

To simplifv the liquid phase model to a well-mixed model some maodifications are
necessary. With a well-mixed Liquid model the diffusion flux in the liquid phase J;
is undefined. henee the equations developed previously (Eq. 3.1-3.17) cannot be
used. Instead. another approack is nwsed with the new variable introdneed carlier

(Section 3.6.2): G; = G,/G. and the vapour phase flux is presented as :

1',- 1 3}'.

Rewrite:
Gi=6G =4 (5.26)
(Gi — YiRr)
with ;
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with -,l‘ developed as m the previous models, (0q. 3.33) or:

A
G=—-— (3.2%)
(9: - }rR]
Equating G for each component gives a set of equattions for the @, :
B 1 g 1

- AL L . -
9.=A—'J(..J—1,R)+}.‘R {2.29)

The G, can then be solved for by trial and error as follows:

¢ select a trial value of G; (for the first iteration and thme step only: for all
subsequent iterations the value from the previons iteration is used). To avoid
problems caused by small values of A, the j is taken as the component with

the largest concentration.
¢ Calenlate the two remaiming G, and G, from equation 5.29.

o Calenlate a new trinl value ¢/ =1.% .G,

-

o Test for convergence @ @) = G, @ if not converged the new valne of G, is found

using a relaxation factor a equal to 0.5 :

Ginew =G +(1—a)g, 15.30)
o After convergence:
G = ,—A’—_— (3.31)
9_} - }JR
G =6G (5.32)

Some tests were done for n-dodecane/n-hexadecane mixtures and for n-heptane/n-
hexadecane mixtures for the well-mixed model. These gave identieal resuldts to those
for f = 100 . The sequence of calculation used is shown in Fig. 36. Figures 34 and

35 show that the ignition behaviour of a two-component fuel is largely dependent



on the more volatile component of the mixture. Ignition times decrease sharply as
ambient. pressure rises, owning largely to the pressure dependence of the reacrion

rate.
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]
Calculate temperature {T(£)) Eq.3.1
|

|

| Calculate VLE|

Calculate vapour concentration (¥1(£). ¥3(£)) Eq.3.2

!

Calculate liquid concentration (Xy(€). Xa2(€)) Eq.3.7]

I Calculate G Eq.5.10 |

|Calcula.te Gyp. Gy Eq.5.1. Sﬂ

Calculate new X{gz Eq.5.17

Ll

| .

I Check if X; converges? ]ﬁ

Y

lCalculate Gr Eq.:’).ﬁl

Callculate density (p(£))

LUpda.te velocity Eq.3.3|

1
Eheck if G converges? Eq.5.18 I—"ﬂew_C']—‘J
!

ICa.lcula.te droplet heat balance I'Iq.3.-1|

1Check if Tp converge? I‘Jq.:%.fiﬂ

Figure 27: Flowchart of two-component. fuel model
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| Trial Tr i

Calculate temperature field (T(£)) Eq.3.1

=
[ Calculate VLE|

|Ca.lcula.te vapur concentration {}). Y>) Eq.3.2

| Calculate Gy. G G Eq.5.26.5.28]

Calcuiate liquid concentration X,;(X») Eq.3.7

| Calculate Gy Eq.5.4 l

Check il ¢y, converged? (G =) _L_m_'
KN
I(?a.lculate density]

[Salcula.te G Eq.5.29 l

| Update velocity Eq.3.3] -

l(.'-heck if G converged? I._"_.{ New G Eq.5.30!

!

Calculate new temperature (Tj) Eq.3.4

| Check if Tr converged? |-N—al T = T}

Fignre 36: Flowchart of well-mixed model



Chapter 6

Conclusions and

Recommendations

6.1 Conclusion

This work has presented the results of mathematical modelling of the ignition of
single droplets of one and two-component liquid fuels at high pressare.
The model was tested with a droplet size of 1.5 mm and an ambient temperature of

973 K and the pressure varving from 1 to 50 atm. The following conclusions were
obtained :

1. Single component fuel :

o tlhe ignition time decreases as pressure rises;

¢ the temperature and diameter dependence of ignition time are similar
to those at atmospheric pressure; as temperature inereases ignition time

decreases but the effect of droplet diameter on ignition time is small;

100
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e the reaction zone moves closer to the droplet surface as pressure rises:

e the air diffusion in the liquid phase has no significant influence on ignition
time and droplets may be assumed well-mixed:
e the correction of transport properties for the effects of pressure has only

a small effect on ignition time:

e the droplet cannot reach or pass the critical state but can approach it

asymptotically.
2. Two-component fuel :

e the ignition behaviour of the mixture is strongly dependent on the be-
haviour of the more volatile compozent:

¢ a change in pressure does not have an effect on the qualitative trend of
ignition time with mixture composition:

o liquid phase diffusion of the two fuel components has no significant cffect
on the ignition time and droplet can be assumed well-mixed for ignition

caleulations. However, liquid diffusion may affect the subsequent combus-

tion processes:

¢ the ignition time decreases sharply as ambient pressure rises. owing largely

to the pressure dependence of the reaction rate.

6.2 Recommendations for Future Work

Three gencral areas of future work that can be suggested are as follows :

1. Behaviour of multicomponent fuel.
It would be useful to extend the model to multicomponent mixtures so it will

be possible to test mixtures approximating commercial fuel blends;
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Comparison of the results of the mathematical model with data from the
experiment.

Experimental results will be required to fit a and b {exponents of fuel and
oxygen concentration in the reaction rate} to the model =0 as to see the effect

of pressure on reaction rate.

Simplification of existing model at high pressure.
It would be useful to see if it is possible to reduce the computing time and if

some calculations for atmospheric pressure can be used in the high pressure
model.
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APPENDIX A

Integration of Differential Equations

In setting up the grid. values of T. Y and p are stored at the node points W,
P. E. while mass fluxes {pw) are stored at the cell boundaries e and w (Figs
2.3).

(a) Continuity Equation (Eq. 3.3)

Integrate over control volume (CV) from w to e to get w, in terms of w,,

2% _ R0 e

o2 v pe2lp
_(& P“')— RE 81‘ ’R@E

¢
Integrating gives
2 2 R os_p o By £33
(Epw). = (Fpwhy — (& = EMop — pp) — ppRIE = &)
Beginning at the droplet surface (¢ = 1), where
Epw =G

all other velocities can be found in turn. Since the first node of the grid
lies on the surface, the first cell is actually only a half - cell, so that in

calculating (£2ptw),; the value of pp is set to

_3 1
PP1—4P1 402
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(b) Diffusion Equation (Eq. 3.2

;(93 )+ pY g;(“) ——}l,jctc‘pwh) ;21"% (.:' %}E)
Integrate over CV from w to ¢ and over time & to A7 to get Y in terms
of neighbours W and P. The first two terms integrate to
P._\t "

T - &)

The last two terms represent convection and diffusion. and are modelled

3(» t... )(

using the power-law hybrid scheme of Patankar [26]. This gives these

terms as
agYep +ap}p + awdiy
where
ag =D A(P)+ || -F.0}
ay =D, AP || -F,.0]|
up=—ag—ay —F + F,

Here D and F represemt diffusion and convection respectively

L&At
D, =——
R2 (& = &p)

(Epw). At

F=

' R
and P is a Peclet number
P=F/D

The function A(P) is given by
A(P) =[[0,(1-0.1| P |

and the brackets [|...|| denote "the greater of . This scheme gives a gracdnnl

transition between central differencing at low P and upwind differencing
at high P.
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(¢) Energy Equation (Eq. 3.1)

RO
2%(PT) + +1)T§a—é(f )+£— WeHp
p
_ .19 1 k3 (.07 s_VC_pa_{]a_T
= ~gmpfee T”‘R‘c,,ae( a)*m[gcpras 7€

The left hand side integrates to

1
5(636 - &N ppTe ~ ppTp)

RA?
+PPTP—(5 -&)

Y - S W AN 4
+3CP(E., EVWpHEA

The right hand side terns are bulk convection. diffusion and convection by
species diffusion. and are again lumped together in a power - law hybrid
scheme. The expressions are as for the diffusion equation. except that

ITOW
b £2.0¢
CpR? (EE: - EP)
At 5 At ' -Yip

= (& pw) — - (}:

In evaluating the reaction rate g the temperature from the previous

D, =

-&p

time step T} is used rather than Tp to avoid instability.

(d) Liquid Diffusion Equation (Eq.3.7)

The equation 3.14 is first re-written by expanding the moving coordinate
term to a form that can be more easily integrated :
80X R -1, fDu oxX
—-— == X) - 36°X =
£ [6(5 ) -3 ] = 35(5 ag)

The first term integrates to

1 . R
E{Ef - EXXp ~Xp)
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The second term. representing the motion of the coordinates in physi-
cal space. is treated as a convection term and lumped together with the

diffusion tern: in a sinmiple hybrid differencing scheme to give

agXg + apXr + anwXu

where
ag =|| F..D. || -F.
aw =|| Fu.De || +F..
ap = —ag —ay
e fDL &t
D= B )
F = i};e:‘-_\.f

2R





