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Summary
At Eindhoven University of Technology research is performed in the use of electronically
controlled single-point liquid LPG (Liquified Petrol Gas) injection systems. This research
is subsidized by the Dutch Technology Foundation (STW).
One of the requirements for the design of induction systems with single-point fuel
injection is to distribute the air-fuel mixture equally over the cylinders. The geometry of
the manifold results in a certain distribution of the air over the cylinders . Since LPG, both
in liquid and vapour phase, holds a different mass density compared to air, the distribution
of the fuel over the cylinders may be different from that of the air. Hence, the distribution
of the air-to-fuel ratio over the cylinders may not be equal. For a given intake manifold
configuration, it is necessary to control the amount of fuel arriving at each cylinder. The
timing of the injection is an important parameter in controlling the distribution of the airfuel mixture over the cylinders and in keeping the air-to-fuel ratio at the stoichiometric
value. In order to get the desired amount of injected fuel in the desired cylinder it is
important to determine the optimal injection timing. The optimal injection timing depends
on the trajectories of the fuel droplets and of the fuel-vapour through the intake manifold.
These trajectories depend on the interaction with the air. Since the flow inside the
induction system depends on the combination of the speed and the load of the engine, it
follows that the optimal timing of the injection also depends on these parameters.
In order to investigate the influence of the timing of the injection on the distribution of the
air-fuel mixture over the cylinders, this at different speeds and loads of the engine, a
numerical simulation method has been developed. The numerical simulation method
predicts the air motion and the droplet motion, with simultaneous evaporation, inside the
intake manifold. The trajectories of the droplets in an unsteady air flow result in a certain
distribution of the air and of the fuel over the cylinders. In order to validate the numerical
simulation method, the distribution of the air-to-fuel ratio has been measured for a number
of combinations of engine speed and load.
The present investigation has shown that the global characteristics of the unsteady air flow
inside the intake manifold can be modelled with adequate accuracy employing onedimensional acoustic wave theory. The poppet valves, the throttle plate and the cylinder
are modelled using the quasi-steady flow through a Laval-nozzle. A general force balance
is introduced for determining the motion of the fuel droplets in the unsteady air stream.
The droplet evaporation process is assumed to be quasi-steady. The predicted distribution
of the air-to-fuel ratio over the cylinders is in good agreement with the measurements. The
present study has also shown that the timing of the injection influences the manner in
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which the air-to-fuel ratio is built up within one or more engine cycles. The timedependent build-up of the air-to-fuel ratio influences the homogeneity of the air-fuel
mixture inside the cylinder.
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Samenvatting
Aan de Technische Universiteit Eindhoven wordt onderzoek verricht naar de haalbaarheid
van de toepassing van elektronisch gestuurde single-point vloeibare LPG-injectie systemen.
Dit onderzoek wordt gesubsidieerd door Stichting Technische Wetenschappen (STW).
Een belangrijk criterium bij het ontwerp van een inlaatsysteem met single-point
brandstofinjectie is het verkrijgen van een gelijke verdeling van het lucht-brandstof
mengsel (van sto"ichiometrische samenstelling) over de afzonderlijke cilinders. De
georrietrie van het spruitstuk resulteert reeds in een bepaalde verdeling van de Iucht over
de cilinders. Aangezien LPG, in zowel vloeibare als dampvormige fase, een andere
dichtheid bezit dan Iucht kan deze een andere verdeling over de cilinders geven dan Iucht.
Dit kan resulteren in een ongelijke verdeling en samenstelling van het lucht-brandstof
mengsel over de cilinders. Voor een bepaalde inlaatspruitstuk configuratie is het daarom
van belang de hoeveelheid brandstof die voor een bepaalde cilinder bestemd is nauwkeurig
te controleren. Het tijdstip van de brandstofinjectie is hierbij een belangrijke parameter en
daarmee een belangrijke parameter voor het trachten om enerzijds de verdeling van het
lucht-brandstof mengsel over de cilinders constant te houden en anderzijds de
sto"ichiometrische lucht-brandstof verhouding te verkrijgen. Om de ge"injecteerde
brandstofmassa ook in de betreffende cilinder te krijgen is het van belang het optimale
injectietijdstip te kennen. Het optimale tijdstip waarop moet worden ge"injecteerd is
afhankelijk van de tijd die de verdampende druppels en de gevormde brandstof-damp
nodig hebben om de afstand van de positie waar de injectie plaatsvindt tot de betreffende
cilinder af te leggen. Deze tijd is afhankelijk van de interactie tussen de brandstof en de
instationaire luchtstroining in het inlaatsysteem. Aangezien het tijdsafhankelijke snelheidsveld afhankelijk is van het bedrijfspunt van de motor volgt hieruit dat het optimale
injectietijdstip ook afhankelijk zal zijn van het bedrijfspunt van de motor.
Om de invloed van het injectietijdstip op de verdeling van het lucht-brandstof mengsel
over de cilinders bij verschillende bedrijfspunten te onderzoeken is een numeriek simulatie
gereedschap ontwikkeld dat de beweging van de Iucht en de verdampende druppels in het
inlaatspruitstuk berekend. Berekening van de druppelbeweging onder invloed van de
luchtstroming resulteert in een bepaalde verdeling van de brandstof en van de Iucht over
de afzonderlijke cilinders. Deze voorspelde lucht-brandstofverdeling is voor verschillende
motorbedrijfspunten gevalideerd aan de hand van meetresultaten.
Uit het onderzoek is gebleken dat de instationaire luchtbeweging in het inlaatspruitstuk
voldoende nauwkeurig kan worden gemodelleerd met behulp van de een-dimensionale
akoestische golftheorie. De randelementen, zoals de smoorklep, de in- en uitlaatkleppen,
vii

en de cilinder zijn quasi-stationair gemodelleerd. De druppelverdamping is tevens quasistationair gemodelleerd. De numerieke simulatie methode geeft een goede voorspelling van
de Iucht- en brandstofverdeling over de cilinders. Tevens is gebleken dat het tijdstip van
injectie invloed heeft op de wijze waarop het lucht-brandstof mengsel zich opbouwt in de
tijd. Dit fenomeen heeft invloed op de homogeniteit van het lucht-brandstof mengsel in de
cilinder.
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Chapter 1

General introduction
Meeting the increasingly more stringent legislation on pollutant emissions from motor
vehicles has become a major challenge for research and development in the automotive
industry. The oil crisis of the early seventies shifted the motivation towards reduced fuel
consumption. The oil crisis also showed the disadvantages of being dependent on a single
type of fuel. The awareness increased that the consumption of fossil fuels had to be
reduced, together with the increased need to protect the environment. Different types of
alternative fuels came into sight. More efficient, or even new vehicle propulsion systems
became necessary. On the one hand alternative drive-line concepts have been developed,
for instance hybrid vehicle drive-lines, while on the other hand the use of alternative fuels,
such as Liquified Petrol Gas (LPG) and Compressed Natural Gas (CNG), has been
stimulated. However, at the same time major gains in fuel economy and reduction in
exhaust gas emissions have to be obtained by optimizing engine performance. This has
stimulated efforts to obtain a better understanding of the various physical processes
occurring in internal-combustion (IC) engines. In the case of spark-ignition (Sl) engines,
one of the most important processes is the preparation of the air-fuel mixture. At the
Eindhoven University of Technology research into the optimization of the mixture
preparation with LPG as alternative fuel has been in progress since the early eighties.
For many decades spark-ignition engines relied almost exclusively on carburettors for
mixture preparation. During the last fifteen years there has been a rapid increase in the use
of fuel injection systems, since these allow- more flexible and more accurate control of the
fuel delivery. For example, in the year 1978 less than one percent of all passenger vehicles
sold were equipped with fuel injection systems, whereas in 1990 fuel injection was used in
more than half of the passenger vehicles sold.

Chapter 1

1.1. LPG as an alternative fuel
LPG is a residue-product of the refining process of crude oil and mainly consists of a
season-dependent mixture of propane and butane. It is widely available in some countries.
In the fifties LPG was introduced in the Netherlands as an automotive fuel. By means of
tax regulations, the government made it attractive to use LPG in automobiles. This has
stimulated its wide-spread use as an alternative fuel for spark-ignition internal-combustion
engines. For instance, in the Netherlands, there are currently 650,000 vehicles running on
LPG, which is available at 2,100 refuelling stations.

1.2. Effects of current emission legislation
Engines running on LPG used to produce lower exhaust gas emissions than engines
running on petrol, primarily due to the more effective chemical reactions occurring during
the combustion process. LPG is more pure than petrol, and therefore, less impurities are
burned. At the time emission legislation became more stringent petrol-engines could not
comply, contrary to LPG-engines, with these rules without external aids. As a
consequence, the engine manufacturers started to equip the engines with various types of
catalysts, like the oxi-catalyst, the two-way catalyst and later the three-way catalyst. Since
the introduction of three-way catalysts for petrol-engines and therefore the use of closedloop air-to-fuel ratio control systems to create stoichiometric air-to-fuel ratio, the emission
advantages of LPG over petrol have largely disappeared. Since the government intensified
the emission legislation more and more, vehicles running on LPG could not meet these
regulations any more without the use of three-way catalysts. As a consequence, in order to
supply the catalytic convertor with an exhaust gas mixture with stoichiometric air-to-fuel
ratio, the conventional LPG-supply systems consisting of a vapour-convertor and a gas
carburettor also had to be fitted with a closed-loop air-to-fuel ratio control.

1.3. Methods to comply with future emission legislation
In order to comply with future emission legislations, in conjunction with the quest for
increased fuel economy, the LPG-equipment manufacturing · industry has to abandon the
mixing systems based on the conventional vapour-convertor and gas carburettor in favour
of injection systems. Two of such injection systems are of interest: intermittent vaporized
LPG-injection and intermittent liquid LPG-injection, both in single or multi-point version.
The research presented in this thesis, deals with the timed single-point liquid LPG
injection only. Since the manufacturers of LPG-injection systems are forced to fit the
2
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LPG-injection system as a retrofit on induction systems of standard petrol engines, it is
easier to equip the standard induction system with single-point injection.
Fitting the LPG injection system on the standard induction system of an engine involves
changing the manifold geometry, and hence, influencing the air flow inside the manifold.
However, a more significant change to the conventional system is the new method to
supply the LPG, i.e. injecting liquid instead of supplying vapour through a gas-carburettor.
Therefore, in order to be able to optimize the mixture preparation it is necessary to gain
knowledge on the droplet sizes produced by the injector, whose operational conditions
differ from those of petrol injection, as well as the time required for the evaporation of
LPG-droplets.
In order to modify a standard induction system for the use of single-point liquid LPG
injection it is necessary to understand all physical phenomena related to the droplet mixing
processes. To gain knowledge on the droplet mixing process, including heat transfer, it is
important to understand the fundamentals of two-phase flows. The formation of a
combustible air-fuel mixture involves a number of processes as shown in Figure 1.1.

DROPLET ATOMIZATION IN THE
INTAKE AIR FLOW

Figure 1.1.

Formation of a combustible air-fuel mixture.

The mixture preparation starts with the injection of liquid fuel in the intake manifold. The
fuel atomizes into droplets with an average diameter of approximately 25 J.1111. The droplets
move through the pipes of the manifold and evaporate on their way to the cylinders.
Simultaneously, the fuel-vapour mixes with the air resulting in a combustible mixture.
The precise manner in which these processes take place is decisive for the quality of the
mixture. The continuing quest for increased fuel economy in conjunction with reduced
emissions has forced the automotive industry to redesign their spark-ignition engines. The
redesign mainly consists of improvements to the induction system aimed at optimizing the
mixture preparation with respect to fuel economy and exhaust emissions. The most
important parts of an induction system affecting the mixture preparation are the intake
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manifold and the injection system. The fundamental function of the induction system is to
deliver the required amount of vaporized fuel mixed with an appropriate quantity of air to
each cylinder.
Design requirements for an intake manifold are that it must supply an equal share of the
air-fuel mixture to each cylinder. This share may not vary from cycle to cycle for as long
as the engine conditions remain stationary. It is widely recognized that variations in the
air-to-fuel ratio over the cylinders are related to the volatility of the fuel, the timedependent variation of air flow, the time-dependent variation of the fuel flow and the
mixing process of air and fuel. Mixing of air with completely evaporated fuel improves
both the cylinder-to-cylinder distribution of the air-to-fuel ratio and the cycle-to-cycle
variation of the air-to-fuel ratio considerably. However, it does not result in an ideal
distribution of the mixture over the cylinders, nor will the cycle-to-cycle variation vanish
completely.
The present research shows that the injection timing is a very important parameter in
relation to the distribution of the air-to-fuel ratio over the cylinders. The geometry of the
manifold already results in a non-uniform distribution of the air over the cylinders. Since
LPG, in its liquid as well as its vapour phase, has a different mass density compared to
that of the air, the distribution of the LPG over the cylinders may be different from that of
the air. Hence, the distribution of the air-to-fuel ratio over the cylinders might not be
equal. For a given intake manifold configuration, it is necessary to control the delivery of
the amount of fuel for each cylinder. A measuring technique is developed which shows in
which particular cylinder the injected amount of fuel, injected using a single-point
injection system, ends up with the timing of injection as parameter. It is demonstrated that
the injection timing can be chosen in such a way that even intake manifold configurations
that are far from ideal give an equal value of the air-to-fuel ratio over the cylinders.

1.4. Methods to predict the mixture preparation
Ideally, the air-fuel mixture reaching the cylinders must not vary from cycle to cycle and
from cylinder to cylinder. The fuel must be largely vaporized or at least finely atomized,
and homogeneously mixed in the air stream. It has been proven that mixtures that deviate
too much from the homogeneous situation result in high exhaust emissions and poor fuel
economy. Hence, for a truly efficient performance, it is necessary that the quality as well
as the quantity of the air-fuel mixture are equal for each cylinder, and this under all
circumstances. In practice, induction systems fail to achieve this. In order to decrease the
cycle-to-cycle and the cylinder-to-cylinder variation of the air-to-fuel ratio, all parameters
4
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influencing the mixture preparation in the intake manifold have to be identified and their
effect analyzed.
There are two approaches to gain knowledge on the parameters and physical phenomena
which influence the mixture preparation. By performing measurements inside the manifold,
the motion of the mixture and the preparation process can be determined, this for a given
configuration. For each modification of the induction system the test set-up has to be
modified or even completely reconstructed. Also, detailed measurements of the flow-field
quantities inside the manifold are expensive and time-consuming and often disturb the
flow itself. The alternative is to perform numerical simulations. All the relevant physical
and geometrical aspects are represented by mathematical models. With the numerical
simulation method, predictions are obtained of both mixture preparation in the intake
manifold and the distribution of the mixture over the cylinders. The influence of small
redesigns of the induction system, for instance changing pipe lengths or changing the
injection timing, on the mixture preparation can be assessed immediately. Using a
numerical simulation method, if reliable and accurate, as an analysis tool in a redesign
process reduces time and costs significantly, or for given time and budget results in a
more optimal design because more candidate configurations can be investigated in more
detail.
It is obvious that performing experiments in real induction systems gives very useful data.
In general, the accuracy of the solution obtained with numerical simulation methods
depends on the quality of the physical model, i.e. the relative importance of the flow
features not included in the model. Furthermore, the geometry of the real induction system
is often replaced by a simplified geometry and flow conditions might not fully match the
ones occurring in practice. The accuracy of the numerical solution depends also on the
accuracy of the numerical method chosen to solve the governing equations. However,
employing the numerical simulation method will increase the insight in the problem,
because parameters such as inlet conditions, geometry, injection timing, etc, are easily
varied during the search for an optimum design.

1.5. Numerical simulation methods to predict the mixture preparation
As discussed in Section 1.3 the LPG-equipment manufacturers are forced to modify the
induction system when retro-fitting a standard engine with an LPG system such that it
runs optimally with respect to fuel consumption, drive-ability, emissions, etc. Hence, if a
numerical simulation method could be used efficiently to simulate the behaviour of
evaporating fuel droplets in a pulsating air flow, huge savings in time and costs become
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possible.
The numerical simulations of the gas exchange process between intake manifold, cylinder
and exhaust manifold is being increasingly accepted as a design tool. Employing such a
numerical simulation method within its validated range of applicability, permits a variety
of design permutations to be tried, such that performance trends may be established prior
to the construction of a prototype. In this way, design risk and development costs can be
reduced. This indeed will become more important, with the continual increase in computer
capability and the use of computational methods based on more complete mathematical
models of the physical processes involved.
A numerical simulation program is based on mathematical models of the physical
processes contributing to mixture preparation, i.e. air motion in the complex intake
manifold, atomization of the droplets during liquid injection, droplet evaporation, motion
of the droplets in the inducted velocity field, and the mixing of the air and fuel. The
completeness of the mathematical models describing the physics largely determines the
quality of the numerical simulation. However, usually a high-quality model results in long
computational times. The choice to be made for the mathematical models and the choice
for the numerical methods (algorithms) and hence the desired accuracy for the prediction
depend on the objectives of the user, and the time and budget available.
The LPG-equipment manufacturing industry needs a simulation package with the ability to
adequately predict the air motion in intake manifolds, while the computational
requirements and the expertise required for performing simulations remain within imposed
margins. Since the major alternation on the original petrol induction system concerns the
injection system, emphasis is put on the prediction of the initial conditions of the droplets
during injection and the modelling of the droplet motion and evaporation. The numerical
simulation method developed at the Eindhoven University of Technology (EUT) is able to
predict the pulsating air flow as well as the motion and the evaporation of the droplets
while they travel through the intake manifold. The method is capable of predicting, for a
given combination of engine speed and load, the cylinder-to-cylinder variation of the airto-fuel ratio and the time-dependent build-up of the air-to-fuel ratio for each cylinder for a
variety of manifold configurations, operational conditions and injection timings.
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1.6. Context of the thesis
This thesis is based on the results of the fundamental part of a research project subsidized
by the Dutch Technology Foundation (STW). The aim of the investigation has been to
develop a numerical simulation method, in the form of a computer program, to predict the
unsteady air flow, droplet motion and evaporation inside the intake manifold of a sparkignition internal-combustion engine. The method consists of two parts:
- the numerical method to predict the unsteady air flow (Chapter 3), and
- the numerical method to predict the droplet motion and their evaporation (Chapter 4).
If both numerical simulation methods are joined, a method is obtained which is able to
simulate the motion and evaporation of the fuel droplets in the unsteady air flow in the
intake manifold (Chapter 5).
This thesis gives an enumeration of the mathematical models used, the assumptions made,
and the test facilities built to generate the measured data required for the development of
the mathematical models and the validation of the results of the numerical simulation
method. The results are in the form of predicted time-dependent droplet trajectories in the
pulsating air flow inside the induction system, and associated with it the time-dependent
build-up of the distribution of the injected fuel over the cylinders. Together with the
prediction of the distribution of the inducted air over the cylinders the method is also able
to predict the cycle-to-cycle as well as the cylinder-to-cylinder variation of the air-to-fuel
ratio.
The contents of the remainder of this thesis is structured as follows. Chapter 2 gives a
brief overview of the developments in the field of numerical simulation methods. The
different aspects to be considered in the development of a complete simulation method are
described. Each aspect will be described starting with an overview of the developments
leading to the methods used presently.
Chapter 3 discusses the mathematical model and the numerical method used to describe
the unsteady, single-phase compressible flow in the intake manifold. The boundary
conditions related to the intake manifold are determined. Results of simulations performed
with the numerical method are validated using results of experiments performed on
externally driven as well as on fired engine test-rigs. The test facilities are described in
some detail.
Chapter 4 describes the mathematical models for two-phase flows. The forces which act
on a spherical droplet are presented. The method employed to describe the evaporation of
7
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droplets is also presented. The numerical method developed to predict droplet motion
droplet evaporation is validated with experimental results. Results obtained with
present method are also compared with numerical results from the literature. The
facilities used for the two-phase flow experiments and the measuring methods
described.

and
the
test
are

Chapter 5 presents the results of the complete numerical simulation method to predict the
mixing process in the intake manifold. Validation of the method is obtained by comparing
the amount of injected fuel, ending up in a particular cylinder as a function of the
injection timing, with the measured values of the air-to-fuel ratio. Simulation results are
established in the form of a time-dependent determination of the distribution over the
cylinders of the charged fuel. Results of the time-dependent build-up of the air-to-fuel
ratio is validated by measuring the exhaust gas composition real-time.
Finally, in Chapter 6 the research presented in this thesis is summarized, the conclusions
are drawn and suggestions for future work are indicated.
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Chapter 2

An overview of numerical simulation methods for
predicting droplet trajectories in air flows
2.1. Introduction
When a new engine is conceived, its design is generally based upon the already tried and
proven concept for the combustion chamber, the manifold configuration, the valve timing,
etc. However, the performance of the final design remains rather uncertain. If a prototype
does not satisfy the required performance specifications a redesign is necessary; the
corresponding re-development costs can be enormous. If numerical simulation methods in
the form of computer programs can be employed, a priori assessment of engine
performance can be carried out and the potential exists to enhance the performance
without a substantial increase in development costs.
The development of simulation methods to predict the air flow in induction systems have
been initiated long before the advent of digital computers. In those days, the equations
describing the flow of air were solved graphically. Nowadays, these equations are solved
with the aid of numerical techniques. Research leading to the prediction of droplet
trajectories in induction systems first started in the late sixties.
Before an accurate numerical simulation method to predict droplet trajectories in air flows
can be developed it is necessary to fully understand the different physical aspects of twophase flows. Predicting droplet trajectories in air flows involves the modelling of four
physical processes, which may interact with each other:
- unsteady compressible air flow in the complex geometry of the induction system
- droplet formation during injection
- droplet evaporation
- droplet motion in the velocity-field of the induction system.
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These items will be successively described in the following sections and, where relevant,
some historical background is given as well.

2.2. Air flow in induction systems
The flow of the air through the induction system detennines the way the air is delivered to
the cylinders. Inducting a maximum amount of air-fuel mixture at any given engine speed,
and retaining that mass inside the cylinder is a prime design goal. By maximizing the
amount of inducted air, a larger amount of fuel can be burned (retaining stoichiometric
air-to-fuel ratio), resulting in an increased engine performance. The air-to-fuel ratio, A/F,
is defined as:
m .

AIF=~,

(2.1)

m""'
where

m.,, is the mass of the inducted air and m""

1

the mass of the fuel which entered the

cylinder during one engine cycle. However, a more relevant parameter for defining
mixture composition is the relative air-to-fuel ratio, A., sometimes referred to as the excess
air factor:
A.-

(A/F)
(AIF),ux•

(2.2)

where (AIF),01,. is the stoichiometric air-to-fuel ratio. This ratio depends on the type of
fuel which is used and is approximately 15.46 for n-butane. If A. is greater than unity an
excess of air arises, and hence the air-fuel mixture is called lean, if A. is less than unity the
mixture is called rich. For the use of three-way catalysts it is necessary that the relative
air-to-fuel ratio in the common exhaust pipe is equal to unity.
The most important parameters to indicate the quality of the air flow in the intake
manifold are the volumetric efficiency per cylinder, which is defined as
., 1
. ,n; .
mass of air inducted per cylinder, per cycle
vo umetnc eJJ1c1ency,
cylinder swept volume •reference density

as well as the degree to which the air is distributed over the cylinders: the difference in
volumetric efficiency per cylinder.
Three types of methods for calculating details of flows in intake manifolds are available:
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1. Quasi-steady methods for flows through restrictions formed by the inlet valve, described
in Section 2.2.1.
2. Filling-and-emptying methods, that account for the finite volume of critical manifold
components, described in Section 2.2.2.
3. Gas-dynamic models, that describe spatial variations in time-dependent velocity and
pressure distributions throughout the manifold, described in Section 2.2.3.
Each of these types of methods can be used for analyzing engine performance. The
specific choice depends on the objectives of the user, and the time and budget available.

2.2.1. Quasi-steady flow models
In this approach the manifolds are considered as a series of interconnected components,
each constituting a certain flow restriction, e.g. the air filter throttle and the valve for the
intake system. The flow restriction formed by each component is defined by means of its
geometry and discharge coefficient, usually determined empirically under steady flow
conditions. The gas flow through each component is calculated assuming steady onedimensional flow, i.e. the flow is assumed to be quasi-steady. The various components are
connected to each other by means of balancing the mass flow through and the pressure
ratios across the connected components: mass accumulation between the components is
neglected.
Quasi-steady methods are often used to separately calculate the flow into and out of the
cylinder through the inlet and outlet valves, respectively. If the variation of the pressure
with time immediately upstream of the valve is known or is small, as usually occurs with
large plenums and short manifold pipe lengths, the accuracy is adequate. This approach is
often used for engine-cycle simulations which predict engine performance characteristics
by a thermodynamic analysis. However, such methods are not able to predict the variation
of the volumetric efficiency with engine speed, since phenomena like backflow, flow
friction and ram effects, that cause this variation are not taken into account.

2.2.2. Filling-and-emptying methods
In filling-and-emptying methods, the manifolds are represented by finite volumes in which
the mass of the gas can increase and decrease with time. Such models either treat the
whole intake or exhaust manifold as single volumes or divide the manifolds into many
separate sections, with flow restrictions between them to model for instance the air filter,
the throttle valve, or the inlet valve, etc. Each volume is treated as a control volume (an
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open system) which contains gas at a uniform state. The mass and energy conservation
equations, coupled with information on the mass flow into and out of each volume (e.g.
determined by the equations for the flow through a restriction) are used to define the gas
state in each control volume. Watson and Janota (1982) discuss the application of fillingand-emptying methods to manifolds in more detail. Such methods can indeed characterize
the relevant time-varying phenomena, at least spatially-averaged per volume, i.e. per
corresponding manifold section. However, the filling-and-emptying methods cannot
describe the spatial variation of the time-dependent pressure and other flow-field quantities
due to the propagation of compression and expansion waves within the manifolds.

2.2.3. Gas-dynamic models
The thermodynamic state of the air in an intake manifold is determined by the variables
pressure, mass density, temperature and internal energy. Together with the velocity these
variables are governed by the continuity, the momentum and the energy equation,
supplemented by the equations of state and the constitutive equations for the frictional
forces and the heat flux. These non-linear partial differential equations, the so-called
Navier-Stokes equations, do not have analytical solutions. Methods which allow numerical
solution of this set of equations are finite-difference, finite-volume and finite-element
methods. However, in intake manifolds of internal-combustion engines effects due to
viscosity and heat conduction may be neglected. This leads to the so-called Euler
equations for inviscid flows which for unsteady flows are hyperbolic and describe the
propagation of waves in fluids. If the amplitudes of the disturbances on some uniform
reference state are small the Euler equations may be linearized. The resulting system of
linearized equations is the basis of the theory of linear acoustic waves.
The method of characteristics for solving the problem of linear or nonlinear waves which
travel from both ends of a straight pipe of constant cross section, was originally
formulated by Riemann (1885). He proposed a mathematical technique which forms the
basis for the graphical solution of unsteady wave problems. The method of characteristics
reduces the set of nonlinear hyperbolic equations for inviscid flows into a set of
simultaneous ordinary differential equations to be solved along the so-called
characteristics. These equations can be solved approximately by means of graphical
methods. De Haller (1945) applied the graphical method to an exhaust system and Jenny
(1950) extended the method to include the effect of heat transfer, friction and gradual
changes in the pipe cross-sectional area. The graphical solution of the method of
characteristics has extensively been used for studying the flow in reciprocating internalcombustion engines. For the prediction of wave motion in an exhaust system with a
diffuser Wallence and Boxer (1956) compared results of the acoustic wave theory with the
12
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solution of the Euler equations obtained through the graphical method of characteristics.
The latter method produced the best results. More recently, using digital computers,
Benson et a!. (1964) proposed a numerical scheme which includes changes in pipe crosssectional area, heat transfer and wall friction. This numerical technique effectively
implements the method of characteristics by superimposing a grid onto the graphical plot,
where the values of the dependent variables are calculated at the mesh points. Benson and
Foxcroft (1970) applied this approach to examine non-steady flows both in inlet and
exhaust systems of internal-combustion engines.
Finite-difference methods for solving the one-dimensional unsteady flow equations in
intake manifolds have proven to be more efficient and flexible than the method of
characteristics. The finite-difference scheme for the numerical simulation of unsteady onedimensional compressible flow has been used successfully by Ledger ( 1974) and
Lakshminarayanan (1979). These finite-difference solution methods usually require the
introduction of some form of dissipation or damping to prevent instabilities and large nonphysical oscillations in the case of non-linear problems with large gradients (e.g. shock
waves).
Recent developments in computer technology have decreased computation times such that
an accurate prediction of the flow in intake systems has become within reach. A number
of commercial software packages are available such as: STAR-CD, Phoenics, Fluent, and
Flow-3D. These allow the numerical simulation of three-dimensional unsteady
compressible flow, based upon the finite-element method or the finite-volume method.
Pressure waves induced in the intake manifold are significantly weaker than those in the
exhaust manifold. Similarly, temperature gradients are much less severe in the intake
manifold than in the exhaust system. Hence, the conditions required for the linearization of
the Euler equations are more appropriate for the intake manifold than for the exhaust
system. Methods for analyzing the flow in induction systems based on the linearized flow
equations are not new. A graphical solution for intake manifolds has been developed by
List and Reyl (1949). In this thesis, a numerical simulation method based on the Euler
equations is presented to predict the air motion in induction systems.

2.3. Droplet formation in the induction system
In order to predict the droplet trajectories in a gas stream 1t IS essential to obtain
knowledge on the start conditions of the droplets. The initial conditions are determined by
the start velocity of the droplets and the distribution of the sizes of the droplets within the
13
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spray at the pos1t10n directly following the point of injection into the intake manifold.
Different types of injectors and injector operational conditions yield different initial
conditions. The injectors in LPG-injection systems are ordinary petrol injectors, however,
operating at different operational conditions. For instance, LPG injection takes place at 14
bar relative injection pressure instead of the 3 bar for petrol injection. In order to
maximize evaporation the injector must spray a given amount of liquid fuel in droplets as
small as possible resulting in a maximum of the surface to volume ratio.
Many researchers investigated the parameters that determine the size of the droplets and
have put forward equations to describe the effect of these parameters on the formation of
the droplets. Three different approaches to identify the important parameters will be
described here:
I. Variation of the important parameters and the measurement of the resulting distribution

of the droplet sizes. From these measurements empirical correlations can be developed
to predict mean droplet diameters, for instance the Sauter Mean Diameter (cf.
[Nukiyama et al., 1939; Bracco, 1985; Hiroyasu, 1989, 1990; Yun-Yi-Yong, 1992]).
The Sauter Mean Diameter (SMD) is defined as the diameter of a sphere with a ratio of
the volume to surface area that equals that of the entire spray, i.e.

En,d/
SMD=d32 =-·-·_ _ ,

En,d,2

where n 1 represents the number of droplets with diameter d1 • A frequently used
empirical correlation for the Sauter Mean Diameter, is the so-called Nukiyama and
Tanasawa function (Nukiyama et al., 1939):

(2.3)

where d32 is the Sauter Mean Diameter ().lm), u,.1 is the reiative velocity between the air
and the fuel flow, pL is the fuel density, aL is the droplet surface tension, TIL is the
liquid dynamic viscosity, QL is the volume flow of the fuel, and QA is the volume flow
of the atomizing air. The empirical constants

c,, C2 and C3 hold a certain dimension.

This equation shows that the SMD is mainly a function of the relative velocity, the
surface tension and the liquid density.
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Many researchers have used this approach to obtain correlations for mean droplet
diameters like the Sauter Mean Diameter. However, these correlations have been
developed specifically for air blast injectors and diesel injectors. Their operational
conditions and operating principles are completely different from those of petrol
injectors. Hence, these empirical correlations can not be used in the present study
(Knockeart, 1993).
2. Analysis of the factors governing the stability of a droplet and the development of
equations to predict the maximum diameter, dmv., that can exist under given conditions.
The work of Prandtl (1952) and Hinze (1955) fits into this category. The phenomenon
of atomization is the result of the growth of instabilities in the column of a fluid
emitted from the nozzle, and was first studied by Rayleigh ( 1879). Other studies
(Weber, 1931) have included the effect of viscous forces in the analysis, leading to the
well-known critical Weber number, expressed by:
(2.4)

where p A represents the mass density of the air. The Weber number is defined as the
ratio between the aerodynamic forces and the surface tension forces . If a droplet of a
diameter d is brought in an air flow, the droplet breaks up into smaller droplets if the
Weber number exceeds the critical value of 13.
Prandtl's (1952) approach was to estimate the maximum droplet diameter that can exist
when acted upon by aerodynamic forces, and derived:
15.4 .

(2.5)

This equation has been obtained from a theoretical consideration of the forces on the
droplet, while the constant at the right-hand side of Equation (2.5) has been obtained
from experiments.
3. Measurement of the distribution of the droplet sizes under various operational
conditions representative for the engine operational conditions. Chou (1990) reported on
the droplet size distribution of liquid fuel sprays. In his study measurements have been
performed to investigate the behaviour of sprays from liquid fuel injectors with and
without generation of internal swirl. Hardalupass ( 1990) measured velocity and size
distributions from a Weber IW024 pintle injector. This type of petrol injector is often
used in LPG-injection systems. However, unfortunately the injection operational
15
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conditions in this experiment did not match the operational conditions of an injector in
a real-life LPG-injection system.
Since the physical properties of LPG differ from those of petrol and diesel, the empirical
correlations mentioned in the first approach cannot be used. Due to the complexity of the
droplet formation process during LPG-injection the theoretical approach is not a applicable
option. The droplet breakup process occurring during LPG-injection is much more
complex than the assumptions leading to the notion of the critical Weber number.
Therefore, the third approach is followed . The formation of the droplets has been
measured under several test conditions. These test conditions match the operational
conditions of an LPG-injector in real-life LPG-injection systems.

2.4. Droplet evaporation
An essential part of the mixing process is the droplet evaporation which occurs during the
motion of the droplet. During the evaporation process mass is transferred from the liquid
phase to the gas phase. The classic theory of droplet evaporation was first considered by
Frossling (1938). This work was mainly concerned with free falling droplets of a relatively
low volatile liquid (water). The mass transfer number (or "Sherwood" number) obeyed the
relation:
kd
I
I
Sh =_:____!!_ =2 +0.552Ren"'! Sc,.

for Ren<800 .

(2.6)

Dl1

The calculation of droplet evaporation i.e. mass transport from the liquid to the gas phase
is assumed to be a diffusion driven process, where the droplet is spherical and the
evaporation process is quasi-steady. In other words the vaporization is assumed to be
driven by the gradient of the vapour concentration. The droplets are assumed to move in a
completely motionless medium (Sh =2.0). The actual relative velocity between the droplets
and the surrounding medium is accounted for through a correction factor which accounts
for the forced (convective) mass transfer.
Ranz and Marchall ( 1952) have experimentally investigated the factors affecting the
evaporation rate of droplets and their heat transfer for both water and benzene under
conditions of forced convection. Their work was confined to temperatures below 373 K,
droplet Reynolds numbers not exceeding I 00 and droplets sizes between I 00 and 800 pm..
They utilized the analogy between heat and mass transfer. The heat transfer is caused by
the difference in temperature between the droplet and the carrier gas. The general
correlation of the experimental data led to the following well-known empirical formulae
16
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for the Nusselt and Sherwood number:

h d

I

I

Nu =__:::___!!_ =2 +0.6Re;: Pr "J
A.
I

,

(2.7)

I

Sh =2 +0.6Re;: Sc "J

,

for Re0 < 100 .

Various correlations between these groups of characteristic numbers have been put
forward, but the relations due to Ranz and Marchall have been adopted by many
researchers in their theoretical modelling of the heat and mass transfer of liquid droplets.
A theoretical model for the mass and heat transfer of a single spherical droplet in an air
stream has been developed by El Wakil (1954). This model assumes a single spherical
droplet at uniform temperature, surrounded by a spherical concentric layer of atmospheric
air in which the partial vapour pressure equals zero. Employing this model the air
temperature was varied between 310 and 810 K, the air pressure between 0.5 and 5 bar
and the air velocity between 30 and 122 mls. The predictions were verified by experiments
for droplets suspended in benzene, n-pentane and n-octane, this under forced convection.
This study confirmed that the empirical relations for the Sherwood and Nusselt numbers
proposed by Ranz and Marchal! also apply to higher temperatures than the 373 K below
which Ranz and Marchal! did their investigation.
Somewhat later El Wakil (1956) conducted another series of experiments using suspended
droplets under forced convection. Both the temperature of the droplet at its surface and at
its centre were measured; no detectable temperature gradient was found within the droplet.
In this investigation, a motion picture has been used in order to observe a liquid droplet to
which fine aluminium oxide was added. Internal circulation has been observed and this
might explain that because of the mixing process within the droplet no temperature
gradient has been measured. El Wakil argued that the circulation was caused by the
friction exerted on the free surface of the droplet. This explanation was confirmed by the
stronger circulation observed at higher air speeds.
For high mass transfer rates heat, mass, and momentum transfer are influenced by the
extra flow due to the mass transfer. In the past correlations for this influence have been
derived from three approximate theories: the boundary-layer theory, the penetration theory,
and the film theory. Reviews of these theories can be found in Bird, et al (1966). The film
theory is the most simple description of the physics. The model idealizes the transition
from the fluid to the gas to occur entirely within a thin film next to the free surface. In
this thin film convection parallel to the surface is neglected. Since the accuracy of the
mass-transfer rate with the correction factors included is sufficiently high for engineering

17

Chapter 2

purposes, the correlations, referred to as the Ackermann correction factors (Ackermann,
1937), following from the film model are widely used in engineering applications.
Many authors (cf. [Rayleigh 1879; Law, 1977; Law et al., 1977; Prakash et al., 1978;
Sirigano et al., 1978]) have considered the effects of transient heating on fuel droplet
vaporization. In the earliest models (cf. [Williams, 1965; Chigier, 1977; Glassman, 1977])
it is assumed that the droplet temperature is uniform and constant in time. Only the heat
conducted from the gas to the droplet surface is used for vaporization. Usually, the
temperature of the droplet is considered to be equal to the equilibrium temperature which
was calculated upon the assumption that:
(i) no heat is transferred to the droplet interior (all the heat from the surrounding gas is
spent on vaporization), and
(ii) equilibrium exists at the droplet surface.
Williams (1965) assumed that the droplet temperature is at the boiling temperature so that
the equilibrium condition is relaxed. The resultant equilibrium equation is:
(2.8)

where Qc is the convective heat transfer (1/s), Ml, is the latent heat of evaporation, and
m 0 the mass of the droplet.

During the transient heating, assumption (i) above cannot apply since heat is transferred
from the surface to the interior of the droplet. Since the thermal and mass diffusivitives of
the gas-phase are very large compared to the ones of the liquid phase, the gas-phase is
considered to behave in a quasi-steady fashion.
In a first approach to the transient heating problem, El W akil (1956) relaxed the first
assumption above but still assumed that the temperature field in the droplet remains
uniform, although time-varying. In particular, the heat transferred from the gas to the
droplet is assumed to be given by:
.
dm0
dT0
Q =Ml __ +m0 c , n - - .
'
' dt
p
dt

where

cp.D

(2.9)

is the specific heat of the liquid phase and T0 is the uniform droplet

temperature. The latter implies that the liquid thermal conductivity is effectively infinite.
Some authors (cf. [Sirigano et al., 1978; Law. 1982]) have referred to this as the 'rapidmixing-limit' approximation, which applies because of the effects of internal circulation
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(established through the shear stress imposed at the free surface of the droplet by the gas
outside the droplet). This assumption is in particular valid for fuels with low viscosity, in
which internal motion is easily generated.
Generally, it is possible to consider a finite thermal conductivity in the liquid and to
replace Equation (2.9) by the boundary condition:
.

dm 0

.

Qc=Mivdt +Qh

(2.10)
1

where Qh is the amount of heat added to the interior of the droplet. This approach is
referred to as the 'diffusion-limit' model and is relevant for fuels with a high viscosity,
specifically during the initial period when internal motion has not yet been generated. The
amount of heat transferred to the droplet interior is given by:

(2.11)

where f...0 is the thermal conductivity of the liquid, and r is the droplet radius. In the
absence of any internal motion, the temperature distribution T0 (r,t) in the liquid phase is
then governed by the axi-symmetric heat diffusion equation in the liquid (Sirigano et a!.,
1978):
(2.12)

where a 0 is the thermal diffusivity of the liquid. The boundary conditions necessary to
solve Equation (2.12) are:

(2.13)

The second boundary condition is the symmetry condition, which states that at the centre
of the sphere the heat flux is zero.
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2.5. Droplet trajectories
Predicting particle trajectories requires the calculation of the interaction between a droplet
and the surrounding fluid. A general form momentum equation is introduced which
describes the forces on a dispersed phase in an arbitrary velocity field. This equation
includes the steady drag force, the added-mass force, the pressure-gradient force, the
Basset-history force, the buoyancy force, and the lift force (Meng and Van der Geld,
1994):
du
mDdt
D =f. +f.. +f.. +J.
+r
+r
sd
am
pg
B&Stl J buoy J lift

.

(2.14)

The importance of the different forces acting on the droplet in the air flow inside the
intake manifold is discussed. In many calculations of particle trajectories reported in the
literature [cf. (Gupta, et al, 1978; Low, et a!, 1980)], the momentum equation is simplified
and only the steady drag force and, sometimes, the buoyancy force are taken into account.
The other forces, especially the Basset-history force, are often omitted because of their
complexity and uncertain significance (White, 1986). However, each force represents a
clear physical aspect of the momentum exchange between the droplet and the surrounding
fluid. The significance of each force must be evaluated in the context of the current
unsteady flow problem, see Section 4.2.

2.6. Particulate two-phase flows
Particulate two-phase flows can either be predicted by the Eulerian approach or by the
Lagrangian approach. Considering the flow variables in a two-phase flow as a function of
position and time and treating both the fluid phase and the particulate phase as an
interacting interpenetrating continuum, the two-phase flow is treated Eulerian. The
appropriate continuum equations, namely the law of conservation of mass and the
momentum equations, can be derived. In these four partial differential equations the
pressure and the velocity .fields are unknown. If the flow is non-isothermal the energy
equation has to be added as a fifth partial differential equation. Similarly, for the
description of the particulate phase, the equation for the conservation of mass and the
momentum equations have to be taken into account.
In the Lagrangian approach the fluid phase is treated as a continuum and the particulate
phase as an assembly of individual particles. For a single particle moving with the fluid,
the momentum equation together with the equation of heat and mass transfer have to be
solved. This results in an initial-value problem for the calculation of position, velocity,
20
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temperature and mass of each of the particles in the fluid flow. By solving the initial-value
problem for all the particles in the particle size distribution the motion of the entire spray
is obtained. The formulation is based on the motion of individual particles and, therefore,
this approach is known as the particle-fixed Lagrangian formulation. This approach
predicts droplet trajectories together with the variation of the state of a droplet along its
trajectory. In the Lagrangian approach the volume of the particles is neglected, so the
continuity equation of the fluid does not have to be solved and the different terms in the
fluid momentum equation do not have to be weighted with the corresponding volume
concentration. With this simplification, only the momentum equation has to be solved for
each particle.
In the Eulerian method, a volume concentration of the fluid and the particle phase has to
be defmed: the so called void-fraction. The continuity equation is solved for every phase.
As an example the void fraction, a for the particulate phase is given by:
(2.15)

where VP is the fraction of the volume taken by the particles in the control volume V.
Additionally, the effect of solid particles on the fluid motion is proportional to the void
fraction of the solid phase.
For both approaches, the governing partial differential equations for the conservation of
mass and momentum may either be solved separately per phase or simultaneously for both
phases. Solving the partial differential equations of each phase separately, the fluid phase
interacts with the particulate phase, but the particulate phase does not influence the fluid
phase. The influence of the particulate phase on the temperature of the fluid phase is
accounted for by solving the energy equation for the fluid phase.
Solving the partial differential equations for the fluid phase and the particulate phase
simultaneously is required if the particle concentration is high (more than 3 volume
percent particles) and the interaction between the phases is strong. For example, the total
drag force exerted by one phase on the other is calculated and added with opposite signs
to the momentum equation of each phase. Similarly, other terms that describe interactions
between the phases can be added to the mass, momentum and energy equations. Generally,
in particulate two-phase flows, the particles have a density which is different from that of
the fluid. Therefore, the gravity force has to be included in the momentum equation of the
continuous phase. The resulting pressure in the fluid is the static pressure, which also
takes into account buoyancy effects. The additional terms in the momentum equation for
the fluid represent the interference of particles on the motion of the fluid.
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In this thesis the partial differential equations describing the flow of the two phases are
solved separately, i.e. it is assumed that the effect of the droplet on the gas flow is
negligibly small. The motion and the behaviour of the droplets are obtained through a
Lagrangian approach. The modelling of the air flow is presented in Chapter 3 and the
modelling of the droplet motion in Chapter 4. The coupling of both phases is described in
Chapter 5.
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Modelling of the flow in an intake manifold
3.1. Introduction
The application of computational methods in flow problems is common practice. As the
performance of the computers increases, so does the number of grid points and the
completeness of the mathematical models that are used to solve flow problems. However,
the time required for evaluating a particular flow condition increases strongly with the
completeness of the mathematical model, not only because of additional terms or
equations that have to be considered but also because of the extended range of flow
phenomena, each with their own length and time scale. For unsteady flow problems where
the time-dependency of the solution is to be resolved accurately the current level of
computer power is still inadequate to enable the application of complete mathematical
flow models within an engineering design environment.
Since, during injection, the volume concentration of the droplets in the air flow is Jess
than 3 volume percent the choice is made to use the Lagrangian approach to predict the
droplet trajectories. Hence, the governing equations describing the unsteady motion of the
air can be solved separately from the equations describing the motion of the droplets. The
approximate unsteady flow analysis adopted for the present research is known as the
acoustic theory. In this approach a wave-equation is derived from combining the law of
conservation of mass and the momentum equations, this under the assumption that the
flow is isentropic. A quasi-steady approach is adopted for the analysis of the flow at
restrictions, junctions and boundaries. The solutions of the wave-equation, i.e. the
development in time of the pressure- and velocity distributions in the intake manifold,
have been validated using data obtained from various test-rigs. The results of the
measurements are presented and compared with results of the numerical simulations.
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3.2. One-dimensional description of the air flow
Depending on the complexity of the flow problem and the objectives, for instance the
desired accuracy of the prediction, a one-, two- or three-dimensional model of the flow is
required. A large reduction in computational effort can be achieved if it is allowed to
reduce the number of spatial dimensions of the flow model.
Flow in axi-symmetric pipes often allows a two-dimensional approach to describe the flow
field, i.e. the circumferential variation of the flow-field variables is assumed to be
negligibly small compared to the variations in axial and radial directions. This
simplification is widely accepted. If the pipe flow can be approximated as a onedimensional flow, a further reduction in computational effort can be achieved by
neglecting the variation of the flow-field variables in radial direction. Of course, an
appropriate choice for the number of dimensions to be used depends on the objectives of
the investigation. If the objective is to obtain knowledge on local flow phenomena, for
instance the flow in bends, junctions and through poppet valves, one must consider the air
flow as a three-dimensional phenomenon. But, if the objective is to obtain only global
characteristics of the flow such as the mass flow, a one-dimensional approach could be
adequate.
The research presented in this thesis is aimed at predicting the flow of the air in the intake
manifold, with as main goal the precise prediction of the distribution of the inducted air
over the cylinders. The fuel droplets, entrained in the air flow, give together with the
inducted air the distribution of the air-fuel mixture over the cylinders. This implies that
only the global characteristics of the pipe flow must be predicted. This justifies to consider
an one-dimensional approximation.
One of the prerequisites for the validity of the one-dimensional model is that the thickness
of the boundary layer along the wall of the pipe is small with respect to the pipe diameter,
i.e. that plug flow is the type of flow prevailing. This also implies that bends and
junctions do not have a significant influence on the main flow in the pipe and that
secondary flow phenomenon is not important.
The air flow in the intake manifold is unsteady. Consequently, the turbulent boundary
layer cannot build up fully due to the changing magnitude of the air velocity. The
thickness of the boundary layer which is built up within the available time can be
estimated. The frequency at which the air velocity changes is at least 125 Hz, see Figure
3.2 (showing the velocity at 1500 rpm in the pipe immediately upstream of the cylinder).
At higher engine speeds and in pipes upstream of the junctions, the frequency is even
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higher, resulting in shorter times available for the boundary-layer build-up. In order to get
a first-order estimate for the thickness of the boundary layer in pipes the thickness of the
boundary layer on a flat plate is used. The thickness of the laminar boundary layer on a
flat plate can be estimated using
(3.1)
where 15 099 represents the boundary layer thickness at

0.99u~,

u~

is the average air

velocity at the pipe centre, v is the kinematic viscosity and t the time available to build
up the boundary layer. Evaluating this relation yields a laminar boundary-layer thickness
of 0.65 mm. At higher engine speeds and at other positions in the manifold, the laminar
boundary-layer is even thinner and can be neglected compared to the pipe diameter of 37.2
mm. However, the boundary-layer is only laminar during the initial stage. After some time,
depending on the Reynolds number based on boundary-layer thickness, which is given as:
(3.2)

it turns into a turbulent boundary layer. The Reynolds number at which a laminar
boundary-layer becomes turbulent is approximately 400-500 (Hinze, 1975). Considering an
average velocity at the pipe centre of 20 m/s, the boundary-layer thickness at the time that
the boundary-layer becomes turbulent is 0.4 mm. In order to obtain the time necessary for
the laminar boundary-layer build-up, the boundary-layer thickness derived from Equation
(3.1) is substituted into the expression for the critical Reynolds number (Equation (3.2)).
The resulting time is approximately 3 ms.
Velocity measurements have been performed to justify the above one-dimensional
approach. Laser Doppler Anemometry has been used to measure the velocity distributions.
For this purpose the part of the intake manifold in front of Cylinder 4, shown in Figure
3.13 in Section 3.6.1, has been made optically accessible. Pipe 4 has been replaced by a
glass pipe with a wall thickness of 1.5 mm. The steady axial velocity distribution in this
pipe has been measured in the horizontal symmetry plane of the manifold. The nonoperating engine (zero engine speed) has been supplied with an air flow of 1.8·10-2 kg/s.
The axial velocity distribution over the pipe cross section is shown in Figure 3.1. This
figure shows a completely developed turbulent flow. The velocity distribution is non axisymmetric caused by the bend upstream of the test section. This bend causes some
secondary flow and in addition separation of the flow from the wall.
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Axial velocity measurements have also been performed at an engine speed of 1500 rpm
and at full load, conditions that yield an unsteady flow. These measurements have been
performed at different positions in the same cross section of the pipe, as shown in Figure
3.2. Measurement position C is at the centre line of the pipe, measurement position A and
E are positioned at both sides of the centre line, 4 mm from the pipe wall, measurement
positions B and D are positioned at both sides of the centre line 9 mm from the pipe wall.
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In Figure 3.2 the horizontal axis starts at 0°, corresponding to the Top Dead Centre (TDC)
of Cylinder 4 during its scavenging period. The inlet valve opens at 19° before the TDC of
Cylinder 4. Figure 3.2 shows that during the first part of the intake stroke of Cylinder 4
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(i.e. for crank angles up to 90°) the time-dependent velocity profiles, measured at different
positions in the same cross-section of the pipe, are almost identical. In these first 90° of a
full engine cycle, the piston accelerates to the maximum velocity. The cylinder volume
increases during this period and the mass density of the air decreases. For crank angles
between 90° and 180° the piston decelerates to zero. During this period the inlet valve is
still open and the air velocity is for the most part positive, so mass flows into the cylinder.
During the closing of the inlet valve, viz. the inlet valve closes somewhat later at a crank
angle of 247°, waves partly reflect at the inlet valve and interfere with incoming waves. In
addition to the waves generated by Cylinder 4 itself, there are also reflections due to the
waves generated by the opening and closing of the inlet valves of the other cylinders.
They cause disturbances in front of the valve.
From the measurements it is concluded that the unsteady pipe flow will delay the
formation of the turbulent boundary layer. The boundary layer, which is for a significant
portion laminar, is very thin compared to the pipe diameter. Only in the boundary layer
the viscous effects are significant. However, there is not enough time for the diffusion of
the viscous effects from the boundary layer close too the wall to the region near the centre
of the pipe. Hence, the one-dimensional flow approximation is used to model the air flow
in the intake manifold.

3.3. Derivation of the wave equation
The field of acoustics concerns the propagation of infinitesimal disturbances (waves)
through a fluid. Such disturbances of the fluid affect its pressure p, mass density p, (air-)
particle velocity u and temperature T. Because the changes in the flow-field variables u,

p, p, and T are so small, the assumption is justified that the flow is isentropic. This
means that for example for a perfect gas the flow will be barotropic, implying that
p=p(p) or p =p(p). The equations governing the one-dimensional unsteady flow of air in
absence of frictional forces are the Euler equations, i.e. the continuity and momentum
equation (Owczarek, 1968):

ap

ap

au--0,
ax

_+u_+p -

at

ax

(3.3)

and
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au
au opP-+PU-+--0'
ot
ax ax

(3.4)

respectively. It has been assumed that body forces, like gravity, have a negligible effect.
Equations (3.3) and (3.4) are non-linear because they contain products of the dependent
variables and its derivatives. When studying flows with small pressure disturbances, for
instance the pressure waves in an intake manifold of an internal-combustion engine, the
governing equations can be linearized by assuming that the variations of the flow-field
variables are small compared to their undisturbed values. Consider the case that acoustic
waves propagate in a unifonn fluid at rest, then one can write:

(3.5)

p(x,t) =p0 +p(x,t) ,

(3.6)

(3.7)

u(x,t) =u(x,t) ,
where

a, p,

and

p

are all small of order e. Substituting Equations (3.5), (3.6), and (3.7)

into Equations (3.3) and (3.4), yields

ap _ap

aa

at

ax

i'l

aa _

_+u_+Po-+t' _ _ 0 •

ax

(3.8)

ax

and

(3.9)

These equations are linearized by neglecting the products of the disturbances, which are
small of order e 2 :

ap

-

ot

+p 0 -

aa +O(e 2) _-0
ax

,

(3.10)

and
(3.11)

Linearization of the barotropic relation leads to
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(3.12)

which is used to eliminate

p from the linearized continuity equation. Taking the

derivative with respect to time of the continuity equation and subtracting the derivative

a, yielding

with respect to x of the momentum equation, eliminates

(Jlp
afT

-(dp J
dp

O.s

(ip =0
dX 2

(3.13)
'

which is the one-dimensional wave equation. It describes the propagation of nondispersing waves without change in amplitude (non-dissipative) through one-dimensional
space. The speed of propagation follows from the wave equation as

2_(dp J

ao--

dp

(3.14)

O.s

For the isentropic flow of a calorically perfect gas the barotropic relation or Poisson's
relation is given by

p=CpY'
where y

=c/c.

(3.15)

is constant. It follows that the speed of wave propagation a0 then reads

2_(dpl_ Po

ao- dp

-YPo ,

(3.16)

and hence, with the thermal equation of state for a perfect gas (p =p RT):
(3.17)
Substituting Equation (3.12) into Equation (3.10) and then eliminating j5 from Equations
(3.10) and (3.11), yields the wave-equation for the velocity u(x,t):
(3.18)

If the general solution of Equation (3.13) for the pressure is written in the form:
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(3.19)
the corresponding solution for the velocity follows directly from the linearized momentum
equation (Equation (3.11 )) as:
(3.20)

Hence, it can be seen that u(x,t) =O(p(x,t)lp 0 a0 ). The function

/ 1 represents a wave,

travelling with the speed of sound a0 , in positive x-direction. The wave denoted by / 2
travels in negative x-direction with the same speed of sound. Equation (3.19) can also be
written as:
(3.21)
and Equation (3.20) as:
(3.22)
The way of expressing the solution in this form is illustrated by Figure 3.3.

Figure 3.3.

Right and left travelling pressure (solid line) and velocity (dashed line)
waves.

Note that in a condensation wave (p>p0

)

the induced velocity is in the same direction as

the direction of propagation of the wave. For a rarefaction wave (p<p0 ) the induced
velocity field is directed in the direction opposite to the direction of propagation. At each
discrete moment in time and at each position in the pipe it is assumed that the amplitude
of the pressure wave can be represented by some sort of pulse function with infinitesimal
width. Therefore, at a certain moment in time and at an arbitrary position in the pipe the
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pressure can be represented by the hydrostatic pressure p0 , the amplitude of the right
travelling wave P,;8h1(x,t), denoted as

P,;ght'

and the amplitude of the left travelling wave

Preix,t), denoted as Preft. A linear relationship exists between the

amplitude of the pressure

waves and the amplitude of the velocity waves, viz.:
(3.23)

The amplitude of the left travelling pressure wave at an arbitrary position in the pipe and
at a certain moment in time, where u is specified as u =uspec' follows from Equation
(3.23) as:
(3.24)
In order to obtain at a certain moment in time, the pressure at that arbitrary position
Equation (3.24) is substituted into Equation (3.21):
(3.25)

3.4. Boundary conditions of the intake manifold
Boundary elements like open or closed pipe ends can be represented with the use of the
acoustic wave theory. However, more complex boundary elements, like an intake valve
and a throttle plate, which involve pressure losses, cannot be accommodated in the
unsteady wave theory. The implementation of the latter type of boundary conditions in the
simulation model is based on a quasi-steady approach, where the boundary element is
replaced by a thermodynamic control volume. Each step in time (.t.a of the crankshaft) the
situation in these boundary elements (cylinder, flow through a poppet valve, and flow
through a throttle plate) is calculated assuming a steady flow situation.

3.4.1. Cylinder
The cylinder interacts with the flow in the intake manifold during the scavenging process.
Therefore, the cylinder is a boundary element of the intake manifold. The cylinder is
modelled as a thermodynamic open system with mass flowing in and out as a result of the
time-dependent piston motion in the cylinder. The properties of the air in the cylinder, i.e.
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the mass, the pressure and the temperature, are determined assuming that the gas acts as a
perfect gas along with the use of the continuity equation and the energy equation.
The perfect gas law (p V =mRT),Y1 describes the thermodynamic properties of the perfect
gas mixture in the cylinder. Differentiating the perfect gas Jaw with respect to t gives:

(t)(--1_

dp,y/t) =p
dt
''1

V,11(t)

dVjt) +_I_ dT,y1(t) +_I_ dmcyl(t) ]
dt
TJt)
dt
mcyt<t)
dt

(3.26)

dm,Yp) _ dm;.(t) _ dm.u,(t)
_d_t_ - { i t _d_t_ •

with

where dm;.(t) is the mass entering the cylinder per time step through the inlet or outlet
valve and dm.u1(t) is the mass leaving the cylinder per time step. The energy equation
describes the temperature change in the cylinder during scavenging (van Heiden, 1992):

dT,y/t) = 1
T _T
dm;.(t) _ 1
T
_T
dm.u,(t) _
- d - --(-) (y inlet cit))-d- --(-) (y outlet ,,/t))-d1
mcyl t
t
mcyl t
t
(3.27)
T,,it) (y _I ) dV,Y1(t) .
V,,ft)
dt
Substituting Equation (3.27) into Equation (3.26) yields a differential equation for p,11(t):

(t)[-

dp,,ft) =p 1
dt
'Y

1-A (t) + _
1_B(t) -C(t)J.
P,y/1)
P,yt<t)

(3.28)

However, in using Equation (3.27) one must carefully consider the direction of the mass
flows through the in- and outlet valves. Van Heiden (1992) summarized the possible flow
situations and their influence on Equation (3.27). The factors A(t) and B(t) depend on the
flow direction through the inlet and outlet valve. If the outlet valve is closed and the inlet
valve open A(t) is nonzero and B(t) is equal to zero. If the outlet valve is open and the
inlet valve is closed A(t) is equal to zero. If both valves are open both factors are
nonzero. The factor C(t) is only a function of the time-dependent cylinder volume.
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3.4.2. Poppet valve
The poppet intake valve connects the cylinder with the inlet (outlet) manifold. The mass
flow through the poppet valve can be detennined assuming quasi-steady compressible flow
through a so-called Laval-nozzle (Owczarek, 1969). In case of flow with positive sign
from the intake manifold into the cylinder
=

P;n/et
~

V1\
with:

l)

valve

(.l::!_JI

2

(y· J)

r -Y _ r --

are replaced by

Pcylinder

,

for r<l (sub -critical flow )

Pinlet

=( y; I

r;

for

r~J

(choked flow) .

If the mass flows out of the cylinder into the intake manifold
Tinlet

1-

y -J

(3.29)

r=

r

A

one obtains:

1 inlet

Pcylintler

2)

(p inier >pcyhnda)

and

T,yhnder ·

(pc_vlinder>Pinle)' pinlet

and

In order to calculate the mass flow through the

outlet valve Equation (3.29) is also used. Since the outlet manifold is not modelled, the air
through the cylinder flows directly into the atmosphere. Hence, the ratio of
p ambient

P cylinder

and

are used to calculate the flow into or out of the cylinder, through the outlet valve.

The actual cross section

A,afve

is called the effective valve cross section, and is defined as

fl4> A 8eom, where A 8, 0 m is the minimum geometrical cross section, and hence, a function of
the valve lift. The geometrical cross section

A geom

is defined as

1t d,a1velvulve '

where

d valve

is

the diameter of the valve head and l,a1,, represents the lift of the valve. The so-called 11<1> factor is used to indicate the contraction and resistance of the flow through the valve and
is a function of the valve lift (Heywood, 1988). For the Ford 1600 cc engine, which is
used as test engine and discussed later on in Section 3.6, this 11<1> -factor has been
measured during steady conditions for a number of pressure differences over the valve.
The pressure difference over the valve has been varied between 1000 and 7000 mmH2 0 .
The dependency of the fl4> -factor on the valve lift and the pressure difference over the
valve is shown in Figure 3.4. In this figure the f..l4> -factor is given as a function of the
valve lift for a pressure difference of 3500 mmHp.
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Steady flow factor .ucl> as function of the valve lift. Solid line: flow through
inlet valve with direction into the cylinder, long-dashed line: flow through
inlet valve out of the cylinder, shart-dashed line: flow through outlet valve
out of the cylinder, long-shart dashed line: flow through outlet valve into
the cylinder.

The margins in Figure 3.4 represent the maximum difference in J.l4> -factor when the
pressure difference is varied between 1000 and 7000 mmHp. The fJ4> -factor also depends
on the flow direction, i.e. whether mass flows in or out of the cylinder. At low valve lifts,
the flow remains attached to the valve head and seat, giving high values for the steady
flow factor, see Figure 3.4. Since the mass flow through the valve is calculated per time
step (quasi-steady) the steady flow factors are incorporated in the simulation method. An
important question remains, namely wether these steady flow data are representative for
the dynamic flow behaviour of the valve in an operating engine. It has been shown in the
literature that steady flow factors indeed can be used to predict dynamic performance with
reasonable accuracy (cf. [Dyer, 1985; Bopp et al., 1986]).

3.4.3. Coupling of the cylinder with the inlet manifold
Since the time-dependent value of the pressure and temperature in the cylinder can be
determined, the coupling of the flow in the cylinder with the flow in the intake pipe
during the time that the inlet valve is open can be accomplished. In this way the influence
of the flow in the cylinder on the pressure waves in the pipes of the manifold can be
accounted for. In order to couple the cylinder with the inlet manifold Equation (3.24) and
(3.25) of the acoustic wave theory are needed. The flow situation is given in Figure 3.5.
The smallest effective cross section through the inlet valve is specified as A,.1, , and the
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Coupling of the intake manifold pipe with the cylinder.

Under the assumption that the right travelling wave is defined as the wave which travels
towards the cylinder, and the left travelling wave is defined as the wave which travels
from the cylinder into the manifold, at a certain moment in time the amplitude of the left
travelling wave at the end of the pipe yields:

(3.30)
and at a certain moment in time the pressure at the end of the pipe yields:

(3.31)
The velocity at the pipe end just in front of the inlet valve,

u end'

can be calculated from

the conservation of mass between the pipe end and the smallest cross-section at the valve:

dm.

1

U

met==

---;](

Pend end

A

pipe '

(3.32)

where the mass flow through the valve, dminle,fdt, is calculated using Equation (3.29). The
relation for the velocity at the pipe end reads:

dminlet

1
U end - --A.,.--

pend

pipe

(3.33)

dt

Assuming, at a certain moment in time, a specified cylinder pressure

P cylinder(t),

the

pressure at the pipe end can be calculated using
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(3.34)

p1pe

Because for a certain moment in time, dm;n1./dt depends non-linearly on P,.a at the given
p 91;.a., and valve lift, P,.a is calculated by iteration, and hence, u,.a• can be determined

using Equation (3.33). If the velocity at the pipe end, u,.a• is known, the left travelling
wave at the pipe end can be calculated with Equation (3.30). In the case that the flow
direction is out of the cylinder the same equation can be used to calculate P,.a· A similar
procedure applies to the mass flow through the outlet valve.

3.4.4. Closed-end and open-end wave reflection
In case of a closed pipe end, for instance during the time a valve is closed, the pressure
wave reflects at the pipe end. At any moment in time, the amplitude of the velocity u at
the pipe end is zero. The amplitude of the reflected wave can be calculated from Equation
(3.23):
(3.35)

In case of an open pipe end the pressure at the end of the pipe equals the ambient
pressure. With the assumption that p0 =pamb, the total pressure at any moment in time
yields:

(3.36)

3.4.5. Pipe junction wave reflection
The flow at a pipe junction is complex and in general strongly three-dimensional. The
most common approach is to ignore the complex flow pattern within the junction itself
and to consider the overall effect on the one-dimensional flow in the intersecting pipes a
few diameters away from the junction. The most widely used method for estimating the
effects of junctions is the so-called equal-pressure model. The equal-pressure model is
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based on the assumption that pressures in the pipes at the junction are equal. However,
this model does not account for pressure losses due to the flow passing through the
junction. Therefore a revised equal-pressure model with pressure losses has been
developed (Wonders, 1994). This model is based on the method proposed by Bingham
(1983), which is an improvement of the momentum model formulated by Benson, et. al.,
(1964). The basis of the method of Benson is a modified form of the momentum equation
incorporating empirical loss-coefficients derived from steady flow measurements in
junctions.
Considering the most simple junction, i.e. the one of two pipes of equal cross section
joining at zero angle, the momentum equation may be expressed as (Benson, 1964)
(3.37)
If a restriction or obstruction is present at the position where the two pipes join then this
equation must be modified to describe the new flow situation. A convenient way of doing
this is to introduce experimentally determined coefficients

c.

and Cb and write the

equation as
(3.38)
The coefficients Ca and Cb effectively account for total pressure losses due to the
geometry of the junctions (bends, restrictions, etc.) or in the case of a multi-pipe junction,
pressure changes arising from viscous effects, like coalescence or division of flows. The
coefficients Ca and Cb are obtained from steady flow tests. In order to implement the
method into the acoustic wave theory major adaptions had to be made (Wonders, 1994).
The amplitudes of the pressure waves which travel towards the junction are corrected with
pressure loss terms. These correction terms are given as
p =Cpu 2

,

(3.39)

where u is the amplitude of the velocity wave just in front of the junction, which travels
towards the junction. At the junction, the amplitude of the pressure pM is calculated using
the equal-pressure assumption, applied at a three-way junction with branches numbered
from one to three, see Figure 3.6:
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(3.40)

where the amplitudes,

fJ,;ghJ.I , fJ,.ft, 2 ,

and

p 1,ft.J

are corrected for total pressure losses, using

Equation (3.39).
3

'"

~Prigh/2
pieft, 2 ';---'"--'>

Figure 3.6.

2

A three branch pipe junction.

The amplitudes of the reflected pressure waves in the separate pipes can now be calculated
using:
Pleft,l =pM - pO-prighJ,I
Prighr,2 =pM - pO - p left,2
P righJ.J =PM- Po

(3.41)

- P left,J

The pressure waves travelling from the junction, again are corrected (see Equation 3.39)
with pressure Joss terms.

3.4.6. Throttle plate
The presence of a throttle plate influences the wave propagation particularly at low throttle
settings when the air flow will be severely restricted. The mass flow through the throttle
can be calculated with Equation (3.29), as used to calculate the flow through the valves.
To couple the flow through the throttle plate with both the flow in the inlet manifold and
the flow in the pipe upstream of the throttle plate (pipe &, see Figure 3.13) Equations
(3.24) and (3.25) are used in a similar manner as described in Section 3.4.3 (Bode, 1993).
For the throttle plate no contraction-resistance coefficients, like the ~cp -coefficient in
Section 3.4.2, are available. Hence, a different approach is followed to correct the
geometrical area of the throttle plate. A pressure wave which arrives at the throttle plate is
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partly reflected at and partly transmitted. However, a pressure loss arises. This pressure
loss is again assumed to be quadratic in the velocity at the throttle plate, see Equation
(3.39). The values of the pressure Joss coefficient C in Equation (3.39) at different throttle
angles are given by (Blevis, 1984):

Table 3.1 Pressure loss coefficients
Throttle Angle

46°

68°

90°

C value

15

2

0.5

3.5. Numerical simulation method
The theory described in Sections 3.3 and 3.4 has been used to develop a computational
method to predict the time-dependent pressure- and velocity waves at any position inside
the intake manifold.
The most important input parameters of the program are the engine- and inlet manifold
main dimensions and the operational conditions of the engine. The program starts the
calculation at a given value of the crank angle a.. The crank angle a. is taken to be zero
degrees when Cylinder 4 starts the intake stroke. Each time-step t (crank angle a.), the
time is increased by the time increment ill (or equivalently increment in crank angle ~a.),
and all variables at the new time-step are calculated.
The velocity of sound is constant throughout the manifold, so that the distance a wave
travels during a time-step

~~

equals

a 0 ~t .

Each pipe is divided into equidistant segments

DS, and a residual segment DDS. The length of the segment DS is exactly the distance,
which a pressure or velocity wave travels during a given time-step ~a.. see Figure 3.7.
Therefore, within a time-step ~a. the pressure and velocity waves move from one node to
the next one.
If, as an illustration, only the pressure wave is considered, each node contains two
variables, i.e. the amplitude of the right travelling wave and the amplitude of the left
travelling wave. The number of nodes in each pipe is NP. The amplitude of the left

travelling wave is stored in an array A1e0 (1, J), where I represents the pipe number and J
represents the value of the amplitude of the wave. The amplitude of the right travelling
wave is stored in an array Arigh,(l, J).
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Figure 3.7.

Schematic representation of the left and right travelling waves.

During a time-step ~t the amplitudes of the left travelling wave switch in the array
A1.n(I, 1) from position 1 to 1+ I, starting at the second last node (from 1+ I to NP-1 ). The
value of the amplitude of the left travelling wave at the final node, NP, is calculated
separately, because this segment may be shorter than OS (segment DDS). Therefore, the
amplitude of the left travelling wave in NP is calculated using linear interpolation with
ratio DDS/OS. If all the amplitudes of the left travelling waves are moved to the left, an
empty position occurs at 1=1. This value depends on the boundary condition, e.g. the
prescribed cylinder pressure or the prescribed junction pressure.
Next, the right travelling wave is switched from position 1+1 towards position J, in the
array Ansh,(l, 1). Before moving the value of the amplitude in position NP to NP-1, the
value at position NP must be calculated. This amplitude of the wave is calculated using
the boundary condition, e.g. open end, throttle plate, or junction, dependent on the pipe
considered.

3.6. Experimental set-up
In order to validate the numerical simulation method for the motion of the air in the intake
manifold a number of different test-rigs have been designed and realized. To validate the
method for predicting the motion of the air inside an intake manifold an engine test-rig
has been used with an externally driven engine. The test-rig has been designed to enable
the measurement of the cylinder pressure and the pressure at many different positions
inside the intake manifold. Furthermore, this test-rig has been used to measure the total
mass flow into the intake manifold. After completion of the .pressure measurements in the
intake manifold the test-rig has been rearranged to accommodate the Laser Doppler
Anemometry (LOA) equipment for the measurement of the velocity distribution inside the
pipes of the intake manifold.
It has been assumed that the combustion does not affect the boundary condition at the
intake valve, which avoids the use of a fired engine, and hence, the difficulties associated
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with noise and vibrations. The assumption that combustion does not affect the flow in the
intake manifold has been validated with the results of pressure measurements inside the
intake manifold using an identical, but fired, engine. As will be discussed, the influence of
the combustion on the pressure build-up in the intake manifold can be seen by using
identical manifolds on the externally driven and the fired engine.

3.6.1. Externally driven engine test-rig
The externally driven engine test-rig has been used for validation of the air motion
simulation method. This method calculates the time-dependent pressures and velocities at
any given position within the intake manifold. The cylinder pressure during the full engine
cycle of 720" is also calculated. Additionally, both the volumetric efficiency of the
complete engine and the distribution of the air over the cylinders are predicted by the
numerical simulation method. However, the distribution can only be measured on a fired
engine, see Section 3.6.2.

Test-rig layout
The test-rig consists of a Ford 1600 cc engine which is externally driven by a General
Motors diesel engine (see Figure 3.8). The two engines are coupled through a hydraulic
system consisting of a hydraulic pump and a hydraulic engine. The speed of the test
engine can be controlled either by a variable restriction (Figure 3.8) or by the control rod
of the diesel engine.
exhaust pipes

hydraulicengine

flyweel'r===::::;-'
GM-dieselengine

Figure 3.8.

Schematic externally driven engine test-rig.
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During a nonnal test run the diesel engine runs idle at a nearly constant speed of 700 rpm.
Initially the speed of the externally driven engine is controlled with the use of the
hydraulic variable restriction between the advised minimum speed of 900 rpm and the
maximum speed of 2200 rpm. For externally driven engine speeds above 2200 rpm the
variable restriction is fully closed and the speed of the externally driven engine is
increased by increasing the speed of the diesel engine.

Engine specifications
The test engine used for the measurements is a Ford 1600cc 8-valve Overhead Camshaft
(OHC) four-stroke four-cylinder engine. The exhaust manifold has been replaced by four
separate pipes. In order to create ambient pressure under the piston, the oil carter has been
removed and an open can is placed under the crankshaft. The engine main characteristics
are given in Table 3.2.
Table 3.2. Engine characteristics

Ignition sequence

1-3-4-2

Inlet valve open

19° before TDC"

Bore

87.67 mm

Inlet valve close

67° after BDC'

Stroke

66.00 mm

Outlet valve open

59° before BDC

Max. speed

5800 rpm

Outlet valve close

I 0° after TDC

Max. power

53 kW at 5000 rpm

Max. valve lift

9.5 mm

Max. torque

118 Nm at 2700 rpm

Inlet valve diameter

42.0 mm

Compression ratio

9.2:1

Outlet valve diameter

34.0 mm

• TDC

= Top Dead Centre; BDC = Bottom Dead Centre

Measuring methods
The time-dependent pressure distributions can be measured with Micro-Switch piezoresistive or with Kistler piezo-electrical pressure sensors. The time-dependent pressure
distributions in the inlet manifold have been measured with Micro-Switch pressure
sensors, which have the advantage over Kistler pressure sensors, discussed later on, that
they measure absolute pressure levels. In order to prevent problems due to frequency noise
some adaptations have been made to the Micro-Switch sensor (van Heiden, 1992).
The cylinder pressure is measured using two Kistler piezo-electrical pressure sensors. A
drawback using these sensors is that they indicate only relative pressures instead of the
desired absolute pressures. Therefore a special measuring technique is necessary to obtain
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the absolute pressure. The ambient pressure and cylinder pressure are both measured by a
"Reference" Sensor 2. The positions of the sensors are shown in Figure 3.9.

openoil _ /
caner

openoil _ /
carter
situation A

Figure 3.9.

situation B

situation C

Location of the cylinder pressure sensors. Situations A, B: during intake
stroke, situation C: during compression.

Reference Sensor 2 is used to adjust Sensor I which measures the cylinder pressure
throughout a full cycle. Going from situation A through situation B towards situation C,
Reference Sensor 2 is measuring the change from cylinder to ambient pressure. The
ambient pressure is known from the barometer reading. Hence, during the period of
situation C the cylinder pressure measured with Sensor I should be adjusted to the
ambient pressure. This adjustment "factor", a fixed pressure difference, can then be used
for the full measurement cycle. The pressure profile of Sensor I is superimposed on that
of Sensor 2 and the absolute cylinder pressure is known . A data-acquisition system is used
to transform the signals from the pressure sensors into digital data files. A number of
measurement programs have been written to handle the different types of pressure sensors.
Flow velocities are measured using the Laser Doppler Anemometry (LOA) system
supplied by Malvern Ltd .. The LOA-technique is a non-invasive method of velocity
measurement, the only intrusion into the flow being the passage of the laser beam itself.
The main limitation of LOA is the necessity to have a good quality optical "window" to
permit the passage of the beam into the flow region of interest. However, to obtain
sufficiently high data rates seeding particles have been supplied to the air flow. These
particles must be very small to ensure that they follow the flow exactly. Particle size
measurements have shown that the average particle diameter is between I and 4 pm. A
three-way table traverse has been used which permits easy positioning of the laser beams.
The LOA-system does not require any velocity calibration, it provides the absolute level of
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the flow velocity. The measurements have been obtained in Pipe 4 at the pos1t10n of
Pressure Sensor I (Figure 3.10). Under the assumption that the velocity field is periodic
with a period of 720° crankangle (i.e. one full engine cycle), during a time interval
corresponding to three degrees crank angle, data has been collected. The length of the
interval should be small enough to avoid averaging of the velocity. However, if the
interval is too short the measuring time becomes too long, since more engine cycles are
needed to collect sufficient data. The required number of cycles depends on the number of
collected data points. If sufficient data has been collected the data-acquisition is stopped.
Normally, data has been collected from approximately 125 cycles, which corresponds with
a total measuring time of approximately 10 sec at an engine speed of 1500 rpm. Since
measurements are taken during three degrees of a full cycle, the effective measuring time
equals 0.25 ms. From the collected data the axial velocity component has been calculated.
However, due to the way of measuring, i.e. calculating the velocity from the data taken
during a large number of cycles, no standard deviation of the velocity component can be
obtained.

Figure 3.10.

Photograph of the test-rig to m£asure the velocity profiles.

In order to measure the volumetric efficiency of the complete externally driven engine the
mass flow into the inlet manifold is measured using a metering nozzle. The flow through
the metering nozzle must be steady to enable an accurate measurement. The amplitude of
the pressure waves induced by the engine is too large to reach a steady flow field. In order
to solve this problem a buffer tank is used to damp out the pressure fluctuations. The mass
flow into the tank is obtained by measuring the pressure difference over the metering
nozzle, see Figure 3.11. In order to measure the mass flow in the entire range of engine
speeds from l 000 rpm up to 6000 rpm, two different metering nozzles are used for
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reasons of the limited mass flow range which can be handled by one metering nozzle.

complete intake
manifold

pressure

buffer tank

sensor

Figure 3.11.

Mass flow test-rig used to measure the volumetric efficiency of the engine.

According to "VDI Blatt I Entwurf' (DJN-Taschenbuch, 1993) the minimum volume of
the buffer tank can be calculated using the so-called Hodgson number. A buffer tank of
150 ltr is appropriate according to this VDI-norm. The remaining pressure fluctuations
inside the tank have been recorded during the measurements using Micro-Switch pressure
sensors on the side wall of the tank and upstream of the metering nozzle. No significant
fluctuations have been observed.

Inlet manifold configurations
In order to validate the computational method for predicting the motion of air two inlet
manifolds have been designed and manufactured. The so-called "equal-length" manifold
has been designed with equal pipe lengths. Equal length of the pipe segments simplifies
the analysis of the wave motion in the intake manifold (Figure 3.12).

Figure 3.12.

Equal-length inlet manifold.
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A second inlet manifold has been designed and manufactured which is representative for
the shape of manifolds used in commercially available cars. However, the pipe segments
in front of Cylinder l to 4 have been chosen somewhat longer than in real manifolds, in
order to enable a better analysis of the wave motion in this part of the manifold. Figure
3.13 shows the arrangement of the inlet manifold, including the lengths of the various
pipes.

Figure 3.13.

Commercially available inlet manifold.

Accuracy of the measurements
The pressure-time histories at a number of positions inside the inlet manifold have been
measured by means of Micro-Switch pressure sensors. The engine speed has been
measured by means of a Kistler digital revolution sensor. This sensor generates 360 pulses
per revolution and one additional pulse per full revolution for locating the top dead centre.
The sensor is used to measure the engine speed and the actual position of the crankshaft.
The exact position of the TDC is determined with the use of a cylinder pressure profile
which has been measured on the externally driven engine. Due to enthalpy losses caused
by heat losses through the cylinder walls and blowby gasses along the piston, the real
maximum cylinder pressure occurs at a crank angle before the TDC. This contrary to the
case of isentropic compression where the pressure peak occurs exactly at the TDC. In
order to obtain the correct TDC the measured pressure profile has been corrected for these
enthalpy losses. This method yields an error in TDC-position of less than 0.2° crank angle.
The time history of the cylinder pressure has been measured using Kistler pressure sensors
because of the high pressure levels during compression. The measurement accuracy is
given in Table 3.3. All pressure sensors have been calibrated before they were connected
to their specific data-acquisition channel.
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Table 3.3. Measurement accuracy.
range

absolute error

max. response

MicroSwitch 241PCI5M

0 ... 1.0 bar

1.5% F.s.o.·

1,000 Hz

Kistler rev. sensor

360 pulses per rev

± 0.05° at 6000 rpm

120,000 rpm

Kistler 706 I series

0 ... 200 bar

± 0.3% F.S.O.

50,000 Hz

' F.S.O. = Full Scale Output
Due to the measuring method which is used, estimating the accuracy of the Laser Doppler
measurements

is very difficult. The data-acquisition only calculates the velocity

component from the total measured data rate. Hence, no standard deviation is given.

3.6.2. Fired engine test-rig
The fired engine test-rig has been used to validate the assumption that the combustion
does not influence the time-dependent pressure distribution inside the intake manifold. The
history of the pressure has been measured at various positions in the intake manifold. This
test-rig has also been used to measure the cylinder-to-cylinder variation of the charged air.

Test-rig layout
In order to measure the time-dependent pressure profiles during fired-engine operation, the
Ford 1.6 ltr engine is supplied with a homogeneous mixture of butane and air. A gassupply ring, which is positioned at the manifold entrance upstream of the throttle plate, is
used to supply the butane. The intake manifold used is exactly the same as the one used
on the externally driven engine test-rig, see Figure 3.13. The engine specifications of the
fired engine are identical to those of the externally driven engine. However, the fired
engine is fitted with a complete exhaust system. This exhaust system consists of 4 separate
pipes, one for each cylinder which merge in a common exhaust pipe.
In order to measure the cylinder-to-cylinder variation of the inducted air, the intake
manifold has been equipped with multi-point fuel injection. The injectors are positioned
directly in front of the intake valve of each cylinder. The four separate exhaust pipes each
contain "Universal Exhaust Gas Oxygen"-sensors (UEGO) to measure the air-to-fuel ratio
of each cylinder. These four UEGO-sensors are connected with a Mexa 21 OA. air-to-fuel
ratio analyzer unit supplied by Horiba Ltd .. With the aid of this analyzer in conjunction
with the UEGO-sensors one is able to measure the 0 2-concentration and the air-to-fuel
ratio

simultaneously.

The

high-precision

UEGO-sensors

are

designed

for

direct
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measurement resulting in the elimination of the signal delay associated with a sample line.
The gas temperature range is between 0 •c and 900 •c. The Mexa-210/... analyzer has a
measurement range of 10.00 to 30.00 for the air-to-fuel ratio and of 0-25 % for the 0 2concentration. The accuracy is ± 0.1 % NF at stoichiometric air-to-fuel ratio. The amount
of injected fuel has been measured using a Micro-motion type DS 025S RFf 7929. The
measurement accuracy of the Micro-Motion is given in Table 4.1 in Section 4.5.5.

Measuring methods and accuracy
During fired-engine operation the pressure-time histories inside the intake manifold have
been measured with the same pressure sensors as used on the externally driven engine.
During these measurements the engine was running on a homogeneous mixture of butane
and air. The signal accuracy is described in Table 3.3 on page 49. The revolution speed is
measured with a Lenord and Bauer type 14343 sensor which generates 1024 pulses per
revolution. The absolute error of this sensor is ± 0,05° at 6000 rpm. An important point of
concern is the heating up of the intake manifold. This heating up should stay to a
minimum, because this does not occur during the measurements which have been
performed on the externally driven engine. In order to avoid the negative effects of
heating up, the duration of the test runs has been kept at a minimum. Hence, it has been
decided to stop the measurements as soon as the pipes of the intake manifold reached a
value of approximately 30 •c.
In order to predict the distribution of air over the cylinders, the air supply to each cylinder
must be known. It is not possible to measure the air supply to each cylinder directly.
Instead the air-to-fuel ratio and the fuel consumption, delivered in front of each cylinder,
with multi-point injection, have been measured for each cylinder. From these parameters
the amount of air supplied to each cylinder can be calculated, see Equation 2.1 in Section
2.2. The air supply per cylinder,

mair.cyt '

is divided by the theoretical value of the charged

mass per cylinder, i.e. the cylinder swept volume Vert multiplied by a reference mass
density, resulting in the volumetric efficiency per cylinder:

,

= mair.cyl
vol,eyl

-p
V ·

(3.42)

ref eyl

The volumetric efficiency per cylinder is used to quantify the distribution of the air over
the cylinders. In order to check the sum of the mass of air supplied to each cylinder the
total consumption of air has been measured using a metering nozzle at the entrance of the
intake manifold. Unleaded petrol is used as fuel. To ensure that the fuel enters the right
cylinder, the injection starts a few degrees after opening of the inlet valve to avoid back
flow of the fuel into the intake manifold.
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3.7. Validation of the results of the air motion prediction method
3.7.1. Introduction
The numerical simulation method, see Section 3.5, for the prediction of the air motion in
the intake manifold has experimentally been validated. Initially, the "equal-length" intake
manifold (see Figure 3.1 2) has been used for validation. Upon showing that the computed
results are in good agreement with the experiments the realistic intake manifold has been
considered for validation. The following computed quantities have been selected to be
compared with measured values: the cylinder pressure, the time-dependent pressure
distributions at different locations (see Figure 3.13 for the sensor positions) inside the
intake manifold, as well as the volumetric efficiency of the engine. The time-dependent
velocity distribution at one position in the intake manifold has been measured for three
combinations of engine speed and load. Additionally, the time-dependent pressure profiles
measured for the externally driven engine have been compared with pressure
measurements obtained at identical positions for the fired engine. The results of the
computed distribution of air over the different cylinders, have been verified with
measurements on the fired engine.

3.7.2 Pressure-time histories in the "equal-length" intake manifold
The variation of the pressure in time has been measured at the sensor positions as shown
in Figure 3.12. These measurements have been compared with results of numerical
calculations.
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Figure 3.14.

Calculated (dashed line) and measured (solid line) time-dependent pressure
distribution in the "equal-length " manifold at pressure Sensor 2.
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The measurements and calculations are in good agreement; the average difference between
measured and calculated pressure being less than 7 %. Figure 3.14 (1500 rpm; 46° throttle
setting; Sensor Position 2) gives a typical result. The next step is to validate the numerical
simulation method with measurements derived for a more realistic intake manifold.

3.7.3. Pressure-time histories in the commercially available manifold
Measurements of the time-dependent pressure distributions inside the commercially
available inlet manifold have been performed on the externally driven as well as on the
fired test engine. The pressure-time histories inside the commercially available inlet
manifold have been measured at four engine speeds (1500, 2500, 3500 and 4500 rpm) and
three throttle plate settings (46°, 68°, and 90°). For the validation pressures are used which
have been measured at Sensor Position I, 5, and 6. For good validation of the simulation
program two selection criteria have been used. Apart from a global qualitative check a
quantitative comparison is important. Therefore, an statistical method is introduced, see
Figure 3.15. This figure shows the measured (solid line) and the predicted time-dependent
pressure distribution (dashed line). The dotted line in Figure 3.15 represents the timedependent difference between the · measured and predicted time-dependent pressure
distributions.
The time-average value of the measured time-dependent pressure distribution over one
n

cycle of 720°, which is calculated using E(xJn) where n the number of data points, is
i

calculated and compared with the calculated time-average value of the predicted timedependent pressure distribution. From this the difference in average pressure is calculated.
The average value of the measured pressure profile is 0.975 bar. The average value of the
calculated pressure profile is 0.965 bar. Hence, the difference of the average, J.1, is 0.9750.965 = 0.01 bar (straight solid line in Figure 3.15). Also, the difference between the
predicted and the measured time-dependent pressure distribution is calculated (see the
dotted line in Figure 3.15). The standard deviation of this distribution (dotted line) is,
allowing a Student-! distribution, 0.044 bar. Hence, if sufficient data is available, the 95 %
confidence interval is nearly 0.01 ± 1.96·0.044 bar. This means that in 95 % of the cases
the absolute value of the difference between the amplitude of the measured and the
amplitude of the calculated pressure is less than 8.6 %.
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Figure 3.15.

Average (straight line) and difference (dotted line) of two pressure profiles
(solid and dashed line).

However, a visual check is necessary to assure that on the basis of the statistical approach
a good decision is made. Especially when there is a phase difference between the
compared pressure distributions the simulation can still be satisfactory, while the statistical
analysis would have indicated differently.

Comparison with measurements performed on the externaUy driven engine
In Appendix A-1, the measured (for the externally driven engine) and calculated timedependent pressure distributions are presented. In Figure 3.16, the maximum possible
difference between the time-dependent pressure distribution measured on the externally
driven engine and the calculated pressure distributions is shown for Sensor Position 1, 5,
and 6.
The simulation method can be used for engine speeds up to 3500 rpm. The maximum
absolute difference between the calculated time-dependent pressure distribution is then for
at least 95 % of the cases less than 8 %. The simulation program is not able to predict the
pressure profiles for engine speeds above 4500 rpm very well. The maximum absolute
difference becomes then more than 12 %. The limits of the range of applicability of the
used linear acoustic theory is then reached, because the pressure fluctuations cannot
considered to be small any more. The pressure profiles at 4500 rpm and a throttle setting
of 46° have not been measured since a throttle setting of 46° is not a realistic load for an
engine at this engine speed.
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Statistical representation of the maximum absolute difference, for 95 % of
the cases, between the time-dependent pressure profiles measured on the
externally driven engine and the calculated time-dependent pressure profiles.

The pressure profiles and the statistical infonnation show that the pressure at Sensor \,
just in front of the inlet valve, is less well predicted for the complete range of engine
speeds. This is also typical for the pressures at the position of Sensor 2, which is the other
sensor just in front of the cylinder. On the other hand for Sensors 3, 4, 5 and 6 the
situation becomes increasingly better and the maximum absolute difference becomes, if
engine speeds at and above 4500 rpm are not taken into account, less than 6 % (Wonders,
1994).

Comparison of the results for the externaUy driven and for the fired engine
The assumption that combustion does not have a significant influence on the motion of the
air in the intake manifold is validated by comparing measurements for the fired engine and
measurements for the externally driven engine (see Appendix A-2). The maximum
difference between the two measurements obtained at Sensor Position I and 5 is given in
Figure 3.17. The comparison is presented for three engine speeds, i.e. 1500, 2500 and
3500 rpm and two throttle plate settings, i.e. 46° and 68°. On the whole the pressure
profiles show no significant differences. Figure 3.17 shows a maximum absolute difference
of 5 %, at Sensor Position I for an engine speed of 3500 rpm and a throttle plate setting
of 68°.
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Maximum absolute difference between pressure measurements petformed on
the externally driven and the fired engine.

The difference in the time-dependent pressure distribution of the fired engine and that of
the externally driven engine are indeed not significant. The small difference in timedependent pressure distributions between the fired and the externally driven engine can be
explained as follows. The fired engine is fitted with a complete exhaust system. This may
influence the cylinder pressure during scavenging. The heating up of the fired engine
results in a higher temperature inside the intake manifold (van Es, I 993). This influences
directly the speed of sound and hence the wave propagation. The higher mass density of
the air-fuel mixture (mass density of butane-vapour is twice that of air) also influences the
speed of sound. Nevertheless, it is concluded that the assumption that the combustion does
not affect the boundary condition at the intake valve is justified. However, this assumption
does not apply for all types of engines. For highly-tuned engines, in which the valve
overlap during the scavenging period is large due to the extended opening of the intake
valve, at low engine speeds hot exhaust gas may flow through the cylinder into the intake
manifold. This directly influences the wave propagation, and hence the above assumption
is not valid any more.

Comparison with measurements performed on the fired engine
Although the assumption is valid that combustion has no significant influence on the air
flow in the intake manifold, numerical simulation results obtained for the engine without
combustion are compared with measurements obtained for the fired engine (see Appendix
A-3). The fired engine is used because only from this engine data can be obtained for the
calculation of the distribution of the air over the four cylinders, see Section 3.6.7. Figure
3. I 8 shows that the simulation method predicts the time-dependent pressure profiles
satisfactorily for engine speed less than 3500 rpm. The maximum absolute difference
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between the measured and the calculated time-dependent pressure distributions becomes
15-16 %, for engine speeds above 3500 rpm.
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The maximum absolute difference between pressure measurements for the
fired engine and calculations.

3.7.4. Validation of the cylinder pressure
The pressure inside Cylinder 4 has been measured for three engine speeds using the
commercially available intake manifold. The throttle plate was set at 46° and 68°. The
cylinder pressure during the compression and expansion is calculated employing the
isentropic relation. The isentropic relation for a calorically perfect gas is:
(3.43)
In reality heat is transferred to the cylinder walls and hence the process is non-isentropic.
A often used theory to incorporate heat transfer is to modify the ratio of the specific heats
y (Heywood, 1988). The differential equation describing the cylinder pressure during the
scavenging period, Equation (3.28), contains three factors which depend on t. Since these
factors, A(t), B(t), and C(t) depend on y, these factors must be modified as well.
Experiments showed that the predicted cylinder pressure agrees satisfactorily with y
chosen equal to 1.38 during compression and scavenging, with a switch to y = 1.42 during
expansion. The influence of heat exchange with the cylinder wall is now empirically
incorporated. The measured and calculated time-dependent cylinder pressures are shown in
Appendix A-4. An accurate prediction of the highest pressure peaks is not important. More
important is the cylinder pressure at the point in time that the inlet valve opens, since this
value of the cylinder pressure determines the boundary condition for the wave propagation
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into the intake manifold.

3.7.5. Validation of the volumetric efficiency
The mass flows through the inlet and outlet valves are described by Equation (3.29). The
actual area used by the flow is 1-1<1> *Ageom· The 1-1<1> -factor is used to incorporate the influence of the contraction and of the resistance of the flow. It is obvious, because of the
shape of a valve, that these effects will be significant. The pipes of the manifold are
connected together in junctions. The junctions constitute a resistance to the flow. The
throttle plate chokes the air flow. T.herefore, the throttle plate and the in- and outlet valves
restrict the amount of air which can be inducted by an engine of given piston
displacement. The parameter to measure the effectiveness of an engine induction process
is the volumetric efficiency. It is defined as the mass of air inducted by the complete
engine, per cycle, divided by the product of the cylinder swept volume of the complete
engine ( 1.6 ltr) and a reference mass density (Heywood, 1988) and reads
moir

'11 vo/,101

=

P"/

v

(3.44)

cyl.tot

The actual mass of air inducted into the engine per cycle of 720° crank angle is mo;,· The
reference mass density is the atmospheric air density so that '11.01 measures the pumping
performance of the entire intake system. The numerical simulation method calculates the
volumetric efficiency by considering the mass flowing in and out of the inlet valve over a
full engine cycle.
In Figure 3.19 the calculated volumetric efficiency is compared with the measured
volumetric efficiency of the engine. Measurements have been performed at three throttle
plate settings, i.e. 46°, 68° and 90°.
For a throttle plate setting of 46° the calculated volumetric efficiency shows very good
agreement with the measured volumetric efficiency. At larger throttle plate settings, see
Figures 3.19 b) and c), the difference between the measurements and calculations is about
5% at engine speeds below 2500 rpm. The less well predicted volumetric efficiency at
engine speeds below 2500 rpm is in contradiction with the predicted pressure-time
histories, since they showed best agreement at lower engine speeds. The reason may lie in
the way in which the mass flow is measured. At low engine speeds the air flow through
the engine is small, hence, despite of the use of the metering nozzle with a small crosssection, the pressure difference over the metering nozzle is small and relatively large
errors may occur.
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a)

b)

c)

Figure 3.19.
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Volumetric efficiency of the externally driven engine a) at 46° throttle plate
setting. b) at 6E? throttle plate setting and c) at full load.
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3.7 .6. Laser Doppler measurements

In order to validate the calculated time-dependent velocity profiles in the intake manifold.
The LDA-technique has been used to obtain the distribution of the axial component of the
velocity. These measurements have been taken in front of Cylinder 4, at the position of
Sensor I, see Figure 3.13. The test volume has been positioned at the centreline of the
pipe (position C in Figure 3.2, Section 3.2).
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a) Measured (symbols) and calculated (solid line) axial velocity component
versus crank angle at 1500 rpm and a) 46" thronle setting, b) 6!!' throttle
setting, and c) 2500 rpm full load.
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The first series of velocity measurements have been taken at 1500 rpm at 46° and 90°
throttle plate settings, as shown in Figures 3.20 a) and b). Also a measurement has been
taken at 2500 rpm full load, see Figure 3.20 c). The calculated axial velocities show good
agreement with the measured time-dependent velocity distribution. Measurements have
only been taken during the intake stroke of Cylinder 4. For crank angles between 200° and
500° the frequency of the fluctuations is so high and the amplitude of the fluctuations is so
small that a large number of measurements is required to obtain an accurate value of the
velocity.

3.7.7. Cylinder-to-cylinder distribution of the charged air
Figure 3.21 shows the measured and the calculated volumetric efficiency for each cylinder
at full load for 1500, 2500, 3500 rpm. It is evident that Cylinder I and 4 always receive
the highest amount of air. This trend is independent on the engine speed and is the result
of the geometry of the intake manifold. The measured volumetric efficiency is
significantly lower than the calculated one, which is explained as follows.
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Distribution of the volumetric efficiency over the cylinders; measured on the
fired engine and calculations.

The cylinder-to-cylinder distribution of the charged air has been measured on the firedengine test rig. This contrary to the total volumetric efficiency, described in Section 3.7.5,
which has been measured on the externally driven engine. Figure 3.18, see Section 3.7.3,
showed the difference between the pressure-time histories of the fired engine and
calculated pressure-time histories. The fired engine is fitted with a complete exhaust
manifold system which results in a higher pressure at the exhaust valve and therefore
cylinder pressure. During the measurements the intake manifold temperature rises which
results in· a lower mass density of the charged air. An temperature rise of I 0 •c results in
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a four percent decrease of the mass density. Both the exhaust manifold and the increased
air temperature decrease the volumetric efficiency.

3.8. Conclusions
The numerical simulation method developed to predict the unsteady air motion in the
intake manifold has been verified experimentally. The computed time-dependent pressure
and velocity distributions have been validated using measured values. The volumetric
efficiency of the complete engine and the distribution of the air over the cylinders has
been compared with measurements. The calculated cylinder pressure has been compared
with the measured cylinder pressure. The following conclusions can be drawn:
• The unsteady· air flow in the intake manifold can be modelled satisfactorily employing
an one-dimensional approach.
• The use of acoustic wave theory for predicting global characteristics of the unsteady air
flow in the intake manifold is sufficiently accurate.
Steady flow factors, established for poppet valves, junctions and throttle plates, give
good correlation in unsteady flow across the range of speeds occuring in a typical
automotive engine.
• For predicting the flow in the intake manifold it is not required to model the
combustion for obtaining the boundary condition for the flow in the intake manifold.
• The time-dependent pressure distributions are predicted satisfactorily for engine speeds
less than 3500 rpm.
• Time-dependent pressures at positions near the inlet valve appear to be less accurately
predicted than the pressures at positions further upstream in the intake manifold.
• The computed time-dependent velocity distributions are in good agreement with the
measured velocity distributions.
• The distribution of inducted air over the cylinders is caused by the geometry of the
intake manifold. Compared to the inner cylinders, the outer cylinders induct a larger
amount of air.
• Heat transfer from and to the walls of the cylinder can be approximately accounted for
by correcting the ratio of the specific heats y. Allowing this correction provides an
accurate prediction for the cylinder pressure at the point in time the inlet valves opens,
and hence, an accurate· value for the boundary conditions of the wave propagation into
the intake manifold.
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Droplet motion and evaporation
4.1. Introduction
In this chapter, the interaction process between a dispersed phase and its surrounding fluid
is analyzed. The relative importance of various forces on the dispersed phase are
investigated. A general form of the force balance equation is introduced, which includes
six forces: the steady drag force, the added-mass force, the lift force, the pressure-gradient
force, the Basset history force and the buoyancy force. Each of the forces will be checked
on their relative significance for determining the trajectories of the particles in an
induction system.
Furthermore, the droplet evaporation process is explained and the governing equations are
described in detail. Also the heat balance for a single droplet moving in a fluid flow is
introduced which is required to predict the droplet temperature during evaporation. The
model to predict the motion of the droplet and its evaporation is validated using water,
ethanol, and n-butane as test liquids. The analytical and experimental results for water and
ethanol are available in the literature. The test-rig developed and built to measure the
evaporation and the droplet formation of the n-butane spray is presented, together with the
results obtained from experiments and numerical simulations. Additional simulations have
been performed to show the influence of the temperature of the droplet and the
temperature of the air on droplet lifetimes in the intake manifold.

4.2. Interaction forces on the dispersed phase
4.2.1. Force balance equation
Newton's equation of motion of a single particle is used to predict the motion of particles
dispersed in the fluid flow. This equation arises from setting the sum of the external forces
acting on the particle in the fluid flow equal to the mass of the particle multiplied by its
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acceleration. This equation for the motion of a particle entrained in a fluid flow is given
by Meng and v.d. Geld ( 1994), and parts of it were originally proposed by Basset ( 1888),
BoussineiCJ (1903), and Oseen (1927):
steady drag force
pressure -gradient force
added -mass force

(4.1)

buoyancy force

The capital D!Dt denotes the time derivative with respect to the frame of reference
moving with the fluid element (D/Dt =iJfi'Jt +iiF·V) and dldt denotes the time derivative in
a frame moving with the droplet ( d!dt =iJ!iJt + iiv ·V ).
In Equation (4.1 ), the left-hand side represents the mass of the droplet multiplied by the
acceleration of the droplet. The first term on the right-hand side expresses the steady drag
force felt by a particle, which through the value of C0 includes both skin friction and
form drag. The second term represents the pressure-gradient force. This term represents
the force required to accelerate the fluid which would occupy the volume of a particle if
the particle was absent. This force is derived from the full Navier-Stokes equations for
compressible flow. The third term is the added-mass force, which arises because
acceleration of the particle requires acceleration of the fluid surrounding the droplet. The
coefficient CA , in the added-mass force is a coefficient which depends on the shape of the
particle, the particle void fraction and relative particle accelerations. Usually, CA is taken
0.5, which is the value for a spherical particle accelerated in an unbounded uniformly
domain. The fourth force is the buoyancy force (gravity force minus the Archimedes
force). The next term on the right-hand side is called the Basset history force, which
accounts for effects of the history of accelerations in which (t-'t) is the time elapsed since
the past acceleration. The Basset force is weighted by an factor 1/~, which means
that the recent history of acceleration has the most significant influence. However, the
validity of the Basset force in turbulent flow fields has never been established.
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4.2.2. Relative significance of the different forces
In Equation (4.1) each force represents a clear physical aspect of the momentum exchange
between the particle and the fluid surrounding the particle. Some are significant in a
certain situation while others are significant in other circumstances. Most terms in
Equation (4.1) have a complex form and it is difficult to asses the significance of each
individual force in the complete interaction process. In order to obtain instantaneous
particle velocities Equation (4.1) has to be solved by numerical methods. Additional
information, like boundary and initial conditions are necessary. To provide an admissible
simplification of the force balance equation, the six forces have to be considered
separate] y.
In many numerical simulation methods presented in literature for the prediction of particle
trajectories, the force balance equation is simplified by omitting all forces except for the
steady drag force. The other forces, especially the Basset history force are neglected
primarily due to their complexity and uncertain significance (White, 1986). This is
acceptable when particles or droplets are situated in a rectilinear uniform velocity field
with streamlines close to straight lines, but large errors may occur for particles in a nonuniform flow-field where the changes in the local fluid velocity are considerable (Clift,
1978).
In order to assess the significance of the pressure-gradient, the added-mass and the Bassethistory force, Equation (4.1) is rewritten into

(4.2)

For liquid butane the mass density ratio p 0 /p F becomes approximately 470, and therefore
on the left-hand side the term with CAp F' which is a part of the added-mass force, is
negligible compared to p 0 • However, since future research involves direct LPG-injection
into the cylinder, the mass density ratio p /P 0 wi 11 become more significant. Therefore in
the present investigation this part of the added-mass force is kept
equation. The part of the added-mass force which depends on the
velocity with respect to time, the pressure-gradient force and the
vanish in the case of steady uniform gas flows, where the gas

in the force balance
gradient of the fluid
Basset history force
acceleration and gas
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velocity gradient equal zero, see Meng (1993). However, since the flow-field in an
induction system is highly unsteady the gas acceleration is quite significant. Therefore, if
droplet trajectories are predicted in steady air flow the pressure-gradient, the part of the
added-mass force which depends on the gradient of the fluid velocity with respect to time
and the Basset-history force are left out of the force balance equation. However, if droplet
trajectories are predicted in the unsteady air flow in the induction system the pressuregradient force, both terms of the added-mass force, and the Basset-history force are kept
into the force balance equation.
In order to investigate the significance of the buoyancy force a dimensionless ratio
between the buoyancy force and the drag force is introduced and expressed as
(4.3)

with VD =1t /6d~ and AD = 1t d;. For a typical butane droplet of 25 pm, which moves in air
( p F= 1.2 kglm3) at a relative velocity of 10 m/s, it can be shown that the buoyancy force is
negligible compared to the drag force ( l/1 000).
The component of the force perpendicular to the direction of the particle motion is called
lift. In the literature there are two relevant lift forces recognized, the shear lift (Saffman
lift) and the rotational lift (Magnus-lift). The shear lift is the result of velocity gradients in
the direction perpendicular to the fluid flow, which cause a pressure difference on two
sides perpendicular to the moving direction of the particle. In the present case the shear
lift force can be neglected since the air flow has been found to be uniform across the pipe,
see Section 3.2. Besides, the shear lift is significant only at low droplet Reynolds numbers,

ReD< I . The Reynolds number for a particle or droplet can be expressed as:
(4.4)

Typical values for the droplet Reynolds number for droplets entrained in the pulsating air
flow in the intake manifold are between 5 and 120.
The Magnus force is significant only if the particle rotates. This lift force can occur if a
droplet has an initial rotation acquired during the injection. In a first estimate of the
importance of the rotational lift .force one could estimate the time necessary to damp out
the initial droplet rotation. The kinetic energy of a spherical particle with rotation speed ro
is given by:

66

Droplet motion and evaporation

E*. =_!_Jro2 ,
m 2

(4.5)

where, 1 is the mass inertia of the particle (J=2/5mr 2 ). The time-rate of change of the
kinetic energy is proportional to

(4.6)

where,

'tw

is the shear stress at the free interface, AD is the particle surface, r the particle

radius, and u,.1 the relative velocity between the particle and the air. The change in
rotational speed with time is then proportional to

dro-=-- 2-r,ADr

Tt"
For a Newtonian fluid where

'l:w

(4.7)

J

=11Frorlr, Equation (4.7) becomes

dro

(4.8)

Tt"

Equation (4.8) is a first order differential equation with time constant 1/C. The solution of
the ordinary differential equation is given by:
<O(t) =ffioe -ct .

(4.9)

For a 25 JDn butane droplet which is injected with an initial velocity of 70 mls in an air
flow of 30 m/s, the time constant 1/C equals 2.5·10·7 . This means that the droplet with an
initial rotation speed ~ loses after t =2.5·10-<~ ms 63.2 % of its initial rotation. This
implies that it is allowed to neglect the rotational lift force.
The steady drag force is a function of the drag coefficient CD. In the literature various
empirical correlations are presented for the drag coefficient CD as a function of the
Reynolds number of the particle. The experimental data on which these relations are based
have often been obtained by measuring the drag force of an isolated solid sphere in a
uniform steady flow. However, the drag force should be correlated using an accelerationdependent drag coefficient. Only a few of such correlations have been presented in the
literature (cf. [Lunnon, 1926; Schwartzberg, et al., 1970]). A literature study revealed that
adequate estimations of the droplet trajectory can be obtained by simply assuming that the
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drag coefficient takes the value for an isolated sphere in steady flow (cf.[Guthrie, 1975;
Clift, 1978]). Yuen, et al. (1976) showed that over a wide range of the Reynolds number
(approximately I<ReD< I0 3) the following relationship for the CD -coefficient fits the
measured values quite well, (Bird, et. al., 1966):
(4.10)

Note that the first term in Equation (4.10) is the drag coefficient found for Stokes' flow.
These and similar relations generally apply when the particle does not gain or loose mass
during the motion. This empirical correlation need to be corrected for high mass transfer
rates if it is used to calculate the drag force of evaporating droplets (Bird, et al., 1966),
see Section 4.3.4.
The aerodynamic forces acting on the droplet may cause deformation of the initially
spherical shape. However, distortion is not significant for droplets having a diameter less
than 100 ~ and Reynolds numbers less than 600 (Clift, 1978). In the case of severe
shape distortion, droplet break-up can occur; this arises in case the Weber number
approaches the value of 20 (Williams, 1965), but this is an unlikely occurrence for
droplets having a diameter less than 100 ~ (Clift, 1978).
Equation (4.1) describes a three-dimensional droplet trajectory in a three-dimensional
velocity field. In the above discussion it has been argued that all forces which can deflect
the droplet in a direction perpendicular to the fluid velocity can be omitted for predicting
droplet trajectories in the unsteady air flow inside the intake manifold. However, the
momentum equation used to predict the droplet trajectories in the intake manifold does
contain the steady drag force, the pressure-gradient force, the added-mass force, and the
Basset-history force. In the next section a discussion is given to amass insight in the
motion of particles in fluid flows.

4.2.3. Particles entrained in one-dimensional fluid flows
With the assumptions that the fluid velocity
velocity

~

~

remains constant and uniform, the droplet

is parallel to iiF and the steady drag force is the only significant contributor,

the momentum equation can be written in the following one-dimensional form:
(4.11)
This differential equation can be solved analytically (see Appendix B-1) if the drag
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coefficient is expressed by Stokes' relation CD =24/ReD. The resulting expression for the
droplet velocity reads:
(4.12)
where K depends on the droplet size, and the properties of the carrier gas and of the
droplet. The factor K is given as (Appendix B-1 ):
(4.13)

Equation (4.13) represents the response time needed for a droplet with initial velocity u00
suddenly injected into a fluid with velocity

"r Integrating Equation (4.12) with respect to

time yield the droplet position as a function of time:
(4.14)

Equation (4.11) is a first order ordinary differential equation (ODE). Such an ODE is
characterised by a time constant

'tD

which is equal to IlK. This time constant is called the

relaxation time of the particle or droplet. The relaxation time is the time needed for a
particle to react on a velocity change of the fluid. More precisely, the relaxation time
gives the time in which the droplet can overcome 63.2 % of the fluid velocity change
which occurred at t=O. Figure 4.1 shows as an example the velocity of a 20 J1T'l butane
droplet as a function of time following an instantaneous change in the velocity of the air
from 10 m/s to 45 m/s.
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Figure 4.1.

Velocity change of a particle following an abrupt change in fluid velocity.

In unsteady one-dimensional flow Equation (4.11) is given as:
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(4.15)
This is a non-linear ordinary differential equation. To get more insight in the motion of
particles in a pulsating fluid flow, the velocity of the fluid is taken as a harmonic motion:
(4.16)
The particle entrained with the initial velocity u00 into the fluid flow moves at the same
frequency, but with a different amplitude and with a shift in phase cfl compared to the
velocity field:
(4.17)
The solution of Equation (4.15) is given in Appendix B-2 and is graphically represented in
Figure 4.2:
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Particles entrained in a sinusoidal pulsating fluid jWw.

With increasing droplet size the relaxation time increases, while the amplitude of the
droplet motion decreases and the phase shift increases. These results are derived by
substituting Equations (4.16) and (4.17) into Equation (4.15) and then solving Equation
(4.15), see Appendix B-2. The transfer function H yields:
(4.18)

and the phase-shift is expressed by:
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(4.19)
It follows that the ratio of the amplitude of the motion of both phases depends upon the
frequency of the fluid flow. The relaxation time 't 0 is given as:
(4.20)

Using the above relations the variation of H with frequency ro for different droplet sizes
is presented in Figure 4.3.
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Transfer function as a function of ro for different droplet sizes.

Figure 4.3 shows that, with increasing frequency, the amplitude ratio decreases for all
droplet sizes; this means that, as a result of drag, droplets follow lower fluid oscillation
frequencies better than higher ones. Besides, as pointed out before, the drag coefficient
also depends on the oscillation frequency.

4.2.4. Turbulent dispersion
It has been discussed in Section 4.2.2 that all forces which can give the droplet a direction
perpendicular to the fluid velocity can be omitted. However, there is still a force left out
of the consideration capable of deflecting the droplet in a direction different from the
direction of the air, namely the force induced by turbulent fluctuations of the air stream.
Therefore, the question to be answered here is the following: can turbulent dispersion be
neglected when predicting droplet path lines. Neglecting turbulence implies that droplets
follow deterministic trajectories prescribed by their initial condition upon fonnation close
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to the injector exit and by the mean gas properties throughout the flow field. An estimate
of the deviation from the rectilinear path has been obtained by Riquarts ( 1975). The
arguments leading to the estimate are summarized below.
In order to predict the effect of turbulence on the motion of the droplet the following
assumption is made: a single droplet has in x-direction (main flow direction) an actual
velocity

u0 + ii0 and a velocity

ii0 in y-direction (fluctuating part only). The droplet moves

in a velocity field with actual velocity iiF+iiF in x-direction and a velocity iiF in ydirection.

y

X

Figure 4.4.

Velocity diagram for the turbulent eddy transport of particles.

The velocity components iiF and ii0 represent the average velocity of the fluid and the
particle, respectively. The momentum equation derived from Equation (4.15) for the
fluctuating component of the droplet motion (only considering steady drag for simplicity)
in y-direction reads:

dii (t)
dt

_D_

where

U.,1 =i1F -~·

3 p C (Re )
F D
D (ii (!) -ii (t))
d
F
D
Po o

=4

li1rtl I '

(4.21)

Since the velocity fluctuations are time-dependent with positive and

negative values and under the assumption that the velocity fluctuations are periodic one
can better use the root-mean-square (RMS) values. Then Equation (4.21) becomes:

(4.22)

Assume that the velocity fluctuation of the fluid is not stochastic but sinusoidal with
frequency f=l/T and with amplitude
also sinusoidal with frequency
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the velocity fluctuation this term equals
T

. 22
I d
- I j'(A 2 Stn
1t t ,

T0

where A =.fl

Jv}.D

T

is the amplitude of the velocity fluctuation. The distance in y-

direction, which a droplet can obtain during the period of oscillation with period T is
given by
(4.23)

Substituting

~ =rtfl/.fl,

obtained from Equation (4.23), into Equation (4.22) and

considering that,

(4.24)

the droplet displacement in y-direction, lP, follows as

(4.25)

The droplet path length lP is a measure for the maximum shift in y-direction as the result
of the action of a single eddy. Under the assumption that merely large eddies are
responsible for particle transport the following relation is derived between the frequency f
of the turbulent fluctuation and the characteristic eddy length scale L,

f= lu,t/1 .

(4.26)

2L,

Gosman and Ionnides ( 1983) give an estimate for the characteristic eddy length, viz.
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(4.27)

For isotropic turbulence, the kinetic energy of the turbulence, k, is defined as:

k=~(3a})
2

(4.28)

.

The kinetic energy of turbulence may be estimated by C~ 112ii} for free shear and pipe
flow ( C~ is approximately 0.06 to 0.1; Hinze, 1975). The coefficient

C~

is about 0.09 for

free shear flow. The turbulent energy dissipation rate e is obtained from the definition of
the eddy viscosity 11, as:
(4.29)

However, during the time interval 11t a droplet crosses a lot of eddies, namely
(4.30)

n =2f11t .
Assuming the Stokes relation for the drag coefficient, Cv=24/Rev, with

Rev=dviU:.e~llvF,

the maximum droplet displacement in y-direction during the time interval /1t, equals
LP =niP, and is given as

2..j2 b ..

--VVj

L

=
p

lJJ.

1t
2

(4.31)

1 1tdvPv

1+---f
9 VFpF

For large droplet diameters the denominator in Equation (4.31) becomes large. Assuming
an average air velocity of 20 m/s, the time of travel for a droplet inside the intake
manifold becomes approximately 25 ms, since the maximum pipe length of the intake .
manifold is approximately 0.5 m, see Figure 3.13. For butane droplets larger than 30 Jim
the maximum droplet displacement in y-direction becomes then less than 0.5 mm.
Compared to the droplet diameter of 30 Jim this is a huge displacement. However, since
only global characteristics of the droplet trajectories are of interest, the displacement of 0.5
mm must be compared to the pipe diameter of 37.2 mm and to the pipe length of 0.5 m.
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For droplets smaller than 30 J1ln the displacement in y-direction becomes significant,
however, if the droplet would not disappear due to evaporation. Later on, in Section 4.8, it
will be demonstrated that butane droplets with diameters less than 30 pm evaporate within
12 ms. Within this time the maximum shift in y-direction does not exceed 0 .7 nun, and is
therefore negligible compared to the pipe diameter. Therefore, it can be concluded that
turbulent dispersion can be neglected.

4.2.5. Droplets in bends
If droplets move through bends they acquire a displacement perpendicular to the main
flow direction due to the centrifugal force. In order to estimate this displacement it is
assumed that the centrifugal force equals the component of the drag force perpendicular to

;;F, which implies that the droplet acceleration in radial direction is assumed to be zero.
The following equilibrium equation can be derived:
(4.32)

where v0 is component of the droplet velocity,

iiv • perpendicular to

;;F '

m 0 is the droplet

mass, and R is the radius of the bend. Under the assumption that the fluid does not have a
velocity component normal to ;;F and that the component of the droplet velocity in main
flow direction equals the velocity of the fluid, the relative velocity between droplet and
fluid

U,eJ =;;F- «v

is equal to the droplet velocity perpendicular to the main flow.

Consequently, the constant droplet velocity perpendicular to the main flow direction is,
under the assumption that C0 =24/Re0 and Re0 =d0 v0 /v F' given by
(4.33)

The displacement in the y-direction, perpendicular to the main flow, downstream the bend
with bend radius R (assuming equal droplet and fluid velocity in main flow direction) is
given by
(4.34)

where a is the angular extent of the bend. The maximum droplet diameter which is
allowed when the radial displacement downstream of the bend should be less than y is
given by
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d=

(4.35)

For a radial displacement y less than 5 mm the butane droplets may not be larger then 20
J1111. Figure 3.13 shows that the only bends of the intake manifold are found in Pipe I and

4, in front of the cylinders. Since there is no force in the direction downstream of the bend
which can give the droplet a deviation in the direction perpendicular to the main flow
direction the droplets will move towards the cylinders parallel to the centreline, however a
few millimetres from the centreline.

4.3. Droplet evaporation
4.3.1. Evaporation process, a qualitative approach
Before outlining the relevant equations and assumptions necessary to predict the droplet
evaporation, a qualitative description is given of the processes that occur when a droplet is
placed in a heated environment.
Every liquid with a free surface evaporates. Some molecules at the interface overcome,
due to their thermal motion, the intermolecular cohesion forces and become free vapour
molecules. Only molecules with a sheer velocity component which is large enough to
overcome the cohesion forces leave the liquid interface. The motion to and from the
interface consists of:
1. Molecules leaving the liquid interface;
2. Diffusion of the molecules into the surrounding gas;
3. Condensation of the molecules hitting the liquid interface.
If in a reservoir, above the liquid, there exists a pressure much lower than the partial

saturation pressure, for instance created by carrying away the formed vapour, the free path
length of the leaving molecules is only restricted by the walls of the reservoir. In this case
condensation does not take place and the rate of evaporation is maximum. If an inert gas .
is present above the liquid interface then the vapour molecules collide with the gas
molecules and some return to the liquid interface. However, this does not mean that all
molecules condense that collide with the liquid interface.
If the vapour pressure is not carried away during the evaporation process the vapour
molecules will form a saturated vapour film next to the liquid surface and will diffuse into
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the surrounding gas (molecular diffusion). Note that the rate of evaporation directly
depends on the diffusion rate of the vapour molecules to the surrounding gas area. If
vapour molecules diffuse out of the vapour film to the surrounding area the vapour
pressure has to be re-established which causes new molecules to leave the liquid surface.
The molecular diffusion flux of species A into species B is defined as (Bird, et al., 1966):
(4.36)
where xA is the molar concentration and

DAB

the mass diffusivity. This is the Fick's first

Jaw of diffusion, written in terms of the molecular diffusion flux. This equation states that
mass transport occurs because of a gradient in the mass concentration. A commonly used
approximation (Bird, et al., 1966) to predict the concentration of a pure component A is
(4.37)

in which

PA.•ap

is the vapour pressure of the pure component A at the droplet surface

temperature. This relation involves the added assumption that the presence of component
B does not alter the partial pressure of A at the interface and that A and B form a
mixture of perfect gases. According to Maxwell and Stephan (cf.[(Sitkei, 1963), (VOl,

1984)]) the mass diffusivity

DAB

is independent on the concentration and composition of

the diffusing substance.
The mass diffusivity for gases at low pressure (0.1 to I 0 bar) depends on the pressure and
the temperature in the film . In order to determine the mass diffusivity in a gas mixture at
low pressures the Fuller, Schettler and Giddings relationship (VDI, 1984) is used:
Tl.15

MI +M2 1.031·10 -7
MIM2

Dn=----~----~----~--

~

p[(Ev 1) +(Ev 2)

(4.38)

~J

where Tis the absolute temperature (K) and p the pressure (bar) .

M represents the molar

mass of the liquid and fluid. The so-called diffusion volume, v , must be determined
experimentally. This diffusion volume has a great similarity with the liquid molar volume
of liquids at the normal boiling point (VDI, 1984). Normally the diffusion volumes are 1015% smaller than the molar volumes.
In order to calculate the rate of the droplet evaporation one must determine the change of
the droplet diameter with time. The change of mass is calculated by solving a system of
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coupled partial differential equations, which represents the mass transfer from, the heat
transfer to and the change of the temperature of the droplet. To solve the system of
equations the following assumptions are made:
l. The distance between the droplets is large enough, so that no interaction occurs between
the droplets;
2. The droplets are spherical;
3. The flow is one-dimensional;
4. There is no diffusion from the fluid into the droplet.
5. Heat transfer by radiation is neglected;
6. The evaporation is quasi-steady;
7. No heat transfer occurs between the droplet and the wall or between the carrier gas and
the wall;
8. No chemical reactions take place;
9. The carrier gas and the fuel vapour are perfect gases.
The next sections discuss the governing equations of the droplet evaporation process, both
at low and at high mass transfer rates. To calculate the droplet temperature the heat
balance for a single moving droplet is introduced.

4.3.2. Mass transport at low mass-transfer rates
The differential equation for the mass transfer from the droplet surface to the surrounding
air, for a single motionless droplet, is given by (Weaving, 1990):
__
dm o _ redD Ddv Shp
dt
R~
-

[x

v.s

I

l

-xv.-

- xv.s

,

(4.39)

where dm0 /dt represents the mass of the vapour which diffuses per unit of time from the
vapour film to the surrounding carrier gas; xv.s and xv.- are the fuel vapour concentrations
at the droplet surface and far away from the droplet surface, respectively; d 0 is the droplet
diameter and T1 represents the film temperature which is defined in Appendix C-2. The
concentration xv.s is calculated using Equation (4.37). The -determination of the vapour
pressure is described in Appendix C-1, and p _ represents the total pressure. The
possibility to predict the mass transfer rate using alternative approximations for the mean
film temperature is discussed in Appendix C-2. Since the droplet is assumed to be
spherical the above differential equation reads:
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7t
d(d0 ) = 1td0 Dd'Sh [X '·'.-x '· - ]
6 P°~ ~
p_ 1-x
I
3

(4.40)
'

V,S

and hence,
d(do_=
)
__
dt

2Ddv Shp_
RT1d 0 p0

The concentration or pressure difference

P,_, -p, __

[x

l

' ·' - x ,__ .
I - x._ ,

(4.41)

may be considered as the 'driving force'

of the evaporation, i.e. a high evaporation rate will be obtained when the fuel has a
relatively high vapour pressure at the surface of the drop, while at the same time the surroundings are kept devoid of fuel vapour. In this study x,__ is neglected.
Equation (4.39) implies that a high mean film temperature reduces the rate of evaporation.
However, the mass diffusivity also depends on the film temperature, see Equation (4.38).
The overall effect of increasing the mean film temperature is an increase in the rate of
evaporation.
The rate of evaporation, see Equation (4.39), is proportional to the droplet diameter. This
does not imply that sample I of N1 drops of diameter d, evaporate more slowly than the
same volume of fuel contained within sample 2 of N 2 drops of diameter d 2 (where d 2)d1).
The rate of evaporation of sample I, dm,ldt, is proportional to N 1d 1• The rate of
evaporation of sample 2, dmjdt, is proportional to Nzd2• If there is the same quantity of
fuel in both samples, which means that Nlnd / 16) = Nz(nd/ 16), it follows that dmjdt =
dm,ldt(djd2 j. Hence the sample with the smaller droplets has a higher rate of evaporation.
In most practical situations, for instance, when injecting fuel into the inlet manifold of an
engine, convective transfer of heat and vapour occur due to the relative velocities between
the droplets and the environment. It is generally accepted (Bird, 1966) that the
enhancement of evaporation caused by forced mass convection can usually be treated by
applying a convective factor to the rate of evaporation that occurs in the quiescent
condition. The coefficient of mass transfer Sh under conditions of relative motion is given
by the relation of Ranz and Marchal! (Bird, et at., 1966):
kd
D =2 0 6R 0.5 s 0.33
Sh =-X + .
eoJ cf
'

(4.42)

Dd,J

where k, is the mass transfer coefficient. In this relation the Reynolds number is based on
the relative velocity of the particle. The Schmidt number Sc is a dimensionless group of
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fluid properties of the carrier gas relevant to mass transfer and is defined as:
(4.43)

where 11 is the dynamic viscosity and p is the mass density. The physical properties must
be evaluated at the film temperature. The possibility of evaluating the physical properties
at alternative approximations for the mean temperatures is discussed in Appendix C-2.

4.3.3. Heat transport at low mass transfer rates
If "the droplet surface has a temperature Tv and the surrounding air an ambient

temperature TF one obtains:
(4.44)

where Qc represents the heat flux to the droplet interface as a result of heat transfer by
convection, and hm represents the heat-transfer coefficient and AD the. surface of the
droplet. Similar to the Sherwood relation in Equation (4.42) the average heat transfer
coefficient, under conditions of relative motion, is expressed by (Bird, et al., 1966):
(4.45)

The Prandtl number depends on the physical properties of the carrier gas in the film and
represents the ratio of the heat dissipated and the heat conducted and is defined as:
(4.46)

in which the subscript f denotes the properties evaluated at the film temperature.

4.3.4. Momentum- , mass- and heat transfer corrections for bigh mass transfer rates
During evaporation mass-transport occurs from the droplet to the surroundings and heat
transfer occurs from the surroundings to the droplet. For high mass transfer rates it is
evident that the transfer coefficients depend on the mass transfer rate (Bird, et al., 1966).
In the past corrections for this influence have been derived from three approximate
theories or models:
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- the boundary-layer model,
- the penetration model, and
- the film model.
Reviews of these models are found in Bird et a!. (1966) and Sherwood et aJ. (1975). The
film theory is chosen as transport model to predict the variation with mass-transfer rate of
the momentum-, mass, and heat transfer coefficient. The derivation of these correction
factors is outlined in Bird, et aJ. ( 1966). The correction factors, the so-called Ackermann
correction factors, for the effect of mass transfer on the transfer coefficients of heat, mass,
and momentum are given by
() =

hcnmcted

T --h-

4j> T

RT,

(4.47)

(4.48)

and
(4.49)

According to the filin theory (Bird et al., 1966) the flux ratio R and the rate factor c)l in
these equations are given by:

R=e•-1 ,
$=In( I +R)

(4.50)

If the solubility of species B in species A may be neglected, the flux ratio for mass

transport, RA8 , and the corresponding rate factor c)l AB are defined by:
(4.51)

where xA.s represents the composition of species A at the interface and xA.- represents the
composition of A far away from the interface. For perfect gases, the compositions can be
replaced by partial vapour pressures. The flux ratio for heat flow, Rr, is defined by:
(4.52)

The method to obtain an approximation for the latent heat of evaporation, MI•• is outlined
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in Appendix C-1. The flux ratio for momentum transfer, R •• is expressed by:
(4.53)

Equation (4.39) must be corrected for high mass transfer rates. The corrected mass transfer
rate is

[dm ]

v
dmD.comcud =8 __
dt
AB
dt

=

uncorrecud

rtdRTD Shp- In [__pD

dv

M_

Poo Pv.s

f

l
•

(4.54)

Hence, Equation (4.44) must be corrected resulting in the corrected heat transfer rate:
(4.55)
and finally the corrected momentum equation (4.2) is:

du

D, corrected

[du ]

(4.56)

=9 __
D

dt

v

dt

uncom cted

The result shows that mass transfer of A and B into the stream makes

<!> ••

<I>T' and <I>AB

positive and decreases the mass transfer coefficients. During steady evaporation of butane
droplets in ambient air Of 30 °C, typical Values for 8T,

eAB'

and 8v are 0.92, 0.90, and

0.98, respectively. Therefore it is necessary to add the correction factors for momentum:
mass, and heat transfer for high mass transfer rates to Equation (4.2), (4.39), and (4.44).

4.3.5. Energy balance for a single droplet
The above discussions show that droplet vaporization primarily involves heat, mass, and
momentum transfer processes in the gas and the liquid phases, and their interaction at their
interface. While heat transfer takes place, the droplets heat up (or cool down, depending
upon ambient air conditions and initial droplet temperature) and at the same time loose
part of their mass by vaporization and subsequent diffusion of the vapour into the air, with
both heat and mass transfer depending on the droplet size and the velocity relative to the ·
air. At the same time, the droplets are decelerated (or accelerated, depending upon the
relative magnitude of the air and droplet velocities). After a certain time, each droplet
attains an equilibrium temperature being the wet-bulb temperature.
Although fuel droplets reach their equilibrium temperature asymptotically in time, the
vaporization process can be divided into the transient state (referred to as the heating up or
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cooling down period) and the steady equilibrium state. Vaporization takes place in three
different cases:
l. The initial temperature of the droplet is less than both the temperature of the
surrounding air and the wet-bulb temperature; the droplet heats up continuously, see the
solid line in Figure 4.8, in Section 4.4.
2. The initial temperature of the droplet is less than the temperature of the surrounding air
but higher than its own wet-bulb temperature at the ambient air conditions, see Figure
4.5. In this case the droplet cools down continuously. Heat is always transferred from
the air to the droplet.
3. The initial temperature of the droplet is higher than both the air temperature and its
own wet-bulb temperature. In this case the droplet cools down continuously until it
reaches its wet-bulb temperature which is lower than the air temperature. When the
droplet temperature has dropped below the air temperature, the process is the same as
in case 2.
In order to predict the temperature of a droplet during the transient period two approaches
are possible. In the first approach to the transient heating problem, a finite therrnal
conductivity in the liquid is assumed. This approach is called the diffusion-limit model and
is assumed to be the most exact of the models for spherically-symmetric droplets.
The heat balance at the surface of a spherical droplet is given as:
(4.57)
with:

(4.58)

and
.
dm 0
Q =
tili
•v

dt

v'

(4.59)

where Qc is the convective heat transfer, Qh is the heat flux necessary to change the
droplet temperature, and

Q,.

is the heat necessary to evaporate the liquid. The variation of

the temperature of the liquid phase is then governed by the heat conduction equation
(Luikov, 1968):
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(4.60)

where a.D is the thermal diffusivity of the liquid. Luikov (1968) provided an analytical
solution to the problem for a time-invariant radius of the droplet. However, an exact
analytical solution is difficult to obtain since the liquid-phase analysis involves the
solution of the heat-conduction equation with a constantly regressing boundary due to
evaporation. Numerical integration is used to obtain the droplet temperature at the droplet
surface. To obtain a solution for the radial distribution of the temperature inside the
droplet Equation (4.60) must be solved for example by using implicit iterative methods.
In the second approach to the transient heating problem, the unifonn temperature model is
used to describe the transport processes within the droplet. In this model it is assumed that
inside the droplet the temperature and the concentration are uniform as a result of the very
high thermal conductivity, the internal circulation within the droplet and the small size of
the droplet. Equation (4.58) is replaced by the boundary condition:

.

dTD

Qh=mDCP.Ddt .

(4.61)

The above energy balance for the droplet yields the following expression for the timedependent droplet temperature
(4.62)

In order to get more insight in how the droplet temperature changes with time assume that
the droplet has an initial temperature which is lower than the air temperature and lower
than its equilibrium temperature. The moment the droplet is injected into the intake
manifold the droplet temperature and the vapour concentration at the liquid surface are
low, so the rate of molecular diffusion is insignificant. In this stage of the droplet
evaporation process the total convective heat flow is used to heat up the droplet at a
nearly constant droplet diameter (MI.dmD/dt<Q). As the droplet temperature increases
the rate of evaporation increases as a result of the higher vapour pressure at the droplet
surface. As a consequence the mass diffusion increases and the droplet diameter decreases.
This has a two-fold effect on the droplet and its adjacent environment. First, an increasing
amount of the conducted heat reaching the surface is used to evaporate the droplet (latent
heat) and second, the outward flow of the fuel vapour in the boundary layer reduces the
amount of energy reaching the droplet. This results in a reduction in the rate of rise of the
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droplet-temperature, until eventually a stage is reached where the droplet surface
temperature is constant. At the same time, the temperature distribution within the droplet
is getting more uniform so the droplet can reach its equilibrium temperature, the so-called
wet-bulb temperature. This wet-bulb temperature depends on the type of liquid, the
pressure of the surrounding air and the temperature difference between the droplet and the
air.
The validity of the assumption that the temperature inside the droplet is constant will be
checked by the Biot number which is a measure for the internal temperature difference
and is given as (Luikov, 1968):
(4.63)

For negligible small temperature differences between the centre of the droplet and the
surface of the droplet the Biot number should be less than 0.2 (Straub, 1982). For a butane
droplet of 25 J.1l7l the Biot number becomes 2. However, the internal circulation reduces
the temperature difference within the droplet (El Wakil, 1956).
To demonstrate the difference between the uniform temperature model and the diffusionlimit model a n-butane droplet of 25 J.1l7l and with a temperature of 293 K is injected in
ambient air of 293 K. The time-dependent temperature of the droplet surface, as shown in
Figure 4.5, from the uniform-temperature model (dashed line) shows a sharper decrease
than that from the diffusion-limit model (solid line). Therefore, the droplet life time using
the diffusion-limit model is shorter. This is probably due to the higher saturation vapour
pressure at the droplet surface during the cooling down period (first 1.5 ms).
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After the cooling down period the simulation method predicts equal equilibrium
temperatures for both approaches, and hence, equal vapour pressures at the droplet
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interface. However, the effect of the higher vapour pressure at the droplet interface during
the cooling down period continues to have an influence on the diameter decrease during
the complete droplet lifetime, as shown in Figure 4.5.
The predicted variation in time of the area of the droplet surface for both models agree
quite closely, implying that the droplet size variation, and subsequently the droplet
vaporization time, can be predicted with good accuracy regardless of the model used for
the internal heat transfer. The reason for this behaviour is that the surface layer is initially
heated at approximately similar rates, hence heating of the much lighter inner core
constitutes only small perturbations to the total heat budget at the surface, whether it takes
place simultaneously with, or subsequent to, the surface heating process.
Sirigano (1984) recommends, whenever the additional computational complexity can be
afforded, the use of the more exact model, namely the diffusion-limit model. In the
present numerical method the diffusion-limit model is necessary because of the relative
large Biot number and the uncertainty of the significance of the internal circulation on the
temperature distribution in radial direction within the droplet.

4.4. VaJidation of the numerical simulation method
In order to validate the numerical simulation method for computing the droplet
evaporation, numerous numerical simulations have been carried out. In these simulations
the mass-transfer rate, the decline of the droplet diameter and the change in droplet
temperature have been analyzed. Predictions have been validated using either analytically
determined mass-transfer rates of water, or experimental and numerical simulation results
of ethanol obtained from the literature. The numerical simulation method established in
Section 4.2 and 4.3 has been implemented in ACSL (1990), a software package for
continuous time simulation.

4.4.1. Comparison with analytical solutions
Initially, water is used to validate the numerical simulation method for predicting the
droplet evaporation. Water is chosen because Bird, et al. (1966) provide an analytical
solution for the evaporation rate. The correction factors for mass, heat and momentum
transfer (see Section 4.3.4) are incorporated in the analytical solution. However, no
significant influence of these correction factors is expected in this case because of the low
mass transfer rate.
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A spherical droplet of water with an initial diameter of 1000 pm and a uniform
temperature of 283 K is surrounded by dry air (zero relative humidity) with a velocity of
0.2 m/s: forced convection is assumed. The air temperature and the air pressure remain
constant at 293 K and I bar, respectively. The physical properties have been calculated at
the film temperature. Using the theory described in Bird, et al. ( 1966), the analytical molar
evaporation rate is 14.54·10·8 molls, which results in a mass transfer rate of 2.619·10·6 g/s.
In order to calculate the Schmidt, Reynolds and Prandtl-number in the numerical
simulation method, the physical properties are used of dry air and evaluated at the film
temperature. The calculated mass transfer rate then becomes 2.593· 10·6 g/s. This results in
a difference of 0.026 g/s between the analytical and predicted solution which corresponds
to an error less than l %. Therefore it can be concluded that the numerical simulation
method predicts the evaporation rate of water droplets, at low mass transfer rates,
accurately.

4.4.2. Comparison with results for ethanol
Ethanol is chosen as a test liquid because ethanol is more volatile than water and less
volatile than n-butane, while the literature (Klausmann, 1989) also provides calculated and
measured path lines of evaporating ethanol droplets. Klausmann created the initial droplet
diameter using a ultra-sonic droplet generator. This device is able to generate one single
droplet at a time with a fixed droplet diameter. The physical properties, necessary to
calculate the mass transfer coefficient (see Equation (4.42)), are taken from 96 % pure
ethanol. The properties are evaluated at the film temperature.
In order to initiate the simulations two initial droplet sizes were chosen, i.e. 60 pm and
100 pm, both with initial droplet temperatures of 290 K and 345 K, respectively. The air
temperature remained constant at 520 K during the simulations. The initial droplet velocity
was 1 m/s, and the air velocity was constant and 10 m/s. In order to visualize the droplet
evaporation the decline of the squared droplet diameter is used, as shown in Figure 4.6
and 4.7. This quantity is chosen because the approximate d 2 -law (Habib, 1976) predicts
that during evaporation a linear relationship exists between the squared droplet diameter
and time. This law is based on the assumption that during the transient-state period no
evaporation takes place and that during this period only the temperature of the droplet
changes with time. The d 2 -law is given by the following equation
(4.64)

where Cis a constant which depends mainly on the mass diffusivity, film temperature the
Sherwood number.
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Time-dependent squared droplet diameter of ethanol for an initial droplet
temperature of 290 K. The symbols and the dashed line represent the
measurements and the predictions of Klausmann, respectively. The solid line
represent the author's simulations.
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Time-dependent squared droplet diameter of ethanol for an initial droplet
temperature of 345 K.

These results clearly show the influence of the initial droplet diameter on the total droplet
lifetime. Figure 4.8 shows that following an initial period the evaporation process occurs
at a constant temperature below the boiling temperature. The atmospheric boiling
temperature is for ethanol approximately 351 K. The simulation method predicts an
equilibrium temperature of approximately 318 K for the initial droplet temperature of
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290K as well as for the initial droplet temperature of 345 K. In order to show that the

equilibrium temperature does not depend on the initial droplet temperature a simulation is
performed with an initial droplet temperature of 260 K, see Figure 4.8.
Hence, the initial droplet temperature of 290 K is lower than the equilibrium temperature
and the initial droplet temperature of 345 K is higher than the equilibrium temperature.
This implies that the droplet with an initial temperature of 290 K heats up and a droplet
with an initial temperature of 345 K cools down during the transient period. This transient
period has a duration of approximately 10 ms. Therefore, the droplet with an initial
temperature of 290 K heats up at nearly constant droplet diameter since most of . the
convective heat is used to heat up the droplet. During the heating up period the vapour
pressure at the droplet interface increases, and hence, the rate of evaporation gradually
increases. The droplet with an initial temperature of 345 K has a high vapour pressure at
the droplet interface, and hence, evaporates fast during the cooling down period. This can
be seen clearly in Figure 4.7 where the diameter decrease of the droplet during the first 10
ms is more rapid than the diameter decrease of the droplet diameter in Figure 4.6. It can
be concluded that during the transient-state period the evaporation rate can be quite
considerable and therefore the approximate d 2 -law is only valid if the transient-state
period is small compared to the total droplet life-time. This is only the case if the initial
droplet temperature is near the equilibrium temperature. Figure 4.6 and 4.7 show that the
square droplet diameter decline is only linear with time for the period following the
transient-state period. Besides, simulations have shown that the relaxation time for the 60
pm droplet is approximately 3.6 ms and for the I 00 pm droplet approximately 10 ms.
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Figure 4.8.

Predicted time-dependent droplet temperature for an ethanol droplet with
initial temperature of 260 K (long-dashed line), 290 K (solid line) and 345
K (short-dashed line). The droplet diameter is 100 pm.
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Simulations have also shown that the equilibrium temperature for the 60 pm droplet is
equal to the equilibrium temperature of the 100 pm, and hence, the equilibrium
temperature is also independent on the initial droplet diameter. Klausmann's numerical
simulations yielded nearly the same values for the equilibrium temperature (approximately
315 K). The data in Figures 4.6 and 4.7 prove that the present simulations show very good
correlation with the experiments and the numerical simulations performed by Klausmann.

4.5. Two phase flow test-rig
The next step is to validate the present numerical simulation method for predicting the
droplet evaporation with measurements performed with butane as a test liquid. Before
these simulations can be performed the start conditions of a butane spray which is injected
in ambient air must be determined. In the following sections the test-rig which has been
used to measure the initial conditions of the butane spray, the motion and the evaporation
of butane droplets in air is presented.

4.5.1. Validation objectives
The two-phase flow test-rig has been designed to determine on the one hand the initial
conditions of injected LPG-sprays in real-life LPG-injection systems and on the other hand
to validate the numerical simulation method for predicting the droplet trajectories in steady
air flows. The simulation method computes the motion of evaporating fuel droplets in an
steady air flow. The characteristics of the spray are required as initial conditions for the
simulation method. The initial conditions of the droplets are mainly determined by the
initial velocity of the droplets and the distribution of the droplet sizes within the spray at
the time the spray enters the air flow. Droplet size measurements have been performed for
continuous and intermittent injection. Droplet size measurements within the spray allowing
continuous injection have been performed only to gain knowledge about the difficulties
and problems which may arise when measuring droplet sizes in LPG-sprays, for instance
problems with the formation of ice at the sample cell glasses and problems due to the use
of light diffraction techniques for measuring droplet sizes of highly volatile liquids.
Droplet size measurements within the spray allowing intermittent injection have been
performed in order to determine the local spray structure (spatial distribution of the droplet
sizes) which occurs as the injector operates in real-life LPG-injection systems. During
these measurements the initial velocity of the droplets is measured as well. The test-rig
has also been used to measure the time-dependent development of the spray structure, i.e.
the behaviour of the evaporating droplets in the time and the space domain.
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4.5.2. Optical techniques to measure droplet size distributions
The investigation, prediction and modelling of the vaporization and combustion of fuel
sprays require detailed information on the local spray structure, as specified by spatial
distributions of volume concentrations, droplet sizes and volume fluxes. There is a need
for diagnostic tools for obtaining this information, accurately and rapidly. Imaging
techniques, such as spark photography (Yule et al., 1978) and holography (Weaving,
1990), have been developed to provide measurements of droplet size distributions and
concentrations with optimum experimental accuracy. However, even when using
automated image analysis systems, these imaging techniques tend to be time-consuming
and inconvenient when detailed measurements of the spray structure, involving many
measurements positions, are required. Recently, there has been considerable development
work on the application of light-scattering techniques to investigate spray structure. If
photo-detectors are interfaced with computers, light-scattering techniques have the
potential of very rapid measurement of particle size distributions. Light-scattering
techniques can be divided into two types: Single Particle-Counting techniques, where the
individual particles are measured as they pass through a measurement volume, and
Particle-Cloud techniques, where the light scattered from many particles in a light beam is
analyzed to provide an overall size distribution. The two techniques are compatible: the
Single Particle-Counting technique (Yule et a!., 1978) provides very detailed, timedependent information on the local spray structure, including droplet size and velocity
data, while the Particle-Cloud (Swithenbank et al., 1977) technique has only been used to
produce a very rapid measurement of the overall size distribution for an integrated path
across the spray. For most purposes this information is sufficient. However, if a more
detailed size distribution within the spray is required a tomographical transformation of the
light energy distribution measured at several radial positions can be carried out to provide
better spatial resolution. Since the LPG spray is nearly homogeneous the Particle-Cloud
technique is an appropriate technique to measure droplet size distributions.

4.5.3. Malvern Mastersizer X
In order to measure the distribution of the droplet sizes in sprays a Malvern Mastersizer X
has been used which is based on the diffraction principle. The optical configuration is
shown in Figure 4.9. The particles pass through an expanded and collimated
monochromatic laser beam in front of a lens whose focal plane is positioned at a photosensitive detector consisting of a series of concentric annular rings. This lens operates as a
spatial Fourier Transformer forming the far field diffraction pattern of the scattered light at
its focal plane. The focal length of the lens, the dimensions of the detector and the laser
wavelength together determine the particle size range which can be analyzed: no further
calibration is required. The unscattered portion of the laser beam is brought to a focus in
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the detector plane and is usually allowed to pass through an aperture at the detector centre
and effectively out of the system. The annular rings centred around the axis of the incident
laser beam record the intensity of the light scattered by the particles over a range of angles
and the distribution of the scattered intensity is analyzed by computer to yield the particle
size distribution, see Appendix D.
detector

lens

s[
focus

f

Figure 4.9.

Optical configuration of the Malvern Mastersizer X.

Particles of equal size scatter light with the same angular pattern regardless of their
position in the laser beam. An important feature of the Fourier optical configuration is that
light scattered at a specific angle will be directed by the lens to fall onto the detector at
the same angle from the centre regardless of the particle position. This means that
particles may be moving through any part of the beam but, at all times, their diffraction
pattern is stationary and proportional in intensity to the total number of particles
contributing to the scattering. The user can choose out of two lenses, i.e. 100 mm allowing
a size range from 0.1 J.Un to 180 J.Un and 300 mm allowing a size range from 5 to 600 J.Un.
Thus, in its standard form, this particle sizing instrument is designed to derive rapidly an
overall size distribution for a complete width of a spray. Difficulties arise if a more
detailed knowledge of the spatial distribution of droplets in the spray is required, or if the
spray has a complex structure. The line-integral nature of the particle size distribution
does not directly provide information on how droplets are distributed across the spray.
Since the Mastersizer measures droplet concentrations additional difficulties arise if the
difference in the velocity between the droplets is too large. Droplets with higher velocity
cross the test section faster than droplets with lower velocities. So faster droplets with a
certain diameter provide less light energy on a particular detector ring. This problem will
be discussed later in Section 4.6.2.
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4.5.4. Effect of light scattering theories on the analysis of particle size
In Appendix D the differences between the light-scattering theories are described. It has
been shown that substantial differences occur when measuring droplet sizes with either
Fraunhofer or Mie theory (Swithenbank, et al., 1977). It is possible to simulate the effect
on a measured particle size distribution caused by these differences between the lightscattering theories. Consider having a log-normal size distribution with a mean size of 10
f.1111 as shown in Figure 4.1 0.
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A prediction of what the Mastersizer detector would detect if a known volume
concentration of this sample is measured with the aid of the 100 mm lens can be
constructed. Two re-constructed data predictions are shown in Figure 4.11, the first using
the Fraunhofer theory and the second one using a Mie presentation with low absorption
(for instance glass beads in water). The detector energies from the Mie theory are higher
at higher angles, which is to be expected on this basis of the inspection of the
presentations used (see Figure D-4, appendix D).
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Normally the light energy distribution in Figure 4.11 b) must be analyzed using the Mie
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presentation. However, in order to show the difference when the wrong presentation is
used to analyze the light energy distribution, both the data sets in Figure 4.11 a) and b)
are re-analyzed using Fraunhofer analysis, see Figure 4.12. The first gives a reconstruction
of the original size distribution. However, the second shows a distribution with an
extended tail of finer droplets. The fine particles are artificial because, according to the
Mie theory, these particles generate more high-order scattering than the Fraunhofer theory
predicts. Thus, when the analysis program has correctly fitted the main peak of the
distribution, it is left with further light energy at larger angles. The analyzing software can
only fit this by introducing material whose main peak is at larger angles than required,
that is smaller sized particles.
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4.5.5. Test-rig layout
In order to measure the initial conditions of the spray the Malvern Mastersizer X has been
set up as shown in Figure 4.13. A custom-built optically accessible sample cell has been
fitted to the Mastersizer base and connected to the perspex extraction pipe, see Figure
4.14. The flow of the carrier gas in a perspex pipe is created by using a large fan at the
end of the pipe. The carrier gas is conditioned to have the required humidity and
temperature and then supplied to the perspex pipe. The perspex pipe has a diameter of 60
mm. A large box is mounted at the pipe entrance to create a uniform radial velocity
profile. The injector is placed in the box parallel to the gas flow. The injectors which are
used are the Weber IW 024 and the Weber IW 042. The air velocity in the perspex pipe
can be varied by changing the angle of the throttle plate at the end of the pipe in front of
the fan. The injection pressure can be varied by supplying nitrogen into the fuel tank,
which results in an increase in the liquid pressure. The fuel temperature can be decreased
to -18 •c by putting the fuel tank in a refrigerator.
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air/fuel-out

Figure 4.13.

Schematic two phase flow test-rig.

The carrier gas is conditioned (RH, T.;,), see Figure 4.13, using a Grenco custom-built air
conditioner. The carrier gas temperature (Tair) is measured at several positions by means of
Chromei-Alumel thermocouples. The fuel mass flow (qruel) and fuel temperature (TrucJ) are
measured with the aid of a Micro-Motion type DS 025S RFT9729. The fuel pressure
sensors (p,, Pr) used are WIK.A no. 89113500 piezo-resistive pressure sensors. The pressure
in the perspex pipe (Pa~r) is measured using a Micro-Switch 144 PC 015M pressure sensor.
The air flow is measured using a Fischer and Porter metering nozzle (98.7 mm*49.7 mm).
The pressure difference over the nozzle (L\p) is measured by means of a WIK.A DELTA P
no. 1591 C 003. The air pressure in front of the orifice (pi) is measured with a 144 PC
0107 Micro-Switch pressure sensor. The ambient air pressure is measured by means of a
Thommen SA type 2A4S. AJl sensors have been calibrated before their installation in the
test-rig.
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Figure 4.14.

A photograph and the schematic layout of the Mastersizer.

Table 4.1. Measuring specifications

range

absolute error

oc

o...21rc

max. response
JoC

Chromei-Alumel
thermocouples

-40... 1260

Micro-Motion DS
025S RTF 9729

0 ... 100 kg/hour
-240.. .450 oc

< 0.5% F.S.O.
< 0.1% F.S.O.

> 1,000 Hz
> 1,000 Hz

WIKA no. 89113500

0 ...25 bar (relative)

< 0.1% F.S.O.

2,000 Hz

Micro-Switch 144
PC OISM

0 ... 1.0 bar

1.5% F.S.O.

1,000 Hz

Micro-Switch 144
PC OID7

0 ...0.687 bar

1.5% F.S.O.

1,000 Hz

WIKA DELTA P
no. 1591 C 003

0 ... 5000 Pa

0.2% F.S.O.

50Hz

±1.8°C

4.5.6. Measuring strategy
Volume-based spatial distributions of droplet sizes have been measured during continuous
and intermittent injection. In order to measure the evaporation process of sprays,
continuous as well as intermittent, it is necessary to have the possibility to change the
distance between the injector and the test section. Therefore the large box together with
the injector can be moved in axial direction to change the distance X, see Figure 4.14.
The measurements allowing continuous injection are performed only to get insight in the
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difficulties and problems which may arise when measuring droplet sizes in LPG sprays.
These measurements have been performed for different combinations of butane and air
temperature, starting at a very low butane and air temperature in order to minimize
evaporation. Both the air and the butane temperature are increased step-by-step until the
conditions are reached equal to the operational conditions of the injectors operating in the
intake manifold. During the experiments some typical operational conditions, for example
the fuel pressure and the air velocity, are varied in order to determine its effect on the
droplet size distribution. During the measurements with continuous injection, the injector
is continuously powered to create a steady-state injection spray. The results are derived
from 100 sample sweeps in order to reduce the time-dependent fluctuations within the
spray. This means that at a certain position X the Mastersizer took I 00 samples before
calculating the droplet size distribution.
The measurements with intermittent injection have been performed in order to simulate
injector performance in real-life LPG-injection systems. During intermittent injection, the
injector is connected with an injector driver in order to vary the duration and the
frequency of the injection. In order to perform the intermittent measurements a timer is
installed in between the injector driver and the Mastersizer. With this device the time can
be adjusted between the injector opening and the start of the sampling by the Mastersizer,
the so-called delay-time, see Figure 4.14. If the injector is positioned at a certain distance
X from the test volume and no time delay is set, the measurements start directly following
the injector pulse. However, no signal is measured because the spray has to bridge the
distance X. Upon gradually increasing the time delay by some incremental value a signal
is measured. The spray tip arrives at the test volume. The droplet concentration is still
very low, only the fastest droplets have reached the test section. By further increasing the
time delay the spray subsequently moves through the test volume from the spray tip to the
tail. Droplet size distributions within the complete spray have been measured using this
strategy. By varying the distance X the complete spray is measured at different times after
injection. With this measuring strategy the spray structure can be detennined and if this
structure appears to be constant, the droplet size distribution within a complete spray can
be, in a first approximation, defined univocally by one single droplet size distribution.
During the intennittent spray measurements, the number of sample sweeps is set at 60 in
order to reduce the influence of the cycle-to-cycle variation of the injected sprays, hence
data is collected from 60 sequential sprays. These 60 sprays are produced by using the
injector driver which provides the possibility to change pulse duration and frequency.
Further increasing the sample sweeps gives no further decrease of the standard deviation
of the cycle-to-cycle variation of the sprays as shown in Figure 4.15 (van der Venne,
1994).
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Influence of the number of sweeps on the time variation of sequential
sprays.

For the measurements of the distribution of the droplet sizes the distance X which can be
set is attached to a certain minimum. If the distance between the injector and the testsection becomes too small the droplet concentration in the test section becomes too high
and the measurements become erroneous due to multiple scattering, which means that
already scattered light scatters again at other droplets. A measure for the droplet
concentration is the obscuration. The obscuration is defined as the ratio between the
scattered light intensity (thus with sample) and the light intensity of the undisturbed laser
beam (without sample). The obscuration must stay between 5 % and 50 %. The 5 %
boundary is necessary to avoid measurements derived from sprays in which the droplet
concentration is too low. The obscuration function is continuously displayed by the
instrument in order to determine directly wether the droplet concentration remains between
the indicated margins.
The initial droplet velocity has been measured utilizing the obscuration function of the
Mastersizer. If the spray tip arrives at the test section, the obscuration displayed by the
instrument changes rapidly. The time of travel of the spray between injector opening and
the first notable increase of obscuration has been measured. This measuring strategy only
provides an average spray velocity between the injector position and the spray hitting the
laser-beam. However, for the measurement of the velocity the distance X can be set at a
minimum value resulting in the measurement of a good approximation of the initial spray
velocity. The fact that the obscuration becomes higher than 50 % is not significant for the
measurement of the spray velocity.
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4.5.7. Droplet size measurements in volatile liquids or in hot gas flows
Droplets which evaporate are surrounded by a vapour film with a vapour concentration
and a film temperature which varies in radial direction. The laser diffraction technique for
measuring droplet size distributions of volatile liquids or in hot gas flows suffers from
severe problems due to the refraction of the laser beam as a result of refractive index
variation due to mass density gradients perpendicular to the spray axis. These mass density
gradients in the solvent are the result of local temperature gradients due to evaporation.
Some light reaches the detector rings near the centre, however, not due to diffraction of
the particles within the spray, but due to the refraction of the laser beam. These light rays
influence the measured droplet size distributions and the total volume concentration of the
droplets. Many researchers have recognized this problem before (cf.[Hardalupas, et al.,
1990; Yun-yi-Gong, et al., 1992]).
The light intensity on the detector channels for a spray of a non-volatile liquid is
compared with that of a spray of a volatile liquid as shown in Figure 4.16. The light
intensities from LPG-spray measurements (extremely volatile) show an increase of data on
the inner detector rings. This data exceeds the distribution peak many times, which makes
the measurement very awkward.
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The data of the inner detector rings cannot be used. The standard analysis software
provides an option to "kill" the channels with the high data rate. The result, using this
option, is shown in Figure 4.17 a). This cut-off light intensity distribution yields a more or
less realistic droplet size distribution. However, the results depend on the position of the
peak and the number of channels which are killed. This makes a consistent analysis of the
measured data difficult.
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For this reason it has been decided to develop a technique to extrapolate the light intensity
on the channels with larger diffraction angles using a third-order polynomial, instead of
merely killing the channels. A typical result is shown in Figure 4.17 b). The range of
droplet sizes which can be measured is reduced due to the modification of the data on the
inner channels.
The refraction of the laser beam from the obscuration diode results in, besides the above
mentioned problems, a higher obscuration, which is defined as the ratio between the
scattered and the unscattered light intensities. The light energy on the inner detectors is for
the most part unscattered light and therefore needs to be added to the obscuration. This
directly affects the calculation of the volume concentration of the droplets. To re-calculate
the obscuration, the information of the radius-dependent increase of the detector areas and
the varying light sensitivity of the used detectors is needed. The central diode has also a
different sensitivity than the detector rings. Malvern Ltd. provided the detector
information, and this information showed that the inner detectors have smaller relative
light sensitivity compared to the outer detectors and that the increase in detector area is
almost logarithmic. The light energy on each detector due to the refraction of the laser has
been corrected with the corresponding detector sensitivity. This light energy is added to
the light energy of the central detector, resulting in a corrected total unscattered light
energy. With this corrected total unscattered light energy a corrected obscuration is
calculated, and accordingly the droplet concentration in the spray has been corrected.

too

Droplet motion and evaporation

4.6. Butane spray measurements
A realistic determination of the initial conditions of the droplets entrained in the air flow
in intake manifolds is important for the prediction of the droplet trajectories. The initial
conditions of the droplets concern the velocity of the droplets and the spatial distribution
of the droplet sizes at the time the spray enters the air flow. The droplet size distribution
within the spray has been measured during continuous as well as during intermittent
injection. Measurements have been carried out at a number of operational conditions in
order to investigate their influence. To measure the droplet size distribution the Malvern
Mastersizer has been used, see Section 4.5.3. The fuel is butane 2.5, which is composed of
99.5 % pure n-butane and 0.5 % CnHm.

4.6.1. Droplet size measurements for continuous injection
In order to obtain detailed characteristics of the spray during continuous injection, axial
droplet size distributions have been measured. These measurements have been performed
at different distances from the injector, distance X in Figure 4.14. These droplet size
measurements have been taken at the spray centreline. The experiments have been carried
out under various test conditions to determine the variation of the spray characteristics
with for example the injection pressure, the air temperature and the butane temperature.
The relative humidity as well as the air velocity are kept constant at 50 % and 14.5 m/s,
respectively (steady air flow).
Experiments have been performed with n-butane at a temperature of -18 •c and a relative
injection pressure of 14 bar (see Figure 4.13 for the measuring positions). The air
temperature was 0 •c. In order to increase the time for heat exchange with the surrounding
air the distance between the test volume and the injector has been increased. At an air
temperature of 0 •c and a butane temperature of -18 •c the droplet equilibrium
temperature, which has been defined in Section 4.3.5, is approximately -46 •c (Knubben,
1993), and hence, evaporation occurs. Figures 4.18 a) and b) show typical predictions of
the temperature- and diameter-time history of a single butane droplet with initial size of 25
fUYI and a temperature of -18 •c in air of 0 •c. The initial velocity of the butane droplet
was 70 m!s. Figures 4.18 c) and d) show predictions of the temperature- and diameter-time
histories of a cloud of butane droplets with an initial temperature of -18 •c in air of 0 •c.
The time it takes for the larger droplets to cool down is longer than for the smaller ones.
Simulations show that during the time it takes to cool down the large droplets
(approximately 10 ms, see Figure 4.18 d)), the small droplets have already disappeared due
to evaporation. The number of droplets that disappear is larger than the number of droplets
that are formed out of the large droplets due to evaporation, since small droplets have a
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higher rate of evaporation than larger droplets, as was discussed in Section 4.3.2. The
rapid disappearance of the smaller droplets results in a shift of the droplet size distribution
to larger diameters, and hence, in an increase in the SMD. See the curves for X=8 em to
15 em in Figure 4.20 for this typical behaviour. Figure 4.19 shows also an increase in
SMD during the first 21 em. Simulations showed that the time that it takes for the spray to
travel 21 em is approximately 7 ms. Figures 4.18 c) and d) show that during these 7 ms
the smaller droplets cool down and disappear. Hence, the increase in SMD with X is
caused by the disappearance of the smaller droplets.
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Figure 4.18.

Predictions of a) temperature-time history and b) diameter-time history of a
butane droplet of 25 fD11 at a butane and air temperature of : -18 oc and 0
oc (solid line), -18 oc and 20 oc (short dashed line), 20 oc and 20 oc (long
dashed line), and 20 oc and 46 oc (semi-dashed line), respectively, c)
temperature- and d) diameter-time histories of a droplet assembly at an
initial droplet temperature of-18 oc and an air temperature of 0 oc_

For an air temperature of 0 °C and an initial droplet temperature of -18 oc Figure 4. I 9
shows that, further downstream (at larger X), the SMD stabilizes. However, the
simulations show that the droplets still evaporate under these conditions. The phenomenon
that the droplets do not evaporate during the measurements can only be explained if there
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is some mechanism that stagnates the evaporation process. The stagnation in the decrease
SMD may be explained as follows.
The temperature in the spray region is very low, approximately -38 °C (Knubben, 1993).
The dewpoint of water-vapour in air at 0 °C with a relative humidity of 50% is
approximately -4 oc (assuming isenthalpic condensation), so butane-hydrates may form or
even fog is created. The driving force for the formation of fog is the supercooling of the
medium. The air is supercooled from 0 °C to approximately -38 °C. Under these superunstable conditions, water-vapour condenses and forms butane-hydrates at the droplet
surface. In order to estimate wether it is possible that fog or hydrates may be formed the
fog formation criterion of Brouwers (1990) is used:
(4.65)

where cb is the mass fraction of the water-vapour in the bulk flow, c; the mass fraction of
the water-vapour at the droplet interface. The function c(T) is the so-called saturation
function, see Equation (C-6), Appendix C-2. Since
(4.66)

as Le=0.875 for water-vapour in air. It follows, with the use of the Mollier-diagram, that
the term on the left-hand side of Equation (4.65) is approximately 10·~ . At -38 oc the
derivative of the saturation concentration at the droplet interface is nearly zero, so the term
at the right hand side of Equation (4.65) becomes effectively zero. Hence, it is concluded
that fog and hydrates can indeed be formed under these conditions. At supercoolings as
large as 38°C the water-vapour is in a super-unstable condition. Every disturbance, for
instance flow oscillations or settling of droplets after injection (velocity adaption), triggers
the nucleation, and hence, causes fog.
However, it is more likely that butane-hydrates are formed instead of fog because the
droplet surface acts as a nucleation surface (Landau and Lifshitz, 1969). The butanehydrates partly isolate the butane droplet, and hence, this process partly blocks the
evaporation of the droplets. The possibility for water-vapour to diffuse to the butane
droplet through the air and to form hydrates only occurs if the flux of the butane-vapour
from the droplet surface is low. Directly after injection, the butane-vapour flux from the
droplets is large due to flashing (rapid evaporation). This can also be seen in Figure 4:18
d) where during the cooling down period the largest diameter decrease occurs. During the
steady evaporation period the partial vapour pressure around the droplets is less than the
ambient pressure. Simulations showed that the Ackermann correction factor for mass
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transfer, 8AB' iS 0.32 directly after injection (due tO flashing) and increases Up tO 0.95
when the steady-state evaporation is attained. Hence, only during this stage water-vapour
is able to diffuse to the droplet interface.
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Figure 4.19.

SMD-measurements along the spray centreline with continuous injection.

During a further experiment the air temperature has been increased up to 20 oc. This
condition results in a rapid disappearing of the small droplets, and hence a quick but
relatively small rise in SMD, see Figure 4.19. The computations show that the diameter of
the droplet decreases more rapidly than for an air temperature of 0 °C, see Figure 4.18 b),
this because the rate of evaporation is determined by the flow conditions and the
temperature of the environment. Therefore, the rate of evaporation, and hence, the butanevapour flux is higher in this case. The diffusion of water-vapour to the droplet interface is
therefore hampered by the fuel-vapour flux from the droplet interface and the evaporation
o(the droplet is not delayed as much as at lower air temperatures.
Allowing a significant increase in butane temperature from -18 °C up to 20 °C , the SMD
as a function of X shows first an increase and then a decrease, see Figure 4. 19. This is
caused, as explained before, by the shift of the droplet size distribution towards larger
droplet diameters followed, at larger distances X, by a shift to smaller diameters. In order
to show this evaporation process more clearly the air temperature is raised again, now up
to 46 •c. At this temperature a rapid evaporation occurs. For this case, the normalized
droplet size distributions at various positions along the spray centreline are shown in
Figure 4.20.
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diameter (pm)

Figure 4.20.

Droplet size distributions measured at different positions along the spray
centreline at 46 oc.

This figure clearly shows the shift of the droplet size distribution towards larger diameters
during the early stages. Note that the peak for X=l5 em does not imply that the number of
droplets with a diameter of approximately 18 pm is increased. The volume percentage of
smaller droplets decreases and therefore the volume percentage of the larger droplet sizes
increases. By further increasing the distance X the peak of the droplet size distributions
moves towards the smaller diameters, this because the rate of evaporation becomes more
or less equal for all the remaining droplet sizes, which can be seen very clearly in Figure
4.18 d). This figure shows that during the steady-state period, for droplet diameters larger
than 40 pm, the decrease in diameter with respect to time is almost equal.
At higher air temperatures and at unchanged relative humidity the air contains more water
molecules. However, probably no butane-hydrates are formed. At an air temperature of 46
the butane-vapour flux due to evaporation is higher than at lower temperatures.

oc

According to the simulations, the correction factor SAn starts at 0.15 directly after injection
while during the steady-state evaporation

eAB

is 0.89. The diffusion of water-vapour to the

droplet interface is therefore blocked by the diffusion of the butane-vapour from the
interface.
Another mechanism that stagnates the evaporation process is the decrease of the driving
force during the evaporation process, especially in the case of continuous injection. In the
spray region the droplets are surrounded by fuel-vapour. This decelerates the evaporation.
However, this is true for all droplet sizes and always occurs no matter what the
temperature of the environment or the droplet may be. So, this circumstance cannot
explain the stagnation of the evaporation which occurs only at low butane and air
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temperatures as shown in Figure 4. I 9.
At equal butane- and air temperature, both at 20 •c, the influence of the injection pressure
on the SMD is detennined by measuring the droplet size distribution at an injection
pressure which is increased from 14 bar to 17 bar. This resulted in a decrease of the SMD
over the complete spray axis of approximately 2 J.l11l which results in an decrease in SMD
of 8 %. However, the main spray characteristics remained constant and therefore
comparable with the SMD profile as shown in Figure 4.19 (van der Venne, 1994). The
same experiment has been performed for an injection pressure of 9 bar. This resulted in
an increase in the SMD of approximately 5 J.l11l or 20 % at constant spray characteristics.
The different values of the SMD at different injection pressures is caused by the break-up
mechanism resulting is smaller droplets at higher injection pressure. According to the
criterion involving the Weber number, see Equation 2.4 in Section 2.3, a higher relative
velocity between the liquid and the air results in smaller droplets.

4.6.2. Droplet size measurements for intermittent injection
For intermittent injection the droplet size distribution might depend on the position within
the spray. In order to compare the droplet size distribution in axial and radial direction in
the spray for different test parameters, a reference spray is introduced. This spray almost
matches the spray conditions during injector performance in real-life LPG-injection
systems. The reference spray is the result of a pulse injection of 7 ms duration, 14 bar
relative injection pressure (resulting in an initial velocity of the droplets of approximately
70 m/s), a butane temperature of 20

•c,

an air temperature of 30

•c, a

relative humidity of

50 %, and a constant air velocity of 15 mls.
To get additional insight in the dependencies of the spray structure at different operational
conditions a number of test parameters have been varied. The distance between the
injector and the test section has been fixed at I 0 em. During the test always one of the test
parameters has been changed relative to the reference spray condition.
The injection pressure is increased from 14 bar to 18 bar. The injection pressure is set
back to 14 bar and the air velocity is increased to 20 m/s. Finally, the air temperature is
raised to 46 •c. this at reference injection pressure and air velocity. The measuring strategy
has been described in Section 4.5.6. The effect of the three experiments on the average
droplet size and the spray characteristics is shown in Figure 4.21.
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Figure 4.21.

SMD inside the spray along the centreline for various operational
conditions.

The horizontal axis in Figure 4.21 is the position in the spray from the spray tip. The
position inside the spray is characterised by the time from the start of the injection. These
results show that at X=lO em the SMD remains constant in time along the centreline and
that the parameter variations, i.e. the variation in injection pressure, air velocity and
temperature, does only influence the value of the SMD. The shape of the SMD variation
along the centreline is not influenced. The increase in injection pressure, from 14 bar up
to 18 bar, shows an expected decrease of the SMD. This is the result of the higher relative
velocity between the droplet and air, which stimulates the break-up process from larger
into smaller droplets. It is unexpected that the increase in air velocity by 25 % relative to
the reference conditions did not have a significant influence on the SMD. It is concluded
that the SMD remains constant between 3 and 9 ms and that the spray tip shows a small
increase in SMD.
The same parameter variation is performed at X=l5 em, see Figure 4.22. Note the
different scales of Figure 4.21 and 4.22. Increasing the injection pressure results in an
increase in initial droplet velocity, and hence, the measurement at higher injection pressure
yields obscuration signals at smaller time delays.
The SMD in the spray tip is different as compared to the SMD profile at X=lO em. In the
spray tip (between 3 and 5 ms) there is a characteristic change in the SMD-profile, i.e. an
increase of the SMD. This result is explained as follows.
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Figure 4.22.

SMD at positions inside the spray, along the centreline at X=15 em.

The penetration of the droplets within the spray depends mainly on inertia. Assuming that
the initial velocity of all droplets is equal and that this velocity is higher than the air
velocity, the larger droplets have a higher momentum and hence a higher penetration. This
process is discussed in detail in Section 4.6.4. Measurements in a diesel spray (Yun-YiGong, 1992) showed a similar increase in SMD in the spray tip region. This characteristic
behaviour is also seen in Figure 4.23, which shows for the reference spray conditions the
droplet size distributions along the spray centreline.
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Figure 4.23.

diameter (pm)

Axial droplet size distributions at X=/5 em.

The spray tip contains mainly the bigger droplets since the SMD is highest in that region.
The droplet size distributions in the spray tip show higher volume concentrations at larger
droplets sizes compared to droplet size distribution in the middle of the spray. This can be
seen in Figure 4.24 where the d<v.O.l> and the d<v.o.9 > along the spray centreline are
108

Droplet motion and evaporation

presented. The

d(v.Ol)

represents the diameter at which 10 % of the total droplet volume

has a diameter less than

d<v.o.l>"

+

+

d(v,O.I)

d(v,0.9)

80
................

i

60

!i

40 .

3
I)

~

:a

···L_·········
· · · · .· · ~···· '.
l
~

20
0
0

5

10

IS

20

limo from start injection (ms)

Figure 4.24.

Axial development of the width of the size distribution at X= 15 em.

At this point it is necessary to consider the influence of the different droplet velocities in
the test section. In Section 4.5.3 it has been mentioned that droplets that travel faster than
others through the test section scatter less light and therefore will be underestimated in the
prediction of the volume concentration. Since the influence of the difference in velocity
between the droplets on the prediction of the volume concentration is uncertain it is
necessary that during the measurements the velocity differences between droplets are
minimal. Simulations, presented later on in Section 4.8, show that droplets with a diameter
of 92 pm (this is the largest size that has been measured and hence the droplet with the
largest relaxation time) have lost 65 % of their initial velocity after approximately 4-5 ms.
During this period the droplet has travelled approximately I 0-15 em. Therefore, at 10-15
em the droplet size distribution measurements are sufficiently accurate.
At a fixed axial distance X, the radial variation of the SMD has been measured by
changing the radial distance from the spray centreline. Perfonning these measurements at
different times following the start of the injection yield the results presented in Figure
4.25. This figure shows the radial distribution of the SMD at X= 15 em for the reference
spray conditions. Figure 4.25 shows that the spray tip contains mainly larger droplets, and
that the spray tail contains mainly smaller ones. The SMD at the spray boundaries is
slightly higher, presumably due to the use of a pintle injector, which produces a hollow
cone spray. This spray characteristic has also been noticed by Hardalupas, et al., (1990).
However, the radial variation in SMD is relatively small and warrants its omission in the
model.
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Figure 4.25.

Radial SMD profile at X=/5 em measured at different times after injection,
viz. 4.8, 5.5, JJ .5, and 16.5 ms.

Figure 4.26 gives an overview of the SMD distribution in the entire spray at a distance of
15 em from the injector.

time from start injection (ms)

Figure 4.26.

SMD distribution in the spray at X=/5 em.

4.6.3. Conclusion
At an axial distance of 10 em from the injector, the distribution of the SMD is constant,
both in axial and radial direction. The droplet size distribution has about the same shape at
any position in the spray centre except for the spray tip and spray tail. (see Figure 4.23).
At X=l5 em, the SMD in the spray tip is increased compared to the SMD at X=IO em due
to the effects of droplet inertia. In the rest of the spray the SMD profile is nearly constant.
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However, the evaporation has already an effect on the droplet size distributions within the
spray.
It is concluded that, directly upon injection in a steady air tlow, the droplet size
distributions in the entire spray are of the same shape, and hence the droplet size
distribution does not depend on the position in the spray.

4.6.4. Experiments of droplet evaporation
In the previous section it is shown that directly upon injection the SMD within the spray
is mainly constant. In this section it will be shown that during the evaporation process the
SMD is constant with respect to the position within the spray but time-dependent in value
due to evaporation. In other words the global characteristics of the spray, i.e. the
distribution of the droplet sizes remains constant but its amplitude is time-dependent due
to the evaporation process.
Experiments have been carried out for the reference spray conditions and for the ambient
conditions as described in Section 4.6.2. The measuring strategy which is used is
explained in Section 4.5.6. and is now summarized. The variation with respect to time and
position of the droplet size distribution can be measured at different times following
injection at a fixed position (time domain), or at different sampling positions at a fixed
time from the injection (space domain). Here, the first method has been chosen. At a fixed
position X, the time from the start of the injection has been increased starting at 0 ms with
I ms increments. Hence, the complete spray is measured from the spray tip to the spray
tail. The distance X is then increased with an increment of 0.5 em, and the spray is again
measured from the tip to the tail by increasing step-by-step the time between the injection
start and the measurement. Measuring at a distance from the injector less than 7 em is not
possible. The obscuration becomes too high due to measuring in a section with a high
droplet density or due to measuring in the liquid cone. Results are shown in Figure 4.27
using the SMD to quantify the evaporation process.
At X=7 em and at a time of approximately I ms from the start of the injection the spray
tip, which contains mainly large droplets, just arrives at the test section. Increasing the
time at this fixed position of 7 em the complete spray travels through the test section.
However, large droplets with equal size in the middle of the spray, which are injected
later, pass the test section at the same relative time as the large droplets in the spray tip,
due to the equal time required for droplets with the same size to settle to the air velocity
(the relaxation time is equal). For the smaller droplets it takes a longer time before they
arrive at the test section, due to the more rapid settling of these droplets to the air
velocity. So, as long as the largest droplets have not been settled to the air velocity the
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distance between the droplets in the spray changes continuously. However, the main spray
characteristics remain similar because the larger droplets in one cross-section replace the
larger droplets in the next cross-section. After the settling of the largest droplets to the air
velocity the relative distance between the droplets remains constant. The relaxation time of
the largest droplets can be obtained easily by measuring the time-dependent velocity of the
spray tip, since the spray tip contains mainly large droplets. Following the relaxation time
of the largest droplets the spray tip travels with a velocity almost equal to the air velocity.
Later on in Figure 4.32, Section 4.7, it will be shown that the relaxation time of the
largest droplets is approximately II ms. According to Figure 4 .31 , during these II ms the
spray tip has travelled a distance of 29 em. Measurements have shown that the total length
of the spray is about 20 em. The spray length remains constant for times exceeding the
relaxation time of the largest droplets.

0

positio n (em)
time from start injection (ms)

Figure 4.27.

SMD-distribution in time and space domain.

In order to define the spray during the evaporation process by a single droplet size
distribution it must be proven that during the relaxation time of the largest droplets the
distribution in most part of the spray remains identical. The spray can lose its uniformity
due to the inertia of the large droplets in the spray tail. The <iroplets in the spray tail may
travel through the spray, which results in a decrease of the SMD in the spray tail. So, as
pointed out before, one should prove that in the first 11 ms following the beginning of the
injection the large droplets in the spray tail, which are the last injected droplets, do not
travel so fast that after II ms they end up in the middle of the spray.
The last large droplets are injected after 7 ms (the injection duration is 7 ms). So, after II
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ms, counted from the start of the injection, these droplets are already 4 ms in the ambient

air. It takes another 7 ms before they travel with the air velocity (relaxation time is II
ms). This means that after 11+7 ms, counted from the injection beginning, the last droplets
are settled to the air velocity. After 18 ms the large droplets in the tail travelled also 29
em. Measurements and simulations show (Figure 4.31, Section 4. 7) that the spray tip
travelled 42 em during these first 18 ms. Since the total spray length is 20 em the spray
tail travelled 42-20=22 em. This means that the big droplets out of the spray tail moved
29-22=7 em further upstream in the spray. In the spray tip there is for a distance of 2 em
(see Figure 4.22) an increase in the SMD. In the spray tail there is for a distance of 7 em
a decrease of the SMD. Since the spray length is approximately 20 em, the spray remains
for at least 11 em uniform during the evaporation process.
Figure 4.27 shows the increase of the SMD in the spray tip, and the evaporation process
in time and space domain. Figure 4.28 shows the SMD in the spray for a number of
distances between the injector and the test-section. It can be concluded that during the
evaporation the SMD in the spray remains constant and therefore that during the
evaporation process the spray can be defined with sufficient accuracy by one droplet size
distribution.
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Figure 4.28.

Axial SMD along the centreline for a number of distances between the
injector and the test section.

4.6.5. Start conditions of the butane spray
In the previous section it has been established that the spray remains more or less
homogeneous during injection as well as during the evaporation process. This implies that,
in a first order approximation, the spray can be defined uniquely by a single droplet size
distribution, taken at the centreline in the middle of the spray. However, the ambient
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conditions in the intake manifold depend on the operational conditions of the engine.
Therefore, the spray characteristics and the size of the droplets depend on the speed and
load of the engine. In order to measure the relevant initial conditions of the spray a
common engine load is chosen as discussed below.
During normal engine performance the fuel temperature is approximately 20 °C and the air
temperature at the position of the injector is approximately 30 °C. The pressure of the fuel
to be injected must have a value significantly above the saturated pressure of the fuel in
order to avoid vapour bubbles in the injector. The fuel pressure in real-life LPG-injection
systems is 14 bar. Other variables, i.e. the pressure and the velocity of the air in the intake
manifold directly depend on the engine operational conditions. The time-averaged air
pressure in the intake manifold fluctuates between 0.8 and I bar. The air velocity in the
intake manifold where the injection takes place mainly depends on the engine speed.
The air pressure in the test pipe during the measurements depends on the velocity of the
air. An average air velocity of 15 m/s in the 37.2 mm central inlet manifold pipe (Pipe 8
in Figure 3.13) represents a volume flow of an engine which runs full load at 1500 rpm,
and an average velocity of 26 m/s represents an engine speed at full load at 2500 rpm.
Hence, in order to simulate these two operational conditions, the air velocity in the 60 mm
perspex test pipe has been set at 15 m/s and 25 m/s, respectively. The injection duration
has been set at 7 ms. However this last parameter is, within certain boundaries (less than I
ms), insignificant due to the uniformity of the spray. The relative humidity has been set at
50 % during all the measurements.
The initial droplet velocity can be measured using the obscuration signal facility of the
Mastersizer. The smallest distance between the test section and the injector (distance X)
which could be achieved is 2 em. The velocity of the liquid can be calculated with
adequate accuracy from :

u

=~Pinj
-.

(4.67)

Po

where P;.i is the relative injection pressure. At X=2 em, measurements showed a liquid
fuel velocity of 69 mls at an injection pressure of 14 bar. Equation (4.67) yields the same
initial droplet velocity. Earlier research gave similar values for the initial droplet velocities
(Knubben, 1993).
It follows that the test conditions which have been chosen such as to create the reference
spray (described in Section 4.6.2) match the operational conditions of a real-life singlepoint LPG-injection system for a 1.6 litre engine running at 1500 rpm and full load.
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4.7. Verification of the numerical simulation method
In order to validate the numerical simulation method for the prediction of the droplet
trajectories in a steady air flow the computed values of a number of time-dependent
variables, like the Sauter Mean Diameter (SMD), the position, the velocity and the
temperature of the droplets, are compared with measured data. Parameters used as input
for the simulations, apart from the physical properties of butane and air, are: a pulse
duration of 7 ms (and hence the total amount of injected fuel), a relative injection pressure
of 14 bar, a butane temperature of 20 °C, an air temperature of 30 °C, a relative humidity
of 50 %, and a constant air velocity of 15 mls. These values correspond to the reference
spray conditions as described in Section 4.6.2. Furthermore, to initiate the simulation
method the measured initial droplet size distribution and the measured initial droplet
velocity are used, as described in Section 4.6.5. The initial droplet size distribution is
shown in Figure 4.29. This figure shows the average of the droplet size distributions
which have been measured in the uniform part of the spray at X=IO em. It is assumed that
all droplets start with the same velocity.
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Figure 4.29.
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Volume based initial droplet size distribution divided into 15 droplet classes.

The droplet size distribution as shown in Figure 4.29 is divided into 15 droplet diameter
classes. Each droplet class is represented by a specific droplet diameter and a specific
volume concentration in the spray. Hence, in the present one-dimensional method from
each droplet class only one droplet is considered.
In Figure 4.30, the calculated time-dependent Sauter Mean Diameter is compared with
measurements. The measured values of the SMD are derived from the average SMD in the
uniform part of the spray, see Figure 4.28.
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Figure 4.30.

Calculated (solid line) and measured Sauter Mean Diameter (symbols).

Figure 4 .30 shows that in the first part of the evaporation process the measured SMD
(symbols) agrees with the calculated values (solid line) satisfactori ly. After 44 ms the
obscuration level, see Section 4.5.4 for the definition, fluctuated between 6 % and 3 %,
which means that the measurements become unreliable due to the low scattered light
energy on the detector rings. After 66 ms the obscuration fluctuated between 2 % and
zero, so accurate droplet size distributions could not be obtained from the measured light
energies, because of the too low droplet concentration. Simulations show that after 66 ms
only the last two droplet classes, i.e. the droplet classes with initial droplet size of 76.6 pm
and 92.7 pm, are present in the spray. The classes with smaller initial droplet diameters
have already evaporated completely. So, the SMD after 66 ms results from only two
droplet classes. After 83 ms the simulation shows a sharp decline. Only the last droplet
class is still present, which at that time has a diameter of 33 pm. From this droplet class
the SMD is calculated.
Figure 4.31 shows the predicted trajectory of the highest droplet class, i.e. the droplet class
with initial droplet size of 92.7 pm (solid line). The time-dependent position of this droplet
class can be measured because the largest droplets, as pointed out in Section 4.6.4, are
located in the spray tip. The comparison with the droplet size measurements in the spray
tip (symbols) shows that the droplet motion is predicted very accurately. The equation for
the droplet motion which is used to calculate the droplet trajectories contains the steady
drag force and the part of the added-mass force which depends on CAp F' see Equation
(4 .2) in Section 4.2.2. Additional forces are negligible under the present circumstances
(steady air flow).
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Figure 4.31.

Time-dependent position of the highest droplet class (solid line) and the
spray tip (symbols).

The predicted time-dependent velocity of the highest droplet class is compared with the
velocity of the droplets in the spray tip. Figure 4.32 shows that the maximum relaxation
time, i.e. the 1w relaxation time of the largest droplets, is approximately II ms. After II
ms the droplets in the spray tip have nearly attained the air velocity. During the first 10
ms the measurements show a velocity decline which is somewhat less steep than follows
from the simulations. This is probably due to the statistical error caused by the time delay
between the beam-hit and the data acquisition. The time delay is small (300 ps), however,
can be significant during the initial stage of the measurements.
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Figure 4.32.

Time-dependent vewcity of the highest droplet class (solid line) and the
spray tip (symbols).

The calculated evolutions of the droplet temperature for a number of droplet classes is
shown in Figure 4.33. This figure shows that the cooling-down or transient-state period
depends on the initial droplet size. However, the so-called equilibrium temperature does
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not depend on the initial droplet size and is approximately 233 K. The boiling point of nbutane is approximately 267 K. The droplet temperature during evaporation is very
difficult to measure. However, a glass plate with 32 very fast thermocouples has been
positioned in the spray during the measurements. With the aid of these thermocouples an
average temperature within the spray of 235 K has been measured (Knubben, 1993).

5

I 0 I 5 20 25 30 35 40
time (ms)

Figure 4.33.

Predicted time-dependent droplet temperatures.

4.8. Simulations
Simulations have been performed using the test conditions and the initial droplet size
distribution with 15 classes described in Section 4.6.5. The time-dependent development of
the I 5 droplet classes is shown in Figure 4.34. The left-hand side of Figure 4.34 shows the
change in volume percentage with time, for all the droplet classes. Due to the rapid
disappearing of the droplet classes which represent small diameters the volume percentage
of the other droplet classes increases. For droplet class 15, i.e. the droplet class with the
largest diameter, it means that the droplets survive the longest time and in the final phase
ofthe evaporation process they will represent the total volume fraction.
From the right-hand side of Figure 4.34 it can be seen that the gradient of the droplet
diameter with respect to time is larger (more negative) for droplets with diameters less
than 20 J.lm than for larger droplets. This implies that small droplets evaporate more
quickly than large droplets. However, for droplet diameters larger than 40 J.lfn, during the
steady-state period (after 10 ms for droplets larger than 40 J.lm) the rate of decrease in
diameter with respect to time does not depend on the diameter anymore.
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Moreover, a simulation has been performed at increased air temperature. The air
temperature has been increased from 30 •c to 46 •c. Figure 4.35 a) shows that the droplet
lifetime decreases substantially at the higher air temperature. However, this influence is
more significant for droplet classes with larger droplets, because small droplets reach their
equilibrium temperature very fast (within 3 ms for droplets smaller than 20 J.1111).
Simulations show a slight increase in the equilibrium temperature from 232 K to 237 K if
the temperature of the air increases from 30 •c to 46 •c, see Figure 4.18, in Section 4.6.1.
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Another simuJation has been performed at an air temperature of 0 •c and an initial butane
temperature of 5 •c, see Figure 4.35 b). These conditions occur during the cold start of an
engine in the winter. It is obvious that the predicted average droplet lifetime increases, by
more than 35 %. The calculated equilibrium temperature of the droplet during evaporation
is 229 K. There exists a non-linear relationship between the equilibrium temperature and
the air temperature. The equilibrium temperature decreases more slowly at the lower air
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temperatures.

4.9. Conclusions
In this Chapter a numerical simulation method to predict the droplet motion and
simultaneous evaporation has been presented. A complete force balance has been set-up,
which embraces the steady drag force, the pressure-gradient force, the added-mass force,
the buoyancy force, the lift force, and the Basset history force. For each force the relative
significance has been estimated. The relevant equations and assumptions necessary to
model the droplet evaporation have been discussed in detail. The results of the numerical
method have been verified with data from measurements. The results of the validation can
be summarized as follows:
• The simulation results with water and ethanol as test liquids show good agreement with
published analytical and experimental results.
The phenomena which occur during continuous injection at various butane and air
temperatures can be explained very accurately. At low butane and low air temperatures
the formation of butane-hydrates at the droplet interface stagnates the evaporation
process. At higher butane and air temperatures this phenomenon vanishes due to the
high butane-vapour fluxes from the droplet interface.
• For various operational conditions of the injector, the fuel spray is uniform in radial and
axial direction directly following injection (except for the spray tip and tail),
specifically with respect to the droplet size distribution. This applies for continuous as
well as for intermittent injection. The experiments have been performed at steady air
flow conditions. However, the air flow in the intake manifold is unsteady, although, at
the position where the injection takes place (the common intake manifold pipe), the air
flow is less fluctuating due to the gathering and hence the averaging of the flow
fluctuations from the inlet strokes of the four cylinders.
• The spatial distribution of the droplet sizes inside the spray can be approximated
satisfactorily by one single droplet size distribution.
The simulations and experiments for different ambient conditions lead to the following
conclusions:
• The numerical simulation method is able to predict the evaporation process of butane
droplets in a uniform air flow with adequate accuracy. The time-dependent droplet
position and velocity is predicted with high accuracy.
• The numerical simulation method predicts the droplets equilibrium temperature
satisfactorily. This is a measure for the reliability of the complete simulation method.
• The higher the air- or droplet temperature the shorter the droplet lifetime, and the better
the mixing of vapour and air into a combustible mixture. The droplet lifetime also
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depends on the initial droplet size.
• The equilibrium temperature does not depend on the initial droplet size and initial
droplet temperature. For any fuel the higher the air temperature or pressure, the higher
the equilibrium temperature, and hence the shorter the droplet lifetimes.
• The length of the period of the transient-state depends on the initial droplet size.
The more volatile the liquid the lower the wet-bulb temperature for the same air
conditions and the shorter the droplet lifetime.
• The higher the air temperature the smaller the differences in droplet lifetimes between a
volatile and a less volatile liquid.
Although the predicted droplet trajectories match the measurements satisfactorily the
method can still be improved. One suggestion is:
• When the evaporation of the droplets progresses the temperature decreases and the
partial vapour pressure increases in the spray region. Therefore the model must be
extended with the energy equation and the equation of state for the spray region. Hence,
if for example the perfect gas law for the vapour in the spray region is assumed, the
temperature and the vapour pressure in the spray can be determined.
If the numerical method for the prediction of the motion and evaporation of the droplets is
coupled with the numerical method to predict the unsteady air flow in the intake manifold,
the droplet trajectories inside the intake manifold can be predicted. However, the Bassethistory force and a part of the pressure-gradient force is added to the force balance
equation due to their significance in unsteady air flow. The coupled numerical simulation
method is presented in the next chapter.
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Droplets entrained in the intake manifold air flow
5.1 Introduction
The numerical simulation method developed to predict the motion and evaporation of fuel
droplets, which is described in Chapter 4, is coupled with the numerical simulation method
developed to predict the unsteady air motion inside the intake manifold of an internalcombustion engine (see Chapter 3). This joined simulation method is able to predict the
motion and evaporation of fuel droplets inside intake manifolds of internal-combustion
engines, resulting in a prediction of the time-dependent build-up of the distribution of the
air-to-fuel ratio over the cylinders.
Following the droplets on their way to the individual cylinder provides a prediction of the
distribution of the fuel over the different cylinders. Since the distribution of the inducted
air over the cylinders is also calculated (see Section 3.7.7), the distribution of the air-tofuel ratio over the different cylinders can be predicted. The air-to-fuel ratio is defined, as
shown in Section 2.2, as:
(5.1)

And the so-called excess factor or relative air-to-fuel ratio, A., is given by:

A.-

(A/F)
(A/F)stoch.

(5.2)

If the excess factor A. becomes larger than unity the air-fuel mixture is referred to as a

lean mixture, and if A. is less than unity the mixture is called rich.

If fuel is injected at the manifold entrance the evaporating droplets move through the
manifold pipes towards the cylinders. The trajectories followed by the fuel in fluid and in
vapour phase, and hence, the time it takes for the fuel to travel through the pipes depends
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on the air motion, the injection timing and the starting conditions of the droplets (the
initial size and velocity of the droplets). During the motion in the manifold the droplets
evaporate. A cloud of droplets arriving at a junction may, depending on the direction of
the air flow in each branch, split up into a number of smaller portions. Dependent on the
way the droplets travel through the manifold, the droplets and the created fuel-vapour will
reach one of the cylinders at different times following the injection. The air-to-fuel ratio
for each cylinder is actually built up in one, but generally in more engine cycles. The
integral over the engine cycles results in the air-to-fuel ratio for each cylinder. This
process is different for each cylinder, and therefore if all the cylinders are considered, the
process results in the prediction of the distribution of the air-to-fuel ratio over the
cylinders.
In order to verify the calculated distribution of the (relative) air-to-fuel ratio over the
cylinders as well as the time-dependent build-up of the distribution of the air-to-fuel ratio
over the cylinders, a number of experiments have been performed. In the following
sections the measuring techniques are presented and the calculated results are · compared
with measurements.

5.2. Experimental set-up
5.2.1. Validation objectives
The numerical simulation method computes the droplet trajectories in the intake manifold,
resulting in the distribution of the fuel over the cylinders. In the present test set-up it is
not possible to measure the air-to-fuel ratio of the mixture flowing into the cylinder
directly. Therefore the air-to-fuel ratio has been measured indirectly by analyzing the
exhaust gas. In order to validate the predicted distribution of the air-fuel mixture over the
cylinders as a result of single-point injection, measurements of the air-to-fuel ratio have
been performed in each exhaust pipe. To verify the time-dependent build-up of the
distribution of the air-to-fuel ratio over the cylinders real-time measurements of exhaust
gas concentrations have been carried out. These measurements have only been performed
in the exhaust pipe of Cylinder I.

5.2.2. Test-rig layout
The test-rig with the fired engine, described in Section 3.6.2, has been used to measure
the cylinder-to-cylinder distribution of the relative air-to-fuel ratio as well as the timedependent build-up of the relative air-to-fuel ratio. The intake manifold, shown in Figure
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3.13, has been equipped with axial single-point fuel-injection. The injector which is used
is the Weber IW046, an identical injector as used to obtain the initial conditions of the
butane spray. The position of the injector in the intake manifold is shown in Figure 5. 1.
The test-rig is also equipped with a conventional LPG-converter system to supply the fuel
in vapour phase through a vapour supply-ring, see Figure 5. 1. The exhaust manifold
consists of four separate pipes, for each cylinder one. Each pipe contains a UEGO-sensor
(Universal Exhaust Gas Oxygen-sensor). The UEGO-sensors are connected to a Horiba
MEXA 210-A. air-to-fuel ratio analyzer. The four pipes merge into a common exhaust
pipe. The common exhaust pipe contains also a UEGO-sensor to measure the overall
relative air-to-fuel ratio.
air-in

!
connection to
intake man~

Figure 5.1.

1- - - - - -

Position of the injector in the intake manifold.

The test-rig is also equipped with a Horiba MEXA 1400FR fast response engine exhaust
gas analyzer. A multi-element infra-red sensor is used to measure the most important
exhaust gas components simultaneously. This multi-element sensor has four independent
infra-red sensors with infra-red bandpass filters in one single package for the detection of
carbon monoxide CO, carbon dioxide C02 , hydro carbons HC and a reference. Normally,
four sample cells can be accommodated, hence, simultaneous analysis of the exhaust gas
from each cylinder of a four-cylinder engine can be obtained. However, during the
experiments only one sample cell has been used, and positioned in the exhaust pipe of
Cylinder 1, directly downstream of the outlet valve. The ~ response time of the analyzer
is Jess than 30 ms. The dead time from the sample cell to the analyzer (500 mm sample
piping) is approximately 75 ms. The fast response has been achieved by minimizing the
volume of the sample cell (0.2 cc). This results in a short time necessary for taking a new
gas sample into the sample cell. The gas sample exchange takes less than 6 ms. With the
Horiba 1400FR fast response analyzer the measurement of the cycle-to-cycle variations in
exhaust gas concentration is possible. The range of the concentrations of the different
exhaust gas components that can be measured is given in Table 5.1.
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Table 5.1. measuring range of the Horiba MEXA 1400FR
exhaust gas components

range

carbon monoxide CO

0-12%

carbon dioxide C02

0-16%

hydro carbons HC

0-2 % (n-hexane equivalent)

The NO-concentration is also measured real-time using the Horiba MEXA II OOFRC. The
measuring principle is based on the method of chemiluminescence (CLD). The measuring
range for the NO-concentration is 0-10,000 ppm. Since the Horiba MEXA 1400FR is not
suited for measuring the concentration of small hydro carbon-chains in the exhaust gas,
the total concentration of hydro-carbons is measured using the MEXA IIOOFRF. The
measuring principle of the MEXA IIOOFRF is based on the method of Flame Ionisation
Detection (FID). The measuring range for the total HC-concentration is 0-100,000 ppmC
(carbon equivalent).

5.2.3. Measuring strategy
In order to determine the air-to-fuel ratio of each cylinder the following measuring
strategy has been adopted. The engine is running on a lean homogeneous mixture of
butane-vapour and air. The butane-vapour is supplied at the intake manifold entrance using
the vapour supply-ring. The relative air-to-fuel ratio is adjusted so that the measured
relative air-to-fuel ratio in the common exhaust pipe is approximately 1.07, i.e. the engine
is supplied with a lean mixture. Subsequently, every cycle of 720° a small amount of
liquid fuel is injected with the single-point injector. The duration of the injection has
approximately been 2 ms. This injection causes in one, but in most cases in more
cylinders, an enrichment of the mixture. This depends on the timing of the injection. The
amount of mixture per cylinder has been measured by means of the UEGO-sensors in the
separate exhaust pipes. Which cylinder obtains the extra fuel depends, for a given intake
manifold configuration, on the initial conditions of the spray, the droplet trajectories and
the injection timing.
During the tests, the InJection tlmmg has been varied with increments of 20° in crank
angle, starting at

oo crank angle, which corresponds with the top dead centre of Cylinder 4

during its scavenging period. Other operational conditions have been kept unchanged,
which means that the engine runs at constant speed. The extra injection may cause a small
change in engine speed, however for the amount of extra injected fuel this increase is
negligible. The total amount of injected fuel has been calculated from the injection
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duration and the steady flow of the fuel through the injector. This steady flow depends on
the fuel pressure and on the type of injector. From the measured A.-distribution in the
separate exhaust pipes and the measured amount of air which entered that particular
cylinder, the amount of fuel which entered that particular cylinder can be calculated. The
ratio between the received amount of fuel in each cylinder and the total amount of injected
fuel is used to quantify the distribution of the injected fuel over the cylinders.

In order to measure the time-dependent build-up of the air-to-fuel ratio of each cylinder
the fired engine test-rig has been used, however, now also equipped with the Horiba Mexa
1400FR, IIOOFRC, and the llOOFRF fast response analyzers. An exhaust gas probe
(sample cell) has been positioned 2 em downstream of the exhaust valve of Cylinder I.
This probe takes exhaust gas samples and is able to analyze the gas sample real-time. The
hardware configuration remains the same, except that the single-point injector provides
only one injection every six engine cycles. The engine still runs on a lean mixture.
Following an injection the droplets travel through the intake manifold and enter a
particular cylinder. The mixture entering this particular cylinder will become rich. By
measuring the exhaust gas real-time one is able to determine wether a spray supplied by
one single injection enters the cylinder completely within the same engine cycle of 720° or
wether the spray or parts of it remain in the manifold and enter the cylinder a full engine
cycle later. Due to the layout of the test-rig the real-time exhaust gas measurements have
been performed in Cylinder 1 only.

5.3. Experiments
5.3.1. Air-to-fuel ratio distribution over the cylinders
The experiments have been carried out for two engine loads, i.e. 2500 rpm and 68° throttle
setting, as well as 2500 rpm and 90° throttle setting. The A.-distribution over the individual
cylinders has been determined for one complete engine cycle of 720°, at every 20° crank
angle, as shown in Figures 5.2 a) and b). The relation which has been used to calculate the
ratio between the received amount of fuel per cylinder and the total amount of injected
fuel from the measured values of the relative air-to-fuel ratio, is given as:
. m . d A.l -A.I . .
received amount of injected fuel per cyl. =~ = '""
, .....,. 100% ,
minjec/ed

(5.3)

A./tan- A..min

where A.1, .. represents the relative air-to-fuel ratio measured in the common exhaust pipe
while running only on the lean mixture of butane and air, and '"A.1,an•inJ. is the measured
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relative air-to-fuel ratio per cylinder following injection. The

A.m;n

represents the calculated

air-to-fuel ratio which occurs if all the injected fuel enters one single cylinder. This
minimum relative air-to-fuel ratio is calculated using Equations (5. 1) and (5.2), and
substituting for mfu,1 the total amount of fuel which has been supplied,
(5.4)

where
and

mvapour

m;nJw;on

is the amount of fuel which is supplied to the cylinder with the vapour-ring,
is the amount of fuel which entered the cylinder as a results of the single

injection.
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Fuel distribution over the cylinders at 2500 rpm and
a) full load, throttle setting of 900,
b) throttle setting of 68".
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Figure 5.2 a) shows that for instance, if the injection takes place at 0°, corresponding to
the top dead centre of Cylinder 4 during scavenging, approximately 42 % of the extra
amount of injected fuel enters Cylinder 2, 26 % enters Cylinder 3 and approximately 16 %
both enters Cylinder I and Cylinder 4. So the extra injected fuel is distributed over several
cylinders. If the injection takes place at 90°, over 60 % of the extra amount of fuel enters
Cylinder 2. Hence, it is possible by selecting the correct injection timing to deliver a
substantial portion of the injected amount of fuel in the desired cylinder.
It is obvious that a time shift exists between the time of the injection and the time the fuel
reaches the cylinder. This time shift is actually the time it takes for the evaporating
droplets and the fuel-vapour to reach a particular cylinder. If the injection takes place at
some time during the period that the inlet valve of a particular cylinder is open, the
injected amount will not reach that particular cylinder in time. Figures 5.2 a) and b) show
that it is impossible to supply all of the injected fuel to the desired cylinder. The fuel is
always supplied to several cylinders. It can be seen that the width of the distribution peaks
of Cylinder 1 and 4 are larger. It is evident that a longer injection duration results in a
larger spray length, and hence, during the motion in the intake manifold the spray splits up
in smaller portions more easily.
The question remains which timing of the injection, for a practical single-point injection
system, results in the appropriate amount of fuel for each cylinder such that an equal
distribution of the air-to-fuel ratio over the cylinders is established. During the
experiments fuel has been injected only once per full cycle of 720° crank angle. Normally,
for a four-cylinder engine four injections take place per full cycle, one for each cylinder.
The aim for an equal cycle-to-cycle as well as cylinder-to-cylinder distribution of the airto-fuel ratio establishes a specific injection timing, and hence, an appropriate amount of
fuel for each cylinder. The tuned injection timing for a specific cylinder must be set
somewhere in the region of maximum received fuel in Figure 5.2, i.e. in the "enrichmentpeak" of the relevant cylinder. Hence, the four peaks in Figure 5.2 provide the injection
timing for the cylinders. This means that one must inject the fuel in four not necessarily
equal portions so that it results in equal distributions of the air-to-fuel ratio over the
cylinders at injection timings of 90°, 2400, 440°, and 630°.

5.3.2. Time-dependent build-up of the air-to-fuel ratio distribution
It is very difficult to perform measurements that show the time-dependent build-up of the
air-to-fuel ratio of the inducted mixture into a cylinder. However, a possible way is to
measure the exhaust gas emissions real-time, because they give direct information about
the development of the air-to-fuel ratio.
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Measured CO-concentration in the exhaust of Cylinder 1 following one
single injection at injection timing, a) 6(1' (solid line) and 10(1' (dashed
line), b) 12(1' (solid) 14(1' (dashed), c) 16(1' (solid) and 18(1' (dashed), d)
20(1' (solid) and 24(1' (dashed), e) 26(1' (solid) and 30(1' (dashed), f) 32(1'
(solid) and 34(1' (dashed); 2500 rpm and full load.

The numerical simulation method predicts how the air and the fuel flows through the pipes
of the intake manifold during consecutive engine cycles, resulting in the time-dependent
build-up of the air-to-fuel ratio. The measurements, however, show in which way the
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concentrations of the exhaust gas components change as a result of the incremental fuel
injection in the intake manifold. From this it follows that it is not possible to detennine in
which way the build-up of the air-to-fuel ratio of the mixture within a cycle takes place,
because the cylinder acts as a reservoir during the intake stroke. The only infonnation
which can be obtained from the measurements is wether it takes one or multiple engine
cycles for the injected amount of fuel to travel from the injection position through the
engine to the measuring position. During the experiments all important exhaust gas
components have been measured, from which the relative air-to-fuel ratio can be
detennined. The carbon monoxide concentration provides the most severe variation as a
result of the incremental fuel injection, and is therefore used to illustrate the variation of
the exhaust gas emissions as a function of the timing of the injection, see Figure 5.3.
Figures 5.3 a) to f) show the measured CO-concentration in the exhaust gas at 2500 rpm
and full load. A full engine cycle at 2500 rpm takes 48 ms. On the x-axis, 0 ms
corresponds to the time the exhaust valve of Cylinder I opens for the first time following
the incremental injection. The development of the CO-concentration depends strongly on
the injection timing. From this it follows that, dependent on the injection timing, it takes
more that one engine cycle for an amount of injected fuel to travel through the intake
manifold. These figures clearly show that there exists an optimum injection timing, more
specific a timing where maximum fuel is charged by Cylinder I. However, at this
optimum most of the fuel enters the cylinder during the second cycle. This can also be
seen in Figure 5.4.
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Figure 5.4.

Relative air-to-fuel ratio for Cylinder 1 for three engine cycles, calculated
from the exhaust gas components. ·

Figure 5.4 shows the air-to-fuel ratio for Cylinder I for 3 engine cycles, directly following
the injection timing. The air-to-fuel ratio is calculated from the exhaust gas components,
CO, C02 , total HC, and NO, using the Brettschneider relation (Brettschneider, 1979).
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5.4. Numerical simulation method
The simulation method developed to predict the time-dependent droplet trajectories in the
intake manifold results in a prediction of the distribution of the relative air-to-fuel ratio
over the individual cylinders. In order to couple the droplet phase with the gas phase
several assumptions have been made.
At stoichiometric air-to-fuel ratio the droplet concentration is less than 3 volume percent.
From this point of view the choice has been made to solve the governing differential
equations for each phase separately. As a result of the decoupling, the gas phase interacts
with the particulate phase, but the particulate phase does not affect the gas phase, see
Section 2.7.
The numerical simulation method requires as input the initial conditions of the fuel
droplets inside the spray. The initial conditions are detennined by the spatial distribution
of the droplet sizes inside the spray directly following injection in the intake manifold and
the initial velocity of the droplets. However, due to the high droplet density at small
distances from the injector the first droplet size distribution that could be measured was at
10 em downstream of the injector, see Section 4.5.6. The initial velocity of the droplets
has been measured 2 em downstream of the injector. The assumption is made that the
droplet size distribution which has been measured at 10 em from the injector is equal to
the droplet size distribution at the position where the spray enters the intake manifold. It is
also assumed that these droplets have the velocity which has been measured 2 em
downstream of the injector. In the numerical simulation method the fuel spray is assumed
to have an infinitesimal axial extent in which the droplets are distributed as in the initial
droplet size distribution measured at the operational conditions considered. The total
injected mass of the fuel is concentrated within the spray of infinitesimal axial extent. The
measured initial droplet size distribution is divided into 15 droplet classes, each class
representing a physical droplet size and a mass of fuel corresponding to the volume
percentage in the measured distribution.
If a droplet class reaches a junction, the mass of the droplets represented by that droplet
class is divided up into portions calculated with the use of the law of conservation of mass
applied to that junction.

The fuel-vapour resulting from the evaporation process moves at a velocity equal to the air
velocity, despite the mass density difference between the fuel-vapour and the air. Fuelvapour or droplets which enter the cylinder, cannot flow out of the cylinder.
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At the injection time, the simulation method starts with the fuel injection of a specified
amount of fuel at a position in Pipe 8 of the intake manifold, see Figure 3. 13. The
droplets with the initial droplet size distribution and droplet velocity corresponding to the
measured ones at the operational conditions of the engine, move through the intake
manifold towards the cylinders. The way the droplets travel through the pipes depends on
the air motion, the injection timing, and the droplet initial conditions. During their motion
through the manifold the droplets evaporate. The number of droplets which arrives at a
junction may split up, depending on the direction of the air flow in each branch, into a
number of smaller portions. The amount of fuel, partly in liquid and partly in vapour
phase, reaches the cylinders, and after a given period of time the program calculates the
total amount of fuel which entered the individual cylinders. During this given time the
program also calculates the amount of air which enters the cylinders. The relative air-tofuel ratio per cylinder can then be calculated from both the amount of fuel and air.

5.5. Validation of the results of the numerical simulation method
To validate the numerical simulation method the predicted distribution of the air-to-fuel
ratio over the cylinders and the time-dependent build-up of the air-to-fuel distribution have
been compared with measurements as shown in the following sections.

5.5.1. Distribution of the air-to-fuel ratio over the cylinders
In order to validate the predicted distribution of the fuel over the cylinders, results of
simulations have been compared with measurements which have been performed at full
load at 2500 rpm, this at various injection timings. The injection timing has been varied
between 0" and 360". The injection timing of 0" corresponds to the top dead centre of
Cylinder 4 during its scavenging period. Comparison of the measured fuel distribution
with the predicted distribution is shown in Figure 5.5.
The comparison of the results of the experiments with the results of the numerical
simulation method shows that the position of the "enrichment-peaks" is predicted
satisfactorily. However, the absolute value of the distribution is over-predicted, and results
in an error up to 22 %. This is mainly caused by the assumption that in the numerical
simulation method the spray does not have an axial extent. The conclusion can be
established that the numerical simulation method predicts the shape of the distribution
accurately. The accuracy of the absolute values must be increased.
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Figure 5.5.

Comparison of the measured and predicted fuel distribution over the
cylinders.

5.5.2. Time-dependent build-up of the air-to-fuel ratio
Since the cylinder acts as a reservoir the (relative) air-to-fuel ratio, which has been
calculated from the exhaust gas components, is the integral over each full engine cycle.
Therefore, it can not be compared with the build-up of the (relative) air-to-fuel ratio in the
intake manifold. However, it is possible to determine the integral from the build-up of the
air-to-fuel ratio which has been calculated from measurements over one full cycle. In this
way the (relative) air-to-fuel ratio which has been calculated from the exhaust gas
components can be compared with the calculated air-to-fuel ratio. From the relative air-tofuel ratio which is based on the exhaust components, see Figure 5.4, the amount of fuel
which entered Cylinder I per cycle can be calculated using Equation (5.3). The cumulative
amount of fuel which entered Cylinder 1 during three sequential engine cycles is shown in
Figure 5.6.
Although the measurements in Figure 5.5 and Figure 5.6 have been obtained employing
different measuring methods, and therefore have been measured at different times, the
cumulative amount of fuel which enters Cylinder 1 as shown in Figure 5.5 matches
satisfactorily that of Figure 5.6. In Figure 5.7 the calculated amount of fuel which enters
Cylinder 1 during a number of sequential cycles is shown.
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Figure 5.6.

Cumulative amount of fuel which entered Cylinder 1 during three sequential
engine cycles as determined from measurements.

It can be seen that the numerical simulation method predicts the integral over a full cycle
of the time-dependent build-up of the air-to-fuel ratio satisfactorily. However, the amount
of fuel which enters Cylinder I within the first cycle as well as the total amount of fuel
which enters the cylinder is overestimated. The simulation method predicts that the total
amount of fuel enters the cylinder within two cycles. The measurements show that it
actually takes three cycles.
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Figure 5.7.

Calculated cumulative amount of fuel which entered Cylinder 1 during two
sequential engine cycles.
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5.6. Simulations
In order to analyze the influence of the timing of the injection on the time-dependent
build-up of the fuel distribution over the cylinders, simulations have been performed with
various injection timings at an engine speed of 2500 rpm at full load. The injection timing
has been varied from 0°, goo, and 130° to 260°. Figures 5.g a) to d) show how the
distribution of the fuel over the cylinders builds up in time. The x-axis represents the time
elapsed since the start of the injection in degrees crank angle. It takes more than one cycle
before the fuel reaches one of the cylinders. This is mainly the result of the geometry of
the intake manifold. The intake manifold deviates from the original one with respect to the
length of the pipes in front of Cylinders I to 4. These pipes are longer which causes a
longer residence time of the fuel in the manifold.
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Figure 5.g a) shows that after approximately 300°, 20 % of the injected fuel enters
Cylinder 2. After approximately 600°, 30 % of the injected fuel enters Cylinder 3, and
after ?goo, 30 % enters Cylinder 4. Finally, after approximately 1100° the final amount of
fuel enters Cylinder I. Figure 5.g b) shows that for a later injection timing, i.e. at goo, the
J3g
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amount of fuel which enters Cylinder 2 is increased. During the first cycle 62 % enters
Cylinder 2 and during the second cycle an additional 20 %. This results in a total amount
of 82 %. This has also been shown in Figure 5.5. Upon further increasing the injection
timing to 130° the amount of fuel which enters Cylinder 2 decreases and the amount
which enters Cylinder I increases. This fully complies with the effect of the valve timing
observed in the experiments, see Figure 5.2. Note that the fuel for Cylinder I entered the
cylinder withinthe first cycle, contrary to Figure 5.8 b), where the fuel reached Cylinder I
during the second cycle. Figure 5.8 shows that for an injection timing of 260° most of the
injected fuel enters Cylinder I. The time-dependent build-up in Figure 5.8 d) shows that it
takes two cycles to deliver the fuel to Cylinder I.
In order to show the influence of the initial droplet velocity on the build-up of the fuel
distribution over the cylinders an analysis has been performed with different initial spray
velocities, viz. 15, 35, 69, and 85 m/s. As shown in Section 4.6.1, different injection
pressures, and hence, different injection velocities yield different initial droplet size
distributions. However, during the simulations the initial droplet size distribution is taken
to be independent on the injection velocity. All other variables keep the same value. The
timing of the injection has been set at 130° (seen from the TDC during the scavenging
period of Cylinder 4). Figure 5.9 shows the time-dependent build-up of the amount of fuel
per cylinder.
Figure 5.9 a) shows the time-dependent build-up of the fuel distribution which has been
formed as a result ofan initial spray velocity of 15 m/s. After approximately 360° the first
amount of fuel enters Cylinder 1. Next an amount of fuel enters Cylinder 3 (at 560°)
followed by Cylinder 4, which receives an amount of fuel after 720°. During the next
cycle Cylinder 2 is supplied with an amount of fuel. Cylinders I and 3 get their final
share at approximately II 00° and 1200°. It is clear that is takes more than one engine
cycle to deliver the fuel to the different cylinders.
Figure 5.9 b) shows the time-dependent build-up of the distribution of the fuel over the
cylinders for an initial droplet velocity of 35 m/s. This higher initial velocity results in an
larger penetration length of the droplets, and hence, longer relaxation times. The higher
droplet velocity results in fuel being delivered to Cylinder 2 already at 230°. The increased
initial droplet velocity also results in an higher amount of fuei in Cylinder I during the
first engine cycle. Note that the complete amount ·of fuel enters Cylinder I within the first
cycle. During the first cycle the amount of fuel for Cylinder 3 is increased compared to
Figure 5.9 a). In the second cycle, after 825° the rest of the fuel enters Cylinder 2.
Figure 5.9 c) shows that still a larger amount of fuel enters Cylinder 2 within the first
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cycle when the droplet velocity is increased further. Only a small amount of fuel enters
Cylinder 2 within the second cycle.
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Time-dependent build up of the fuel distribution a) initial droplet velocity of
15 mls, b) initial droplet velocity of 35 mls, c) initial droplet velocity of 69
m/s, and d) initial droplet velocity of 85 m/s.

Despite the various initial droplet velocities, the resulting fuel distributions shown in
Figure 5.9 a), b), and 5.9 c), are almost identical. However, the way the distribution has
been accomplished is totally different. The lower the initial droplet velocity, the more of
the distribution has been realized during the second cycle. Note the different scales at the
x-axis in Figure 5.9.
Increasing the droplet velocity to 85 mls results in an increased amount of fuel in
Cylinders 2 and 4. Cylinder 2 starts to induct at only 160° after the injection timing. Due
to the large penetration length a large amount of fuel enters Cylinder 2. The time shift
between injection and the fuel entering the cylinder has almost disappeared. This high
initial droplet velocity probably causes secondary break-up when the fuel droplets reach
the first junction with high velocity. The influence of secondary droplet break-up caused
by the impingement of the droplets on the wall of a junction has not been modelled within
the present computational method.
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5.7. Conclusions
Comparison of the results of the numerical simulations with experiments shows that the
air-to-fuel ratio of each cylinder, which varies as a result of the intake manifold geometry,
the boundary conditions, the injection timing and the initial conditions of the spray, can be
predicted satisfactorily using the numerical simulation method developed.
Simulations also show that the distribution of the fuel over the cylinders can build up in
different ways depending on the operational conditions of the injection system. Since the
operational conditions of the injection system depend on the operational conditions of the
engine, it follows that the construction of the fuel distribution over the cylinders depends
on the operational conditions of the entire engine. The manner in which the fuel enters the
cylinder is decisive for the effectiveness of the mixing process, and hence, for the
homogeneity of the mixture in the cylinder. It matters whether an amount of injected fuel
enters the cylinder completely at once or in a number of small portions in succession. In
the first case the process results in a Jess homogeneous mixture. A positive influence on
the homogeneity of the mixture in the cylinder is achieved if the fuel enters the cylinder at
several timings in small amounts.
Since the time-dependent build-up of the distribution of the fuel over the cylinders affects
the homogeneity of the mixture in the cylinder, this may have a direct influence on the
exhaust gas emissions. However, this effect has not been investigated in any detail in the
present study.
With the application of single-point injection a minimum variation m the cycle-to-cycle
and in the cylinder-to-cylinder distribution of the air-to-fuel ratio can only be achieved by
tuning the injection timing precisely. The optimal timing of the injection results in the
appropriate amount of fuel delivered to the cylinders in such a way that an equal air-tofuel ratio for each cylinder establishes and that this air-to-fuel ratio is stoichiometric.
Although experimental results have shown that the motion of the droplets in an unsteady
air flow, and hence, the cylinder-to-cylinder variation of the air-to-fuel ratio is
satisfactorily predicted, there still exists a major difference between the predictions and the
measurements which can be explained as follows:
• The numerical simulation method consists of two parts, i.e. the method to predict the
unsteady air motion and the method to predict the motion of evaporating fuel droplets.
As shown in Chapters 3 and 4 the individual models each have their specific accuracy.
As a consequence, combining both methods normally reduces the accuracy of the
141

Clulpter 5

complete numerical simulation method.
• In Section 4.6.2 it has been shown that the spray is not uniform in the spray tip and
spray tail. The tip contains mainly bigger droplets and the tail contains mainly smaller
droplets.
• In the experiment the injection duration already causes an initial spray length. However,
in the numerical simulation method the spray has an infinitesimal length. The spray
only gains length as a result of the motion of the droplets in the manifold, viz. in an
unsteady air flow, small droplets behave differently from large droplets. The injection
timing taken in the simulations is half the injection duration later as the injection timing
during the experiment.
• The velocity of the droplets has been measured 2 em downstream the injector position
and the distribution of the droplet sizes is measured 10 em downstream of the injector
position. Hence, there exists a difference between the position of the injector and the
position where the initial conditions have been measured.
• The initial velocity of the droplets is only in a first approximation equal for all the
droplets in the spray.
• The fuel vapour has a mass density different from the mass density of air. For butane
vapour the mass density is approximately two times the mass density of air. The vapour
therefore has a different inertia than air and does not follow the motion of the air
exactly.

5.8. References
• Brettschneider, J. (1979). "Berechnung des Luft-verhaltnisses von Luft-Kraftstof
Gemische und dessen Einflusses auf A.", Bosch Technische Berichte 6, pp. 177-186.
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Concluding remarks and recommendations
In this closing Chapter, the main results and conclusions drawn in the previous chapters
are summarized. Moreover, suggestions for future research are mentioned. A brief
overview of the research is given as well.

6.1. Overview of the research
Calculating droplet trajectories in the unsteady air flow inside the induction system of an
internal-combustion engine results in the prediction of the cycle-to-cycle and the cylinderto-cylinder variation of the delivered amount of fuel. Together with the prediction of the
variation over the cylinders of the charged air this leads to the prediction of the cycle-tocycle and the cylinder-to-cylinder variation of the air-to-fuel ratio. It has been shown that
due to the geometry of the intake manifold the charged air is distributed non-uniformly
over the cylinders. Therefore it is necessary to deliver a different quantity of fuel to each
cylinder such that the air-to-fuel ratio, which is the result of both the charged quantity of
air and the delivered quantity of fuel, is identical for each cylinder, and moreover, that the
air-to-fuel ratio is as close as possible to the stoichiometric value.
The prediction of droplet trajectories in unsteady air flows requires the modelling of a
number of physical processes related to two-phase flows, viz. the motion of the air and the
motion of the evaporating fuel droplets. The theoretical analysis of the two-phase flow is
based on the Lagrangian approach. Therefore, the modelling of the air phase and the
droplet phase have been detennined separately.

Numerical simulation method to predict the air motion
One-dimensional acoustic wave theory has been used to predict the unsteady flow in the
induction system. A quasi-steady approach has been adopted for the analysis of the flow at
restrictions and boundaries.
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The numerical simulation
intake manifold has been
pressure and the velocity
the distribution of the
measurements.

method for predicting the motion of the unsteady air inside the
verified experimentally. The time-dependent development of the
as well as the volumetric efficiency of the engine together with
charged air over the cylinders have been compared with

Two test-rigs have been designed and built, one test-rig equipped with
engine and one equipped with a fired engine. Identical experiments on
externally driven engine have shown to yield almost identical results.
experimental work has been performed on the externally driven engine

an externally driven
the fired and on the
Hence, most of the
test-rig.

Numerical method to predict the motion of evaporating droplets
In order to predict the droplet trajectories in an air flow a general form of the momentum
equation has been introduced which describes the forces on a dispersed phase in an
arbitrary fluid flow. This equation includes the steady drag force, the added-mass force,
the pressure-gradient force, the Basset-history force, the buoyancy force, and the lift force.
Each force is weighted on its relative significance in the interaction process between the
droplet and the air.

The droplet evaporation has been assumed to be a diffusion-driven process, in which the
droplet is spherical and the evaporation process is quasi-steady. In other words
vaporization is assumed to be driven by the vapour concentration gradient.
Experiments have been performed in order to determine the initial conditions of LPGsprays formed during injection in real-life LPG-injection systems. These initial conditions
are required to initiate the numerical simulation method. In addition, experiments have
been carried out in order to validate the numerical simulation method for predicting the
droplet trajectories in steady air flows.
Numerical simulation method to predict droplet trajectories in unsteady air flows
The combined numerical simulation method consists of a module for ·predicting the
unsteady air flow and a module for predicting the motion and evaporation of the fuel
droplets. Therefore, the numerical simulation method is able to predict the trajectories of
the fuel droplets in the unsteady air flow in intake manifolds of internal-combustion
engines. This results, for a chosen injection timing, in a prediction per cylinder of the
charged air and the delivered fuel, and hence, in the cycle-to-cycle variation of the air-tofuel ratio over the cylinders. Considering a number of engine cycles results in the
cylinder-to-cylinder variation of the air-to-fuel ratio. In order to validate the predicted
distribution of the air-fuel mixture over the cylinders using single-point injection,
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measurements of the air-to-fuel ratio have been carried out in each exhaust pipe of the
fired engine. To verify the time-dependent build-up of the air-to-fuel ratio of each
cylinder, exhaust gas concentrations have been measured real-time. A number of
simulations have been carried out to assess the influence of a number of operational
conditions of the injection system on the time-dependent build-up of the distribution of the
fuel over the cylinders. The timing of the injection and the injection pressure, and hence,
the initial velocity of the spray have been selected as test parameters.

6.2. Conclusions
The main conclusions can be divided into three groups: conclusions concerning the
method to predict the unsteady air motion, conclusions regarding the prediction of the
droplet motion and evaporation in a steady air flow, and conclusions on the method for
predicting the droplet trajectories and hence the mixture preparation in the intake
manifold.

Conclusions regarding the prediction of the air motion are:
• The global characteristics of the unsteady air flow inside the intake manifold can be
determined satisfactorily by a one-dimensional approach.
• The use of acoustic wave theory for modelling the unsteady air flow inside an intake
manifold leads to sufficiently accurate results.
• The geometry of the intake manifold causes a non-uniform distribution of the charged
air over the cylinders.
• The time-dependent pressure development is predicted satisfactorily for engine speeds
below 3500 rpm.
• Calculated time-dependent pressures at positions near the inlet valve are less accurate
than calculated pressures somewhere more upstream in the intake manifold.
• The time-dependent velocity profiles are in good agreement with the measured velocity
profiles.
• It is not required to model the combustion in the cylinder in the form of a boundary
condition for the flow in the intake manifold when predicting global air flow
phenomena in the intake manifold. This assumption is only valid for engines with
normal valve timing.
• Heat transfer from and to the walls of the cylinder can be implemented by correcting
the ratio of the specific heats y.
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Conclusions regarding the method to predict the droplet trajectories in a steady air
flow are:
• The prediction of the droplet motion and droplet evaporation is sufficiently accurate.
• The droplet equilibrium temperature during evaporation is predicted with satisfactory
accuracy.
• The higher the air or droplet temperature the shorter the droplet lifetime. Hence, the
better the mixing of fuel vapour and air into a combustible mixture.
• For any fuel the higher the air temperature or pressure, the higher the equilibrium
temperature.
• The more volatile the liquid the lower the equilibrium temperature for the same air
conditions, and hence, the shorter the lifetime of the droplet.
• The higher the air temperature the smaller the differences in droplet lifetime between a
volatile and a less volatile liquid.

Conclusions regarding the method to predict the mixture preparation in the intake
manifold are:
• The distribution over the cylinders of the air-to-fuel ratio, which is the result of the
geometry of the intake manifold, boundary conditions, and initial conditions of the
spray, can be predicted with adequate accuracy.
• The fuel distribution over the cylinders builds up in different ways depending on the
operational conditions (injection timing, injection pressure) of the injection system.
• The time-dependent realization of the fuel distribution affects the homogeneity of the
mixture in the cylinder. This may directly influence the exhaust gas emissions.
However, this effect has not been investigated in any detail in the present study.
• Measurements have shown that it is possible to supply a particular cylinder with the
appropriate quantity of fuel in order to realize an air-to-fuel ratio which is equal for
each cylinder and which has the stoichiometric value. Simulations have shown that the
quantity of fuel delivered to each cylinder can be predicted.

6.3. Recommendations
Although the obtained results are satisfactory and can be . used to predict the droplet
trajectories inside the intake manifold, further improvements in accuracy are necessary.
Improvements can be obtained by modelling the boundary elements like the intake valve,
the junctions and the throttle plate more accurately. The modelling of these elements can
be improved by measuring the pressure-loss coefficients under dynamic flow behaviour, or
even by proposing complete new models. Further improvements to the acoustic method
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which is used to predict the motion of the air in the manifold is not thought to be a
realistic option. The accuracy of the complete model mainly depends on the completeness
of this model for predicting the unsteady air flow in the pipes. Correlations of predictions
and measurements of the time-dependent pressure distributions have shown that the limits
of the range of applicability of this model have been reached.
In order to improve the prediction of the evaporation
recommendations can be made:

process

the

following

• The assumption is made that there is no interaction between the droplets inside the
spray. However, inside the spray the distance between the droplets may be small and
hence this assumption may not be valid. Although there is no direct contact between the
droplets, the evaporation process of each droplet is influenced since the assumption that
the vapour concentration far away from a droplet equals zero is not valid. Therefore it
is recommended to account for the vapour concentration within the spray being nonzero, while the vapour concentration far away from the spray is zero. Hence, inside the
spray region there exists a certain fuel vapour pressure.
• The method to predict the evaporation process in the intake manifold does not account
for the fuel film along the wall of the pipes of the manifold. This assumption is only
valid for highly volatile fuels such as LPG. If the numerical simulation method is to be
used for the prediction of droplet trajectories with petrol as fuel the method must be
extended with some sort of wall-film evaporation model.
In order to improve the prediction of the droplet trajectories, several options are possible:
• In Section 4.6.2 it has been shown that the droplet sizes within the spray are not
uniformly distributed. The tip contains mainly the bigger droplets and the tail contains
mainly the smaller ones. Therefore, an improvement is to divide the injected spray in a
number of cells: each cell containing its own initial droplet size distribution and the
corresponding mass of the fuel. Because of this, the spray obtains a finite length which
will improve the prediction of the cylinder-to-cylinder distribution of the fuel, especially
the cycle-wise build-up of the received amount of fuel per cylinder.
• Normally the fuels which are used for automotive engines consist of several
components. In the numerical simulation method only one-component fuels can be used.
Therefore, it is necessary to extend the simulation method to multi-component fuels.
• In the numerical simulation method it is assumed that the mass density of the fuelvapour is equal to the mass density of air. Hence, the fuel-vapour behaves as an air
particle. However, the mass density of butane is 2.02 kglm 3 , approximately twice the
mass density of the air. Therefore it is necessary to account for the influence of the
differences in the mass density of the fuel-vapour and that of the air.
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The final recommendation is to measure the exhaust gas components real-time for
different operational conditions of the injection system and the engine. Different
operational conditions of the injection system and the engine, for instance different
injection pressure, injection timing and ambient conditions inside the intake manifold,
yield a different build-up of the air-to-fuel ratio, which will have its specific influence on
the exhaust gas emissions.
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Appendix A-1
Comparison of the measured time-dependent pressure distributions for
the externally driven engine with calculations
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Appendix A-2
Comparison of the measured time-dependent pressure distributions for
the externally driven and the ones measured for the fired engine
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Comparison of the measured time-dependent pressure distributions for
the fired engine with calculations
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Appendix A-4
Comparison of the measured and calculated cylinder pressure for the
externally driven engine
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Appendix B-1
Analytical solution of the differential equation for the droplet velocity
The differential equation for calculating the droplet velocity is given as:
(B-l)

If the drag coefficient is expressed by the Stokes' relation, which is given as
CD =24/ReD =24v /( luF -uD IdD), and with the assumption that

uD =uD(t)

and uF is

constant Equation (B-1) yields
(B-2)

(B-3)

where K equals 18 p Fv / p Dd;. In order to find the homogeneous solution:
(B-4)

ln(uD)=-Kt +C ,

(B-5)

(B-6)

(B-7)
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In order to find the particular solution one writes
(B-8)

u;(t) = -KA(t)e -K·r +A 1(t)e -K·r •

(B-9)

Substit\lting Equations (B-8) and (B-9) into Equation (B-3) yields:
(B-10)

(B-11)

(B-12)

At t = 0 the initial condition, uD =uno yields D =-uF +uno' and therefore it follows that:
(B-13)
By integrating above equation the droplet position is given as:
(B-14)

At t = 0 the initial condition xD(t) =0 yields C = liK(uD0 - uF) and therefore it follows that,
1 (J -e -K·r) +_uF
1 (K t- 1 +e -K·r) .
xD()
t =uno-

K
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Droplet motion in a sinusoidal oscillating velocity field
Using Equation (4.15) the oscillation amplitude and the phase shift of the particle motion
with the fluid phase can be calculated in a hannonically oscillating velocity field. Since:
(B-16)

(B-17)

Substituting Equation ( 4.10) into Equation (B-17) yields:

(B- I 8)

If uF and u0 perfonn a harmonic oscillation with the same frequency and exactly in phase,
the Reynolds number will also perfonn a hannonic oscillation, ReD(t) =ReD0 sinrot, with
ro=2rtf and ReDo =(uF0 -uD0) dDlv F" Assume that F(rot) =ReD +0.15ReD

I~

.

, where F(rot) 1s

not a harmonic but a periodic function. Substituting above relations in Equation (B-18)
gives:
F(rot) =ReD0 sinrot +0.15Re~:81 sinrotsin°·687rot .

(B-19)

This periodic function can be expressed by a Fourier series:

-

F(rot) = I:b.sin(nrot) ,
n

(B-20)

=I

where,
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2n

b =_!_JF(rot)sin(nrot)d(rot)
n

with

n =1,2,3 ...

(B-21)

21t 0

If only the first Fourier term is considered: F(rot) =b 1 sinrot with
2•

b 1 = _!_ J F( rot) sin( rot)d( rot) .
1t

(B-22)

0

Substituting Equation (B-19) into (B-22) yields
2n

b1 =_!_ J(Re00 sin 2rot +0.15 Re~0681 sin2rotsin°·687rot)drot ,
1t

~

~

b 1 =_!_ J(ReD0 sin2rot)drot +_!_0.15Re~681 Jsin2rotsin° 687rot)drot ,
7to

7t

~

0

(B-24)

o

~

b 1 =_!_ JRe00 (_!_ - _!_cos2rot)drot +_!_0.15Re~681 J(sin2rotsin° 687rot)drot ,
1t

(B-23)

0

2 2

1t

(B-25)

0

and hence,
2•

b 1 =ReDo +_!_0.15Re~681 J(sin2rotsin°· 687rot)drot .
1t

(B-26)

0

The integral has to be evaluated by numerical integration, and hence,
0.15
2 792ReDo
1.687
b 1 =ReDO +- ·

(B-27)

1t

(B-28)
Since ReD(t) =Re00 sinrot Equation (B-28) turns into:
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0.687

F(rot)=(l+O.l333Re0 0 )Re0

.

(8-29)

Substituting Equation (8-29) in Equation (8-18) yields:
duD
p FV F
0 .687
-=18--(I+O.l333ReD0 )(uF-uD),
dt
p d2

(8-30)

D D

and hence it follows that,
(8-31)

With the use of:
(8-32)
and
(8-33)
it follows that,
(8-34)
Substituting Equations (8-32), (8-33), and (8-34) in Equation (8-31) yields:
•.
UDO j(l)e

~j-- I ( UFO- UDOe ~j)

'

(8-35)

't D

UFO
UDO

e

-j+

(8-36)

(I +jOYt D)

and hence,
uFo
UDO

=cos( --4>) +jsin( --4>)

(8-37)

(I +jCJYt D)

The amplitude ratio is expressed by:
(8-38)
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and the phase angle is given by:
(B-39)

The phase shift between the fluid and the particle is then given as:
<1>
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=

-arctan((l)'t 0 )

.

(B-40)
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Appendix C-1
Prediction of vapour pressure and latent heat of evaporation
Literature contains a number of empirical relationships for the partial vapour pressure
(Reid, et al., I 966). The partial vapour pressure is only a function of the saturated vapour
temperature. The Reibei-Piank and Miller equation provides an approximation for the
partial vapour pressure. According to Reid et al. (1966), this relation is precise at low
pressures as well as at high pressures, even up to the critical pressure. The maximum error
between the calculated and the measured vapour pressure is 5.2 %. The Reibel-Plank and
Miller relation contains the critical temperature and pressure as well as the normal boiling
point of the liquid as input variables. The empirical correlation is given as:

(C-1)

with:

G =0.2471 +0.4525H when

!O<p. ~ 1500

G =0.2271 +0.4525H when

p)~

mmHg

!500 mmHg.

The constants H and g are derived from:

(C-2)

and
(C-3)

where, T8 and Tc are the boiling temperature and the critical temperature of the liquid,
respectively; and p c is the critical pressure.
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The latent heat of evaporation is also detennined from an empirical correlation (Reid, et
al., 1966). To calculate the latent heat of evaporation at the normal boiling point there is a
variety of empirical relationships in the literature. The difference between the relations is
that they require different inputs. There is chosen for the empirical Reibel-Miller Plank
equation because this equation calculates the most reliable value for the latent heat of
organic substances (especially n-butane and propane). The input which is required is the
normal boiling point and the critical pressure as well as the critical temperature of the
liquid phase. The result is the latent heat of evaporation at the normal boiling point. The
Riedei-Plank-Miller correlation for calculating the latent heat of evaporation at the normal
boiling point is given as:
(C-4)

whereG is given by:
G =0.2471 +0.1965 a
I:J.Z•.b = 1-(0.97/(pJ,,b)) compressibility

k =(a/2.303 G)) -(I + T,.b)
a=(T,.bln(p))/(1-T,,b)
T,.b =T/T,.
In above equation the magnitude of the universal gas constant is 1.987 with dimension
(cal/molK). The critical pressure is in (bar). The final dimension of the latent heat of
evaporation is (cal/mol). Therefore the heat of evaporation must be divided by the molar
mass of the liquid.

To determine the latent heat of evaporation at any other temperature the "Watson"correlation is used (Reid, et al., 1966). This correlation enables the determination, giving
the latent heat of evaporation at a known temperature (for example the calculated latent
heat of evaporation at the normal boiling point), of the latent heat of evaporation at any
other temperature. The Watson correlation factor is given as:
0.38

I:J.H -I:J.H
Y,2 -

v.b

(

(1-T ) ]
'· 2
() _ T )
, ,b

where T,. 2 is the ratio between the droplet and critical temperature.
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Appendix C-2
Calculation of the fluid and film properties
Since the relative humidity (RH) of the carrier gas has an important influence on the
physical properties of air, like mass density, viscosity, heat conduction and specific heat
and thus on the droplet evaporation the physical properties have to be corrected for the
influence of the relative humidity.
Air consists of a mixture of water-vapour and dry air. The amount of water-vapour is
expressed by the relative humidity, which is defined as the ratio of the partial vapour
pressure of the vapour at current air temperature and the saturated vapour pressure at
current air temperature. The vapour mass fraction of water-vapour in air, considering ideal
gas behaviour, can be calculated from (Bird et al., 1966):
c

(T) =
vapour

F

RHpjTF)

M.

(C-6)

RHp,.,(TF) + M "" (P,., -RHP,.,(TF))
watu

where the saturated vapour pressure can be calculated using the Cox-Antoine relationship,
or the Reibel-Miller and Plank correlation. The properties of air with a certain relative
humidity, for instance the specific heat, can now be calculated using:
(C-7)
where

cp.air..u

is the specific heat of the air-vapour mixture,

the water-vapour and

cp,air

cp,vapour

the specific heat of

the specific heat of the dry air. Above relation between the

physical properties of the mixture and its composition can be used to calculate other
physical properties, like the viscosity and the thermal conductivity.
The correlations to predict the mass- and heat transfer, i.e. the Sherwood and the Nusselt
number (Equation (4.42) and (4.45)), require the thermal conductivity, the viscosity, the
mass density and the specific heat of the mixture of air and liquid-vapour in the film
surrounding the droplet. The concentrations of the liquid-vapour and air are not constant
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across the film, with the mixture being the richest in the vicinity of the droplet and leaner
away from it. To a good approximation the molar ratio of liquid-vapour and that of air
equals the ratio of the partial pressure due to the liquid-vapour and the partial pressure due
to the air in the film. Thus the largest liquid-vapour to air ratio occurs at the surface of the
droplet and is essentially equal to the ratio of the vapour pressure at the droplet
temperature to the partial pressure due to the air. This ratio becomes zero at the outer edge
of the film, provided there is no interaction between the droplets. The properties are
usually evaluated at the film temperature T1=0.5(TF+TD) and the film composition
x11 J=0.5(c11 .D +cA.F) (cf.[Bird et al., 1966; Ranz et al., 1952]). Ranz and Marshall (1952)

plotted Equation (4.42) and (4.45) against the product of the Reynolds number and the
Prandtl number. In Figure C-1 the Sh-correlation (properties evaluated at the film
temperature) is compared with experimental data, obtained for water (scattered ... ) and
benzene (scattered o) droplets in air. A similar plot can be made for the Nusselt number.
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Figure C-1.

Forced convection mass transfer from a single sphere.

According to Bird, et al., the choice to evaluate the physical properties at the mean film
temperature needs to be tested experimentally. An exact evaluation of the physical
properties in the film surrounding a spherical droplet is possible, since the film theory
provides the temperature profile in the film (Bird, et a!., 1966). However, the following
averaging technique in the film was employed (cf.[Colbum, eta!., 1934; El Wakil, 1956]).
The properties have been evaluated at the logarithmic average temperature in the film
which is defined as
(C-8)

However, El Wakil and Colburn did not compare directly with experiments. They only
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found that the measured droplet lifetimes were in slightly better agreement with the
calculated ones. However, this does not prove that the heat and mass transfer correlations
are predicted more accurately using the logarithmic average temperature.
There is no experimental data available for the Nusselt- and Sherwood numbers of butane
droplets in air. However, the calculated droplet life times are in better agreement with the
measured droplet life times, if the logarithmic average temperature is used. However, the
increase in accuracy is only I %.
As mentioned before the film composition of component A is defined as:
(C-9)
where

xA.D

is the composition of pure A at the liquid interface and

far away from the droplet. Under the assumption that

xA.F

x A.F

the composition

is negligible, the composition in

the film is equal to one-half the concentration at the droplet surface. Assuming that
(C-10)

in which P,at(T0 ) is the vapour pressure of pure component A at temperature T0

.

This

relation involves the added assumption that the presence of component B does not alter
the partial pressure of A at the interface and that A and B form a mixture of perfect
gases. The general equation used to calculate the properties in the film, such as the
specific heat, is:

(C-11)

where cp.air.wr is the specific heat of the air with a certain relative humidity, and cp.AJ the
specific heat of the fuel-vapour.
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Appendix D
Light scattering theories
The simplest and most widely used light scattering theory is due to Fraunhofer. This
theory assumes that a particle scatters as if it were an opaque circular disc of the same
projected area positioned normally to the axis of the laser beam. It predicts that light
detected in the far field is solely due to the effects of diffraction, i.e. the bending of the
light at the boundary. The theory is successful provided that the particle is large compared
to the wavelength of the light.
When a parallel beam of monochromatic light falls on a droplet or particle, a diffraction
pattern is formed. This diffraction pattern is superimposed on the geometrical image, and
in the far-field region, the pattern is large compared to the geometrical image. If a lens is
placed in the light path behind the droplet, and a screen is placed in the focal plane, the
undiffracted light is brought to a point focus on the axis and the conically diffracted light
is focused around the central spot, see Figure 4.9 in Section 4.5.3. Any given conical
diffraction angle results in the same radial displacement, s, in the focal plane. For small
deflections, the angle of deflection is given by, s/f, where

f is the focal length of the

lens. The Fraunhofer diffraction pattern for a droplet with diameter d is shown in Figure
D-1 a). The value of x on the horizontal axis represents 1t d s1/..f where /.. is the
wavelength of the laser beam. The diffraction pattern has a maximum at the centre and
oscillates with decreasing amplitude as x increases. The light intensity at the centre
represents the undiffracted light. It should be noted that the width of the diffraction pattern
is inversely proportional to the droplet diameter. However, it is difficult to infer droplet
size distributions from the measurements of the light intensity. This problem is overcome
by the use of the light energy distribution. The light energy distribution is showri in Figure
D-1 b). This distribution is obtained by multiplying the intensity distribution by the area of
the concentric detector rings. This function reaches a maximum at
x

=
max

rcsd = 1.357

'A.j
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For HeiNe-light one obtains: (s/f)max =0.1385/0.Sd.
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Figure D-1.

a) Intensity distribution of the diffraction pattern of a droplet, d=60)1171,
A=0.6328JITTI, and f=300 mm, b) Energy distribution of diffracted light.

The position of the peak on the focal plane depends on the droplet size. So, if the droplet
size range is divided into groups or classes, each class can be represented by a specific
light energy distribution curve. This is shown in Figure D-3, where the size range is
divided into 32 classes.
One shortcoming of Fraunhofer theory is its failure to recognize that light can also pass
through the particle. For materials with finite transmission, some of the light coupled into
the particle will find its way out again, possibly within the angular measurement range of
the detector. The Fraunhofer model has been augmented by an additional theory, which
can take account of this transmitted light. This theory, referred to as the anomalous theory,
assumes that the particles are transparent and dispersed in a medium of refractive index
similar to that of the particles.
The most complete light scattering theory is that due to Mie and comprises the exact
solution of the Maxwell's equations for scattering by a homogeneous, partially absorbing
sphere. Mie's theory predicts all path of light around and through the particle and copes
with partial.ly absorbing particles, including the totally opaque and the totally transparent
limits, see Figure D-2. Thus, it can be applied over the whole range of particle type and
size to predict scattering at any angle from forward (diffraction) to backscatter.
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refracted energy
Figure D-2.

Droplet optics.

To discuss light scattering theories further, one must define which of the properties of the
particles must be known in order that Mie theory can be used to predict their scattering
behaviour. Particles may have a complex refractive index, of which the real part describes
the refraction and the imaginary part describes the absorption. The refractive index ratio is
calculated by dividing the refractive index of the particle by that of the surrounding
medium. The differential refractive index can now be considered as a two dimensional
plane in which the properties of any single particle can be represented by a cell.
The complex refractive index plane is gridded and each row and column given a two digit
number. The user selects a grid point or "presentation" in the form, presentation = RRAA,
where RR is a two digit code identifying the differential refractive index, and AA is a two
digit code identifying the differential absorption.
Each presentation consists of a complete description of how the relevant size bands scatter
light into the instrument's detector as shown in Figure D-3. The information allows the
analysis program to construct solutions that fit the measured light energies (data) with
calculated values from the presentation, using an exact construction of the scattering
functions of the target particle type. The x-ordinate represents the detector number,
proportional to the scattering angle. The z-ordinate represents the particle size class; here
the 100 mm lens range is shown with each row normalised with its peak height. The yordinate is the light energy received on the detector ring from particle of the
corresponding size. The matrix consists of a principal scattering peak which migrates
smoothly from low angles for large sizes to large angles for small sizes. At scattering
angles beyond the principal peak additional smal.ler peaks appear of progressively lower
energy. The scattering theory used to predict the · matrix is the Fraunhofer theory. The
principal peak is due to the interaction of the central bright Fraunhofer ring with the
detector; the second and third peaks are those of the Airy function, see Figure D-l a),
integrated over the real detector dimensions.
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A single presentation for the Mastersizer.

At this point the three-dimensional visualisation of Figure D-3 can be used to make some
comparisons of Fraunhofer and Mie theories. Figure D-4 shows the Fraunhofer and Mie
presentation for the Mastersizer I 00 mm lens range.

a.uo

Figure D-4.

Comparison between a) Fraunhofer and b) Mie presentation

For particle larger than 30 pm the differences are negligible. Particles in this size range
could safely be measured using either Fraunhofer or Mie theory. In the size range 3~30
pm, however, it is clear that substantial differences occur in the prediction of second and
third order scattering peaks (multiple scattering). Clearly this has an effect on how the
analysis program accounts for this high scattering angle. The deviations are due to the
light added in the forward direction by refracted rays passing through the particles.
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STELLINGEN

behorende bij het proefschrift

Numerical simulation method to predict droplet trajectories
for designing induction systems of IC-engines

I.

Om in het inlaatspruitstuk van Otto-motoren de globale luchtbeweging te voorspellen kan worden volstaan met de een-dimensionale akoestische golftheorie (dit
proefschrift).

2.

Het tijdstip van de brandstof-injectie heeft invloed op de wijze waarop het brandstof-lucht mengsel de cilinder in stroomt en dus op de homogeniteit van het mengsel in de cilinder (dit proefschrift).

3.

Het beste middel om te onderzoeken of er werkelijk sprake is van een broeikaseffect en dat het voertuigpark daarvoor voor een groot dee! verantwoordelijk kah
worden gesteld, is het voorlopig afschaffen van de accijnzen op de brandstoffen.

4

Het invoeren van snelheidsbegrenzers voor vrachtwagens moet gepaard gaan met
een inhaalverbod op vlakke twee-baans autosnelwegen.

5.

Bij aile discussies over de aanleg van de Betuwelijn vergeet men het feit dat Duitsland, met haar noord-duitse havens, uit concurrentie-overwegingen geen behoefte
heeft aan een verbetering van de spoorverbinding met Rotterdam.

6.

Het toepassen van "toerit-dosering" door middel van verkeerslichten bij opritten
van autosnelwegen leidt slechts tot het verplaatsen van het fileprobleem naar de
woonkemen.

7.

De beslissing om al dan niet in te grijpen in lokale oorlogen berust !outer en aileen
op economische motieven in plaats van humanitaire.

8.

De nederlandse welvaartstaat wordt pas op waarde geschat nadat men er niet meer
actief aan participeert.

9.

Ten gevolge van de comedievertoningen van profvoetballers tijdens geensceneerde
overtredingen gaat een voetbalwedstrijd steeds meer op een American Wrestling
Match lijken.

10.

lmmigreren schept zowel rechten als plichten.

Gerry Knubben
Eindhoven, 24 april 1995

