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Abstract

The use of dired injedion liquefied petroleum gas (LPG) in internal combustion engines poses paossible fuel
savings as well as reduced emissons of HC and CO. In dired injedion, the development of the liquid fuel spray
and its evaporation in the combustion chamber plays a key role in determining the quality of the subsequent
combustion. In this gudy, the Discrete Droplet Model (DDM) is used together with the Kelvin-Helmholtz wave
bresk up model and a modified evaporation model, to simulate LPG sprays. To acount for combustion of fuel
vapour and oxygen, a modified form of the laminar flamelet model has been implemented. Qualitative
experimental data on LPG and diesel spray flames are used to suppart the results of the simulations.

Introduction

The nead for more fuel efficient and environmentaly friendly vehicles has been growing due to the
increasingly stringent emission regulations as well as growing public awareness The use of alternative fuel such
as LPG could provide a number of advantages over conventional fuel. LPG consists of butane (C;Hqg) or
propane (CsHg) or amixture of bath. It is a by-product of crude oil refining and thus the propartion of butane and
propane depends largely on the wuntry of origin [1].

LPG has a simple chemicd compasition. Therefore it enables complete cmbustion to be adieved more
eaily, resulting in lower emissions of HC and CO. Moreover, the fuel has a high octane rating, typicaly 112
RON for pure propane, which prevents the occurrence of ‘knocking' at high engine compression ratio. With a
high compression ratio, thermal efficiency can be improved thus resulting in fuel ecnomy. LPG is not a new
fuel in the auttomotive industry, as it has been utilised in dual fuel pasenger cars as well as commercial vehicles,
although the number islimited [2].

Most current LPG vehicles however use d@ther carburetted fuel distribution or multi port (MPI) fuel injedion
systems. With dired injedion, better fuel efficiency could be adieved due to the aility to control the amount
and timing of fuel injedion. However with dired injedion, knowledge of the fuel spray charaderistics becomes
essential to ensure proper air and fuel vapour mixing. The successul implementation of gasoline dired injedion
(GDI) [3] relies on careful piston geometry design to produce the desired spray charaderistics in order to oktain
a dtratified charge aound the spark plug during lean combustion. The work described in [4] aimed to extend
spray modelling methods to LPG fuel in order to predict its evaporating and non-evaporating sprays
charaderistics. Here this work is augmented by applying a recently extended model of combustion in order to
assessits applicabili ty to bah LPG and diesel combustion simulations.

Mathematical M odels

The finite volume method is used to dscretize the gas phase transport equations. The Discrete Droplet
Model (DDM) as described in [5] is used to model the fuel spray. The drop bre&k-up is acounted for by the
Kelvin-Helmholtz wave bregk-up model [6] whil e drop colli sions are modelled wsing [7]. The EPISO agorithm,
as extended in [1] to also cdculate the spray equations, is used for the combined solution of the gas phase and
spray equations.

During dired injedion the major difference between LPG and conventional fuels, including gasoline and
diesdl, is that under certain passble engine cnditions the LPG will flash evaporate. To acaourt for this effect,
the hea and masstransfer equations were extended, as described in [4].

This paper concentrates on the modified laminar flamelet model (LFM) of Ranasinghe and Cant[8] used to
predict LPG and diesel spray combustion. One of the key assumptions in this model is that chemical readion
takes placeonly in the fuel vapour state. Therefore the liquid drops are dlowed to continue to evaporate, using
the evaporation model discussed in [4], while the readion takes placein the surrounding fuel vapour and air
mixture. In order to simplify the complex nature of combustion, the readion is assumed to be asingle step one
given by:
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where sis the stoichiometric ratio of the reaction and Q is the heat released from the chemical reaction.

This simplified chemical reaction equation identifies 4 separate mass fractions in the gas mixture, namely
those for the fuel vapour Y;, oxygen Y, inerts (assumed to be purely nitrogen) Y;, and the combustion product Yp,
Since these four species congtitute the whole gas mixture, the sum of these mass fractions is unity. The mass
fractions Y, and Y;, can be expressed in terms of Y; and the mixture fraction Z, by:
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where A, = 0.232 is the mass fraction of oxygenin air.
Thus equations need only be solved for Y; and Z. In the LFM a transport equation is not solved for Y;

Instead one is solved for the density-weighted or Favre averaged progress variable C, which takes the value 0 in
reactants and 1 in products. This transport equation is:
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where 0 is the void fraction due to the presence of liquid in the gas phase computational volumes and the
reaction rate @ represents the consumption of fuel vapour during chemical reaction. A very similar equation is
solved for the mixture fraction, except that there is no reaction rate term but there is a fuel vapour mass source
from dropl et evaporation. Values of Y; are then obtained as outlined below.

In the conventional LFM a probability density function (pdf) is used to describe the combustion of a
premixed, homogenous mixture of mixture fraction Zg, where subscript st denotes stoichiometric conditions.
During spray combustion, the mixture fraction is not homogenous throughout the combustion chamber, as the
mixture fraction distribution is influenced by the gas and liquid motions and rate of evaporation of the spray
drops. To include the mixing effects of the fuel, [8] extended the existing pdf to contain the mixture fraction. The
expression for the joint pdf becomes:
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where T is the temperature.
The beta function is used to model the pdf of the mixture fraction as it is one of the most convenient and
suitable forms of pdf. Hence the Favre averaged pdf of mixture fraction is given by:
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C =1/[B(a,b) isthe normalising parameter where the beta function is defined by:
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and I'(a) definesthe gamma function for which tabulated results can be obtained from Abramowitz and Stegun
[9]. Thevariablesa and b are defined as:
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where Z"z isthe mixture fraction variance.
The model defines the heat rel ease parameter as:
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where p, and p, arethe cnditional readant and product densiti es respedively. The mean density is given by:
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The mean quantity of the progressvariable ¢ isgiven by:
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The Favre averaged progressvariable ¢ isgiven by:
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Substituting (9) and (10) into the dove eguation leals to:
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The mean readion rateis caculated using the expression by Cant et al [10]:
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where the mean surfaceto volume ratio X is cdculated from the following expressons[11]:
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The flame length scde L, is sen to be afunction of the gas-phase turbulence intensity u. The model constants
Co» Ci1, Cjp and C; are estimated to be 4.95x10°, 0.35, 0.5 and 4.45 respedively. These values are obtained
by cdibrating the model against experimental results of Cheng and Shepherd [12]. The unstretched laminar
flame speed is expressed as a function of the eguivalenceratio ¢ = Z/ Z, through an empirica correlation [13].
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The reference temperature and presaure in this correlation are 300 K and 1 atm respedively while the other
model constants depend on the type of fuel used and are given in Abu-Orf [13] for avariety of fuels. The laminar
flame sped is a function of equivalence ratio and is therefore afunction of the mixture fradion. To oltain the
Favre averaged value, the aove function isintegrated over the beta function pdf of the mixture fraction:
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A transport equation is needed for the mixture fraction variance 712 , Which is reguired in determining the
probability density function of the mixture fraction, equation (8):
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This transport equation is similar in form to the turbulence kinetic energy transport equation where G is the
production of the intensity of the mixture fraction due to turbulence while D is the dissipation of this parameter.
Here G and D are defined as:
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where u”, v, k and € are the Favre-averaged values of velocity fluctuations, turbulent kinetic energy and its
dissipation rate respectively.
Once C and Z are known, Vf can be calculated from:
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Combustion Simulations

To date the modified LFM has only been applied to simulate the combustion of non-stoichiometric but pre-
mixed mixtures of fuel and air. It has not been applied to spray combustion in which the fuel and air is only
partially mixed and the mixture is evolving as the spray evaporates.

The spray combustion experiments simulated here were carried out in [14] by injecting the fuel spray into a
constant volume bomb and impinging the fuel spray on a heated wall, perpendicular to the direction of the spray.
After a period of ignition delay, the spray self ignites and the combustion reaction begins. The photographs of
the experiments show that ignition does not always occur symmetrically, which is probably inevitable due to
non-ideal experimental conditions. However, in order to simplify the simulation, ignition is assumed to occur
symmetrically around a circular ring that is estimated, based on the experimental photographs, to be 0.01 m from
the centre line. Fuel self-ignition is not simulated, instead ignition is prescribed by inserting an artificial heat
source term in the computational cells forming the ignition ring. This gives rise to the chemical reaction when
the fuel vapour mass fraction reaches the stoichiometric ratio. The details of the test cases investigated are shown
inTable 1.

For Test Case 2, the experimental flame obtained is relatively symmetrical, as shown in Figure 1. The
equivalent simulated results in Figure 2 indicate a fairly similar flame thickness as for the experiments. The
photograph is taken through a round insert in the side of the bomb, allowing limited optical access. Thus not al
the flame can be seen. This may account for some of the differences evident between the predictions and
experiment, particularly at the edge of the flame on the cylinder wall. The ssimulated results also predict that no
chemical reaction is taking place in the core of the spray, which is indicated by the lower temperatures in that
region. The photograph is of the surface of the flame while the predicted results show a cross-section. The
simulated results are plausible because the core of the spray is a region of high fuel vapour and low oxygen
mixture that does not encourage chemical reaction.

Predicted results for Test Cases 1 and 3 show a similar level of agreement with experiment, although the
experimental flame is less symmetric in Test Case 1 [15]. The predictions also capture the speeding up of the
combustion process with injection into a higher-pressure mixture. The higher pressure results in more mass of
oxygen being available for combustion. The peak temperatures also increase.

Results for Test Case 4, which is for diesel fuel, show a level of agreement between the predictions and
experiment that is roughly similar to those for LPG, indicating that the modified LFM is applicable to both types
of fuel [15]. The combustion rate for diesel is shown by the experiments to be substantially faster than that for
LPG under similar conditions of pressure and temperature. This effect is captured in the simulations by changing
the fuel properties, the heat released and the model constants in the laminar flame speed eguation (16).



Conclusions

A new form of the laminar flamelet model of combustion has been implemented to solve for the cmbustion of
oxygen with fuel vapour that has come from the evaporation of liquid sprays. This is the first known applicaion
of such a model to simulate spray combustion, and in particular to the study LPG spray combustion. The results
indicae that both LPG and diesel spray combustion can be cdculated with a good degree of success although
quantitative data ae ladking in order to make firm conclusions at this gage in the development of the work.
Apart from the fuel properties and hed released, only the laminar flame speed correlation neads to be aljusted to
switch from one fuel to another.
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Test Case 1 2 3 4
Fuel Type LPG Diesel
Nozze Diameter (mm) 0.22
NozZe Type Single Hole
Trapped Temperature (K) 500
Trapped Presare (MPa) 04 0.7 1.0 0.7
Injedion Presaure (MPa) 10.0
Initial Liquid Temperature (K) 280
Wall Temperature (K) 789
Distance of Wall from Injedor (mm) 105

Table 1. Spray Combustion Test Case Details



LPG Flame:
Initial Trapped Pressure =0.7 MPa
Fuel Injection Pressure =10 MPa

Figure 1. Flame photograph at 17.82 ms after ignition
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Figure 2. Simulated temperature contours 18 ms after ignition




