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Abstract
The study of fuel droplets undergoing evaporation in convective environments has been
made. Droplets studied have sizes less than 100 m which are close to the range found in
modern high pressure fuel spray systems. To enable this study, a co-flow reactor and a
piezo-electric nozzle were used. The evaporation environments with varying degrees of
convection were produced by use of an inverse flat-flame burner operating on a combination
of CH4, H2, O2 and N2. Temperatures studied are up to 676 K which closely resembles that
at the end of the compression stroke of a diesel engine. To measure the evaporation rate in
these circumstances, digital inline holography was selected and developed to a magnified
version which was combined with particle image velocimetry for measurement.

This thesis presents the development of the measurement technique and a full analysis of
potential sources that contribute to the measurement uncertainty. The development was
based on use of a coherent collimated laser beam with a wavelength of 635 μm for
illumination and a high speed camera with CCD array resolution of 12 μm/px for recording.
To find the focus position of the droplet in the optical path at which the image is used to
calculate the droplet size, a criterion of maximum area with a threshold value was chosen.
Magnification factor used in this study was 3.996 which enables the measurement of
droplets with sizes down to about 10 m. Droplet sizes measured were found to have
acceptable uncertainty with the largest error to be about ±4 μm resulting from optics
imperfections. Although the cross-correlation of reconstructed images was found to be
affected by the reconstruction quality, the uncertainty in velocity measurement was found
negligible. The evaporation rate was estimated to have a typical error of 9%.
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Experiment was done for petroleum distillates n-nonane, n-decane and n-dodecane; and
standard light diesel as a multicoponent fuel in two varying heating conditions. It was found
that the evaporation process is not only dependant on the surrounding temperature but also
largely influenced by the preheating effect. For current conditions, all fuels initially
experience thermal expansion except for nonane. This expansion level as well as the
preheating time was found to be affected by the droplet size which, in turn, was found to
play no noticeable role on the evaporation rate for the low convections used. Amongst
alkane fuels the evaporation rate was found to be higher for the lighter fuel but when the gas
temperature is close to the peak used, their rates become virtually the same to be about 0.22
mm2/s. For all temperatures, diesel has the lowest evaporation rate which initially shows
preferential vaporisation but then resembles the diffusion limit behaviour. For the peak
temperature used, its rate is about 0.19 mm2/s.

A simple infinite conductivity Lump model accounting for convection as well as the
transient droplet preheating was formulated which was found to be efficient in describing the
single component droplet behavior in this work in terms of the evaporation rate but slightly
underpredicts the initial expansion and slightly overpredicts the droplet lifetime. If a proper
set of properties is used, diesel may also be approximated by this model for certain
conditions. This model indicated that the evaporation rate is controlled by the droplet
temperature which tightly follows the gas temperature and that the droplet temperature is
always well below the boiling point. Extension of the model to account for the Stefan flow
effect and internal liquid temperature variation by using an effective conductivity concept
revealed that for current conditions, the Stefan flow has very little effect in slowing down
the process and that the initial strongly unsteady evaporation is due to the difference
between the droplet surface and center temperatures. This difference is however not large for
all cases even though the liquid thermal transport was found to be mostly by conduction.
The Lump model was favored by the findings in this work that it could be used to
approximate micro droplets undergoing evaporation in high temperature, strongly
convective environments at least for single component fuels such as those used here.
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Nomenclature
2D, 3D

Two or three-dimentional

Bu

Velocity uncertainty limit (m/s)

Bx, Bt

Displacement uncertainty limit (m) and timing uncertainty limit (s)

BY, BH

Mass and heat transfer (Spalding) numbers

C, Cref

Density correlation factor and that at reference condition

Cpl, Cpg

Liquid and gas specific heat capacities (J/K)

CD, CF

Droplet drag coefficient and skin friction coefficient

d, do

Distance after and before effective lens (m)

df

Distance of focus (m)

dI

Elemental (pixel) intensity

D, Do

Droplet diameter and its initial diameter (m)

Df

Flame diameter (m)

Dfg

Mass binary diffusivity (m2/s)

x, t

Distance (px) and time interval (ms) between two consecutive images

E

Recording exposure (mJ/cm2)

f

Lens focal length (m)

fx, fy

Variables in frequency domain (cycles/mm)

FD, FB

Drag force and buoyancy (N)

FY, FH

Correction factors for Stefan flow effect on mass and heat boundaries

g

Gravitational acceleration (m/s2)

H

Liquid heat of vaporisation (kJ/kg)

I0

Incident intensity (cd/m2)

k

Wave number (m-1)
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kB

Boltzmann constant (J/K)

kg , kl

Thermal conductivities of gas and liquid (W/m.K)

Kv

Evaporation rate constant (mm2/s)

Le

Lewis number in the gas phase

L

Lens

Leff

Effective lens

m, n

2D indices of CCD array

md, md

Droplet mass (kg) and droplet mass evaporation rate (kg/s)

mr

Reference specific mass

ms

Fuel vapor specific mass at the droplet surface

m

Specific mass of surrounding gas at infinity

M

Magnification factor

M

Number of terms in expansion series

Mt

Transverse magnification

MWf, MWg Molecular weight of fuel vapor and surrounding gas (kg/kmol)
M, N

Linear size of the CCD array (m)

nc

Carbon number of fuel

Nt

Number of repeated test

Nu, Nu*

Nusselt number and corrected Nusselt number

p

Pressure (Pa)

pcr

Critical pressure (psia)

pr

Reduced pressure

pref

Reference pressure (1atm)

pv

Partial pressure of vapor at the droplet surface (psia)

PD 2

Uncertainty limit in squared diameter (mm2)

Pel

Peclet number in the liquid phase

Pr, Prl

Prandtl numbers in the gas and liquid phases

q

Total heat flux transfered to the droplet from the environment (W/m2)

Q, Ql

Total and sensible heat transfer rates to the droplet from the environment (W)

rs, ro, rs

Droplet radius (m), initial radius (m) and non-dimensional radius
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Re, Rel
2

Droplet and liquid phase Reynolds numbers

R

Correlation coefficient of functional fit

Rc

2D droplet centroid

Sc

Schmidt number in the gas phase

Sh, Sh*

Sherwood number and corrected Sherwood number

SEH, SEL

Start of evaporation at high and low temperature settings

t, td

Droplet residence time and droplet lifetime (ms)

tE

Exposure time (s)

T

Dimensionless temperature

TB

Droplet boiling point (K)

Tcr

Critical temperature (K)

Tdmax

Maximum droplet temperature (K)

Tg, T

Reactor gas temperature and temperature at infinity (K)

Tl

Droplet temperature (K)

To, T

Droplet initial temperature (K) and non-dimensional temperature

Tr

Reduced temperature

Tref

Reference temperature for estimating gas properties (K)

Ts

Droplet surface temperature (K)

Tlow

Low gas temperature setting

Thigh

High gas temperature setting

u, v

Co-ordinate system in Fourier domain

urel

Droplet relative velocity (m/s)

us

Maximum velocity at the droplet surface (m/s)

u, v

Droplet velocity data in x and y directions (m/s)

UKv

Uncertainty in Kv (mm2/s)

Vo

Droplet initial velocity (m/s)

Vx

Droplet velocity function in x direction (m/s)

x, y, z

Co-ordinate system

xo

Droplet planar centroid in x direction

X

Pixel size (m)

x

Ys

Vapor mass concentration at the droplet surface

zo, zi, zr, zc

Distances from the hologram recording plane of the object, virtual image,
reference and reconstruction wave point sources, respectively (mm)

Functions

a(x,y)

Object wave function

a*(x,y)

Conjugate object wave function

A(x,y)

Reference wave function

A*(x,y)

Conjugate reference wave function

h(x,y)

Impulse response

I(x,y)

Intensity field

Im{}

Imaginary part of a function

Re{}

Real part of a function

S(x,y)

Cross-correlation function

U(x,y)

Hologram field

(x,y)

Phase of object wave

(x,y)

Phase of reference wave

Abbreviations
CCD

Charge coupled device

DFT

Discrete Fourier Transform

IDFT

Inverse Discrete Fourier Transform

DHM

Digital holography microscopy

DIH

Digital inline holography

DPIV

Digital particle image velocimetry

FFT

Fast Fourier Transform

IW

Interrogation window

MDIH

Magnified digital inline holography

RMS

Root mean square

ROI

Region of interest

TC

Teleconverter
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Greek symbols



Normalization factor

L

Liquid thermal diffusivity (mm2/s)



Slope of ta-E curve (mW/cm2)

g, l

Gas (air) and liquid mass densities (kg/m3)

ref

Liquid density at reference condition (kg/m3)

(x,y)

Normalised cross-correlation function

M,

H

Thicknesses of the gas films for mass and heat transfers

L

Standard deviation of distribution function

I

Standard deviation of droplet intensity field

fg

Characteristic length between molecules of fuel vapor and gas (Å)

f,

g

f, g



Collision diameters of fuel vapor and gas molecules (Å)
Characteristic Lennard-Jones energies of fuel vapor and gas molecules
Wavelength (nm)

L

Mean of distribution function of multicomponent fuel

V

Mean of distribution function of multicomponent fuel vapor
Acentric factor

g

Kinematic viscosity of gas (m2/s)

g, l

Dynamic viscosities of gas and liquid (Ns/m2)

, 

Co-ordinate system



Correction factor for liquid reference temperature



Non-dimensional radial coordinate within the droplet



Liquid phase effective heat transport factor

L

Second moment of distribution function

D

Dimensionless collision integral



Non-dimensional time

A

Amplitude transmittance

B

Bias transmittance



Gama distribution function
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Chapter 1
1 Introduction
For a wide range of heat engines, liquid fuel is introduced into the combustion chamber in
the form of a spray consisting of a multitude of minute droplets. As such, the study of basic
combustion characteristics of a fuel is normally done by investigating the behavior of these
droplets when undergoing heating loads. The need to understand the evaporation processes
which precede the combustion has over the last few years become more urgent. Increasingly
stringent regulation of exhaust products has seen many manufacturers respond to this
challenge by reducing the average size of the droplet in the fuel spray, typically by
increasing the fuel injection pressure. In diesel engines for example, fuel injection pressures
have now reached over 2000 Bar, with fuel typically atomized into droplets with diameters
much less than 50 m. Coupled to this is the increasing uptake of non-traditional fuels and
the strong likelihood that future liquid fuels will be more complex in their makeup as new
feedstocks are taken up. All of this supports the need to measure evaporation rates of fuels
more typical of these new conditions.

There has over the years been much research focused on the experimental and theoretical
aspects of both single and multi-component fuels undergoing evaporation. Experimental
studies over the last fifty years have examined fuel droplets ranging in size from a few
hundred to a few thousand microns in diameter such as those in [30, 31, 36, 53, 111, 142];
studies involving droplets less than 100 μm are less common and include among the more
recent ones those in [22, 35]. The conditions used for these investigations are a variety
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ranging from a spherically symmetric, quiescent configuration [36] to a turbulent one [143].
The study under high temperature, high pressure environment coupled with convection is
more complicated than those typically studied but is however more desired as it closely
resembles that in practical devices.

To measure the droplet size, a number of techniques have often been used and examples
are video or photography based techniques [62, 72, 92], Backlit Stroboscopic Imaging [35,
104, 111, 122] and some laser based techniques such as light scattering [22]. From a
measurement perspective, small droplet size brings a number of problems, especially if
quantitative assessment is crucially required. For example, the fixed pixel size of digital
imaging equipment limits the spatial resolution available for measurement. The use of high
magnification to overcome this brings with it limited imaging volumes, and most
importantly greatly reduced focal depth. Getting close to an evaporating droplet can often be
difficult if a high temperature convective environment is being examined (e.g. Garcia-Perez
et al [35]). Given these limitations, it is difficult or even impossible to use any of the existing
techniques.

It is therefore necessary to develop a new experimental methodology which overcomes
these problems. One such technique is based on the extension of digital in-line holography
(DIH) as was used in [95] to include a lens mechanism, a technique referred to as magnified
digital in-line holography (MDIH); this thesis builds upon this development work. In
addition to enhanced image magnification, this technique provides significantly enhanced
depth of field compared to traditional optics for a fixed magnification and, of equivalent
importance, a much longer distance of focus compared to other studies using microscope
objectives (e.g. [114]).

As applied to droplet studies in different implementations, an early example of the use of
holography was that of Grabowski [39] in 1983, or a recent work of Palero et al [95] in
2007. By itself however MDIH is limited in what properties it can be used to measure,
droplet evaporation rate for example requires the change in droplet area with time. Droplet
residence time is needed for this, and this can be obtained from measurement of the velocity
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of the evaporating droplet. To measure this velocity, a number of options are available such
as the mentioned Backlit Stroboscope, Laser-Doppler Velocimetry [13, 81, 106] and Particle
Image Velocimetry [11, 139]. This work combines MDIH with digital particle image
velocimetry (DPIV) to measure the droplet evaporation rate. As important as it is, a full
analysis of the measurement uncertainty is carried out with assessment of the limit of the
technique being also provided.

Given such developments, it is the aim of this work to quantitatively analyse the behavior
of droplets smaller than 100 m undergoing evaporation in hot convective environments. To
conduct such experiments, a purpose built quartz glass reactor which is capable of operating
in a range of temperatures has been constructed. The hot gas flow is created by use of a flat
flame burner. Being present in many petroleum products, a number of single Alkane liquids
have been of much interest with studies focused very often on a range from n-pentane to nhexadecane (e.g. [7, 31, 55, 69, 90, 107]). In this work, n-nonane, n-decane and n-dodecane
are used together with automotive light diesel, as a standard multicomponent fuel, being also
measured for comparison.

For this type of study, there are many parameters that can affect the droplet behavior such
as droplet initial diameter, surrounding gas temperature and/or pressure, Reynolds number.
The experimental task in this work is however limited to investigations of initial diameter
and gas temperature effects. Measurements are done in two forms with one being to measure
the average evaporation rate of the droplets over their trajectory through the reactor while
the other being to measure the instantaneous rate of individual droplets over a limited
trajectory. To enable a further understanding of the process, another task of this work is to
formulate a mathematical model to simulate the experimental data.

In general, the mathematical formulation can be done via analytical, semi-analytical or
numerical approaches and in this field a vast amount of droplet evaporation/combustion
models have been built ranging from simple [36, 120] to very complex [28, 103]. For most
of the cases the droplet modeling needs to consider the practical point of view, or to be more
specific, to consider its integration into spray modeling. As such, the point is to seek for an
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efficient model (simple and fast but accurate enough) without invoking more advanced
models which usually involve a large amount of computing time. This implies that for a
certain condition, the model adequately accounts for effects that are important and
nonnegligible and this work aims at formulating such a model. Extension of this simple
model is however still necessary to investigate more parameters and that the extended
version also helps to explore the applicability of the simple model in extended conditions.
With these models, more thorough investigations of important effects including droplet
initial diameter, gas temperature, fuel chemistry and droplet Reynolds number are possible
which have been impossible in current experimental setup.

The structure of this thesis is as followed. Previous work on fuel droplet both via
experimental and theoretical approaches as well as measurement techniques are reviewed in
Chapter 2. Descriptions of the experimental system, some mathematical background on the
technique development and all related technical matters are presented in Chapter 3. Analysis
of measurement uncertainty is followed in Chapter 4. Chapter 5 is devoted to experimental
results while Chapter 6 accommodates droplet evaporation modeling, results and
discussions. Major conclusions drawn from this research are given in Chapter 7.
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Chapter 2
2 Background
2.1

Introduction

The study of fuel droplet evaporation and combustion has been the focus of a huge amount
of research since it is a primary process occurring in so many practical applications that use
liquid fuel in the form of a spray. Clearly, this is a problem with a long history [36, 120] and
the work involved more recently has pointed to many advanced aspects such as spray
effects, ignition/extinction (see [71, 116] with a lot of references therein). However this
study is still currently of much interest with more work regularly published. In basic studies,
it is to investigate the behavior of a single isolated cold droplet after being suddenly
introduced into a hot environment. In the case of pure evaporation, the droplet receives the
heat from the environment through conduction and/or radiation which is used to heat the
droplet and to gasify it. Droplet combustion is the case where an ignition stimulus is used or
the ambient temperature is high enough to introduce a flame from the gasified vapor. In this
case, it is widely perceived as a spherical flame sheet surrounding the droplet (assuming no
convection). The fuel vapor diffuses outward mixing with the inward stream of oxidizer at
the flame sheet and reacts. Heat released from combustion is transferred outward to the
environment and inward to heat the droplet and to gasify it.
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Given the present status in the field, this chapter only reviews major investigations
related to the study of fuel droplets both via experimental and theoretical methods. Some of
the effects/factors reviewed are deemed relevant for further analysis and discussion of this
work. In the past, experimental study has been done in a number of ways and examples of
interested parameters are multi-component effects, droplet sizes, ambient temperature and/or
pressure. While such an experimental approach is limited to certain conditions, a theoretical
approach easily expands to those which are hard to setup for experiment, for example to
simulate real environments in internal combustion engines [59] or gas turbines [55]. Also,
quantities that can be investigated expand to others such as droplet internal temperature and
composition, gas/vapor phase concentration profiles, etc. As droplet combustion in a
turbulent forced convective flow is a problem involving many complex processes, detailed
theoretical study provides insight on mechanisms governing complex heterogeneous
combustion systems. Measurement techniques that are available for investigation are
reviewed and some comparison is made.

To avoid confusion, there are terms often used in this field which need to be clarified.
The terms “evaporation” and “vaporisation” usually means a pure evaporation case without
the presence of a flame. While “combustion” means for the case with a flame surrounding
the droplet, evaporation is still occurring on the droplet surface and this has led to the use of
“gasification” or sometimes “vaporisation” to describe such a process while not intending
any particular case. The term “gas” refers to the phase surrounding the liquid droplet even
though the vapor is also present in this phase.

2.2

Experimental Study

In the field of fuel droplet study, a number of methods have often been used including
droplet suspension [22, 36, 42, 72, 74], porous sphere [1, 6], droplet levitation [104, 140]
and free fall techniques [22, 35, 111, 138, 142]. For the suspension techniques, a single
droplet is suspended usually at the tip of a thin fibre. The second techniques make use of a
porous sphere into which fuel is supplied and kept wet on the surface to simulate a droplet.
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The levitation techniques use electrostatic force, acoustic wave or optical radiation pressure
to suspend a droplet. The last techniques aim at studying free fall droplets. Amongst these
techniques, only levitation and free fall techniques allow studying the droplet free of contact.
Because of the simplicity in setup and experimentation the first two techniques are seen in
many investigations. The last technique is the most desired but difficult in way to generate
the single droplet or more often a continuous stream of droplets with uniform size in
controllable spacing. It is also more involved with how to measure the moving droplets.

The behavior of fuel droplets in complex conditions such as that in combustors is affected
by many parameters. To properly assess the effect of these parameters it is necessary to
separate some or all of them and as such experiments are usually conducted in narrower and
more specific conditions depending on the purpose. To understand the most fundamental
features of droplet combustion, it is necessary to perform quiescent, spherically symmetric
experiments. Experiments under the influence of gravity are always affected by buoyancy
and even if there is no gas convection, the flame surrounding the droplet can still be
distorted. Furthermore, this effect varies with droplet size and so it is a transient effect.
Attempts to minimize this effect can be seen in previous work in two forms. The first and
very complicated method is that used in a freely falling chamber by Kumagai [44, 45, 62,
92] in which the suspension fibre supporting the droplet is lifted up impulsively when the
free fall starts so that the droplet released is supposed not affected by gravity. The second
method is much simpler by studying suspended droplet in low pressure environment
enriched with oxygen [72, 89].

In [62, 92] with the first method, a single droplet of heptane was used and a linear
reduction of droplet squared diameter D2 with respect to time t was observed after an initial
short period. The slope of this D2(t) curve is known as the evaporation/combustion rate.
Their data is however limited to a short period of droplet lifetime. Using the second method
for octane, Law et al [72] also found the above linear relationship after an initial period of
slow reduction rate. The flame front stand-off ratio, which is the ratio of flame diameter (Df)
to droplet diameter (D), was found to increase continuously for low oxygen concentration of
the ambient gases while initially increasing but then leveling off for high oxygen
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concentration; this shows an obvious effect of oxygen in droplet combustion. For all cases,
the flame sheet expands initially and then shrinks toward the end of the droplet lifetime.
With higher oxygen content, droplet life time is shorter which means higher burning rates.
This expected behavior was also seen by other authors (e.g. [31]). These experiments were
however limited to large droplets (minimum of about 700 m) due to the size of the fibre tip.
The initial transient period usually spans about 5-10% of the droplet lifetime and is due
largely to the effect of droplet preheating. The D2-t linear relationship is known as the D2law or steady state behavior which can be derived from very basic droplet theories.

To study the effect of convection, there have been investigations carried out in hot gas
flows and examples are [23, 31, 143]. Wu et al [143] used a wind tunnel setup to investigate
the effect of ambient turbulence with different intensities and length scales on heptane and
decane droplets at room temperature. Studying a number of fuels Faeth and Lazar [31] used
a suspension fibre but exposed the droplets to the hot combustion gas of a flat flame burner.
Under these convective conditions, the above behavior was still observed. The study by Daïf
et al [23] was done for binary heptane-decane droplets which were suspended on a sphere at
the end of a glass capillary and exposed to electrically heated air with variable speed in a
thermal wind tunnel. The vaporisation of these droplets was seen to proceed at different rates
in sequence of volatilities which was characteristic of the batch distillation process.

The above behavior is known to be affected by circulation occurring inside the droplet.
This internal motion generated by either natural or forced convection has been the focus of a
considerable amount of studies. With the trend to use more and more complex fuels to help
alleviate the problem of energy shortage, many of those studies used multicomponent liquids
to investigate the role of internal circulation (e.g. heptane-decane [23], octanol-undecane
[74], heavy-light diesels and kerosene-gasoline [30] or water-in-oil emulsion [75]). The
evaporation behavior of these liquids depends on the intensity of circulation. For example, in
their droplet combustion study El Wakil et al [29] measured similar temperatures at the
droplet core and periphery even during the early heating period and the temperature history
developed towards the batch distillation behaviour (components evaporate almost
sequentially in the order of their volatility from hight to low and droplet temperature follows
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sequentially the wet-bulb temperature of the dominant vaporizing components with short
transitions between them). Another example is the combustion of binary droplets by Wood
et al [141] in hot air with circulation driven by buoyancy. In brief the faster the circulation is
the closer to batch distillation the behavior is with preferential evaporation of the more
volatile components. This is clearly different from steady state behavior. Without internal
circulation the droplet concentration and surface temperature were shown to attain steady
state very early [64, 74]. Except for the initial short period, the behavior is similar to D2-law
and the droplet behaves like a single droplet with concentration weighted average properties.
Viscous mixtures in quiescent environments should favor this behavior.

On mentioning droplet temperature measurement, it is noted from the literature that
almost all theoretical formulations have been validated against the data of droplet sizes
versus residence time which is obtained from measurements of droplet size and velocity.
With many complex processes involved in this type of study, droplet temperature
measurement can play a significant role in validation and is also useful as it gives further
insight to what happens inside the droplet. There used to be limited work on this until more
recently with some new investigations focused on this matter. A number of studies [13, 80,
81, 82, 136, 140, 148] have used techniques such as rainbow refractometry, two- or threecolor laser induced fluorescence. One example is a recent study [13] belonging to a series
done by the Lemoine group which measured the temperature distribution of moving droplets
by use of a two-color laser induced fluorescence technique. They found that under their
conditions the heat transfer is non-radial and the temperature distribution resembles a Hill
vortex. Though useful, application of these techniques is limited to only single and binary
droplets.

In practical devices, a multitude of droplets is present in an atomized spray. The
evaporation and combustion of these droplets are therefore influenced by the effect of
interactions which make the process different from that of an isolated droplet. Experiments
in [30, 60, 89, 105] are some examples investigating this effect. Kristyadi [60] investigated
the effect of interactions by use of a liquid jet device to produce a stream of closely spaced
droplets. They found slower preheating and lower evaporation rates of a number of liquids
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such as heptane, decane and dodecane. Miyasaka and Law [89] used suspension fibres
arranged in different configurations and also included the effect of buoyancy by varying the
ambient pressure and oxygen concentration. While similar effect of interaction was seen, the
buoyancy significantly enhances the burning rate due to the enhanced convective transport
between droplets [89]. It is generally concluded that the evaporation rate of arrayed droplets
is slower with shorter inter-distances. More detailed study by Sangiovanni and Labowsky
[105] for a range of fuels, ambient conditions, and droplet sizes (hundreds of micron)
indicated that the increase in droplet lifetime depends solely on the inter-distance, not on the
ambient condition, fuel type or droplet size. They estimated that combustion in practical
devices needs to account for this effect as it is strong with inter-distances typically found in
the spray. However the high Reynolds number in these situations should mitigate the
interaction effect [30].

One of the effects which has attracted less research is the effect of initial diameter and, to
the best of the author’s knowledge, only few investigations have been done such as those of
the Kumagai group [45, 62, 92] and other authors [49, 53] given also that the sizes studied
were very large except for only one case by Hara and Kumagai [45]. Spherically symmetric
combustion experiments by these authors for heptane droplets of two sizes, 400 m under
microgravity and 70 m under normal gravity, have shown that whereas the typical behavior
of transient heating followed by steady state was seen for large droplets, the steady burning
stage of small droplets of the later case is followed by a final stage of pure evaporation
(extinction occured) with deceasing rate. For their size range 700-1800 m, they claimed
that evaporation rate tends to increase slightly with diameter. While a much clearer trend
was seen in the study for kerosene by Khan et al [53] with sizes roughly from 700-1600 m
under a wider range of temperatures and pressures, the reverse trend was seen by Jackson et
al [49] for some other fuels with sizes from 400-1100 m. Regarding sooting tendency, the
authors in [45] claimed that larger droplets tend to support formation of soot with no soot
observed for small droplets. With the same observation the authors in [49] deduced that
larger droplets burn slower due to more soot formed surrounding the droplet under their low
convection condition which interferes with heat and mass transfer. Regarding the droplet
preheating, it was found in [53] to take longer for a larger droplet which is as expected.
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A phenomenon sometimes observed during multicomponent droplet gasification is
microexplosion which has drawn quite a few investigations (e.g. [66, 67, 111, 138, 142]).
This is an important phenomenon as it improves the atomization process by shredding the
droplets into smaller sizes which is effective in reducing the burnout time. Wang et al [138]
studied the combustion of freely falling binary droplets at low Reynolds number and found
that its occurrence depends strongly on the mixture concentration and the stability of the
droplet generation mode. Lasheras et al [67] observed isolated free droplets of binary nparaffin mixtures. They stated that for disruption to occur the difference in boiling points
must be higher than a certain limit and the initial concentration of the more volatile
component must lie within a limited range. This phenomenon is more likely to happen with
slow internal mixing as the more volatile, lower boiling point components are prevented to
diffuse to the droplet surface (effect of diffusion limit). When the droplet temperature is
high, its inner core with trapped low boiling point components becomes superheated. The
superheat accumulates and nucleation bubbles, which usually start near the droplet center
[138], are formed. As a result of extremely fast gasification with intense pressure build-up,
disruption occurs [70]. For those experiments that used suspension technique, the
combustion is affected (microexplosion promoted) due to the suspending filament [67]. This
phenomenon is more intense for emulsions than miscible blends, Lasheras et al [66, 67].
More recently there has been a class of studies focused on extremely complex fuels such
as biomass pyrolysis oil (e.g. [22, 35, 111, 142]). A typical complicated behavior can be
seen from experiments by Wornat et al [142] for combustion of bio-oil droplets of 320 m in
a laminar flow reactor. While diesel showed one stage of quiescent sooty burning, bio-oil
presented four stages. After burning, two forms of solid cenospheres have often been found
as a result of polymerization [22, 35]. Microexplosion which frequently occurred was
thought to be the result of wide range of volatilities and high viscosity of this fuel.

2.3

Theoretical Study

In the past few decades there have been numerous theoretical investigations of the
gasification and oxidation of single isolated droplets. In basic classical (D2-law) theories,
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mostly appeared in the 1950s [36, 120], a set of assumptions typically including spherical
symmetry of the isolated droplet, constant and uniform droplet temperature, quiescent steady
state, equilibrium evaporation, constant thermophysical properties, etc., is usually used to
simplify the calculation while still yielding acceptable results such as approximate
evaporation time and rate [72]. The square of droplet diameter was found to decrease
linearly with time in the form of D2 = Do2 – Kvt where Do is initial droplet diameter and Kv is
the evaporation/burning rate constant. However there were differences compared to
experiments and it was thus developed in later research to include other realistic effects.
Examples are unsteadiness [48, 72], variable thermophysical properties [3, 4, 48], droplet
internal circulation [4, 71], thermal radiation [3, 108], Stefan flow [4, 145], non-equilibrium
[27, 43], kinetics effect [61]. The followings outline some important and common effects.

The unsteadiness in gasification (e.g. [48, 72, 151]) which can be strong during the early
stage as seen in experiments was found to be controlled by a number of processes such as
the droplet transient heating, vapor accumulation and unsteady heat and mass diffusion in
the gas phase. To assess the droplet heat up period, a knowledge of temperature distribution
within the droplet is needed which can be obtained by numerical solution of the liquid phase
heat equation coupled with gas phase equations. Being dependent on liquid sensible heat,
this process is affected by the driving force on the vapor side [48]. Initial preheat strongly
affects the later process, especially at high pressure [71, 103, 151]. Regarding the heat and
mass transport in the gas phase, the unsteadiness was found unimportant in pure evaporation
[48] but important in combustion [72]. The steady state assumption assuming equality
between gasification rate at the droplet surface and consumption rate at the flame sheet leads
to an inaccurate estimate of the chemical heat release rate. The flame front stand-off ratio,
found constant in D2-law theory, varies due to vapor accumulation or depletion between the
droplet and the flame. At high ambient pressure and/or temperature gas phase unsteadiness
becomes more profound [151] thus making the quasi-steady assumption more inappropriate
and prediction for the initial period more erroneous.

Given the unsteadiness mostly in the initial period the later gasification in the main
period is widely known to proceed quite steadily for single liquid droplets if gas temperature
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is constant. It is meaningful to investigate how this gasification rate is affected by the
surrounding temperature and pressure. This was done by Chin and Lefebvre [15] with a
simple method applied to heptane, gasoline, jet fuel and diesel in a quiescent environment.
Results indicated that at a constant pressure, the steady state gasification rate increases with
temperature but the dependence on pressure is more complicated depending on temperature.
At a low temperature of about 500 K the rate slightly decreases with pressure but at higher
temperatures, especially higher than 800 K, it increases with pressure; similar trends were
also observed by Kim and Sung [54] with a more detailed high pressure model. Chin and
Lefebvre [15] also estimated the steady state droplet temperature which, under all their
conditions of 500-2000 K and 100-2000 kPa, increases with ambient temperature but is
always lower than the respective boiling point. Given a lack of data at high pressure
(experimentation at high pressure is limited, e.g. [30, 53, 122]), their calculation at normal
pressure was verified by the data of Godsave [36] at temperature of 2000 K. It is necessary
to mention the finding by Manrique and Borman [79] that steady state behavior can never be
attained once the pressures reach a sufficiently high value.

The variable nature of gas phase thermophysical properties such as specific heat capacity
and transport coefficients which are dependant on temperature and concentration has been
included in models developed in for e.g. [3, 4, 48, 68, 73]. This consideration is important in
devices such as internal combustion engines because the turbulence in the late stage of the
compression stroke can give rise to large variation in temperature and composition across
the volume. In simple models, these properties assume average values and the gas phase
Lewis number, a parameter that is directly derived from them, is assumed to be unity.
During a typical evaporation process the Lewis number can however vary substantially from
1.0 to 4.0 [4]. According to [71], variable gas property effects are important for accurate
estimation of the burning characteristics. The assumptions of constant properties can lead to
over prediction of the flame size [73]. In the evaporation study of Hubbard et al [48], the
variable properties solution was found to be best approximated by one using the simple 1/3
rule reference scheme of Sparrow and Gregg [121] in which properties are evaluated at Tr =

2/3Ts + 1/3T and mr = 2/3ms + 1/3m. Besides variable gas phase thermophysical
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properties, Abramzon and Sazhin [3] also accounted for variable thermophysical properties
of the liquid phase and their formulation became more complicated.

In principle, a droplet can receive heat from the surrounding environment via conduction,
convection and radiation. While a majority of modeling work accounts for conduction and
convection there are lesser studies that include the effect of thermal radiation on droplet
heating and evaporation (e.g. [3, 25, 26, 63, 108]). To include this effect, an average [26,
108] or distribution [3, 25, 63] of droplet thermal radiation absorption coefficient is taken
into account which requires the knowledge of the spectral optical properties of the fuel like
absorption and refractive indices. The higher the absorption coefficient is the more radiation
heat is absorbed. Besides such dependence on liquid properties, this effect is also supposed
to depend on the type of heat source used for investigation.

In many of the simplified models, a significant assumption used is that of spherical
symmetry, which implies that only radial transport is possible and only the radial co-ordinate
(1D) is therefore needed. The transport in the gas phase involves diffusion and radial
convection while that in the droplet involves diffusion only. However, in situations
involving external gas flow of either forced or natural convection, it is intrinsic to solve the
problem in two dimensions (2D) as has been done by more advanced studies [87, 99, 129]
due to the existence of a non-radial relative velocity between the droplet and the surrounding
gas. This slip between the velocities exerts a shear stress on the droplet surface which
induces the internal circulation mentioned earlier. Usually droplets with more than one
component need to have a more detailed liquid phase description than the single component
droplet [71].

Internal circulation enhances the heat and mass transfer, especially for a multicomponent
droplet. Besides the dependence on liquid viscosity as expected, the vaporisation behavior
also depends on the circulation intensity which in turns depends on the convection level
represented by the droplet Reynolds number [65, 76, 87, 129]. In a mixture with widely
differing component boiling points, transport processes within the droplet can play a
significant role in controlling the surface composition which decides how the vaporisation
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progresses. In theory these phenomena can have two opposite extremes: one is with an
infinite circulation rate while the other is with no circulation. The first extreme has been
modeled by Law [69] as a droplet of ideal-mixture in which the composition and
temperature are assumed spatially uniform but temporally varying. Vaporisation is the
process of batch distillation mentioned earlier. At high temperature, the vaporisation rate is
insensitive to the fuel composition [69]. These phenomena were demonstrated for less
viscous fuels of light alkane liquids and were supported by the mentioned experimentation.
Based on those observations the author developed a simplified model treating the droplet as
shells of individual components the radii of which increase with volatilities. With the
assumption of quasi steady vaporisation for each shell, the bulk vaporisation time was found
to agree very well with the ideal-mixture model.

The opposite extreme with a steady state gasification period has been modeled by Law
and Law [74] based on their undecane-octanol droplet experiments at very low Reynolds
number. Newbold and Amundson [90] also found this behavior for their model on binary
and ternary droplets of heptane, octane and nonane. At these low Reynolds numbers, the
burning rate depends on the composition [74]. The steady state behavior is characterized by
an inner core with concentrations remaining almost constant and uniform at their initial
values. A boundary layer at the droplet surface exists where concentrations of each
component steeply adjust to its surface value which depends on the relative volatility while
the fractional gasification rate of each component still equals to its initial mass fraction [74].
The above are characteristics of droplet diffusional resistance. In this low extreme with no
circulation the transport is purely diffusion controlled and mass diffusion is the rate limiting
factor. With a higher mass transport rate, more volatile compounds generally diffuse
outward whereas less volatile compounds diffuse inward resulting in the mentioned
preferential vaporisation. In the first extreme, volatility differentials are the rate limiting
factors.

Given the proposed ideal-mixture model, it has however been stated that even with very
fast circulation rate, both temperature and mass gradients are still significant as the transport
in the direction normal to the circulating streamlines is still effected by the slow diffusion
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process [65]. The above statement is supported by the experiments at high Reynolds number
done by Lerner et al [78] who have shown that the vaporisation follows a mixed behavior
between the distillation and diffusion limit. This has also been most recently shown in [147]
in which the additional effect of high ambient pressure was found to reduce the diffusional
resistance as the droplet temperature becomes higher which suggests the process tends
toward the distillation limit.

The liquid phase models with internal circulation have been classified into two flow
configurations. For intermediate Reynolds numbers, it is usually modeled as a Hill’s vortex
with boundary layers near the interface, while for high Reynolds numbers the flow
separation occurs near the rear stagnation point and wake regions created (cf. [71]). In
practical devices, strong internal circulation can also be attained during the violent
atomization process. Being complicated when solving in 2D, this effect can nevertheless be
simplified by effective diffusivity models represented by an effective coefficient as done for
example in [4]. This is a good approximation as the net effect of internal circulation reduces
the diffusion distance and hence shortens the diffusion time [71]. According to Kneer et al
[55], the variation in liquid thermophysical properties helps to further reduce the diffusional
resistance, these effective models should therefore also account for this fact as these
properties depend on both temperature and concentration. In making the problem simpler,
the convection on the gas side has been widely approximated by film theory [8, 131].

Theoretical studies mentioned so far on the multicomponent effects have been mostly for
binary (e.g. [85, 87, 101, 138]) or a few for ternary (e.g. [90, 138]) mixtures and the
formulation was based on a number of discrete components. For complex mixtures of
hundreds or thousands of components as are some fuels (e.g. bio-oil mentioned earlier), the
discrete concept is therefore not practical due to a huge numerical effort needed to solve a
vastly growing number of equations. There have more recently arisen a few studies [2, 40,
41, 42, 125, 149] which used the concept of continuous thermodynamics to more
appropriately describe the mixture composition, properties and vapor-liquid equilibrium to
examine the vaporisation of such multicomponent droplets. The idea actually dates back at
least 70 years (Katz and Brown [52]), but most of the development of the technique only
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started since the late 1980s (e.g. Cotterman et al [20]) and initial applications were for
petroleum mixtures as in [18, 21].

With this concept, complex mixtures can be described by continuous functions known as
probability distribution functions (pdfs). In particular, the composition of a liquid is
characterized by pdf parameters including distribution mean
variance

L

L

and second moment L (or

2

). Transport equations for these parameters are derived and numerically solved

for the variation in liquid and vapor compositions with time as well as the variation of vapor
composition in space. The differences between treatments of continuous thermodynamics in
the literature lie mainly in the choice of distribution function such as Gamma or Gaussian
distributions, in the selection of the distribution variable such as component molecular
weight or boiling point, and the model for vapor-liquid equilibrium such as using Raoult's
law combined with the Clausius-Clapeyron equation. This concept is realistic in representing
the vaporisation behavior of complex liquid and is also simple by use of only two parameters
to describe such mixtures.

Based on this concept, the study in [125] with a well-mixed assumption model for diesel
and gasoline fuels found that during the evaporation the liquid droplet temperature increases
with time while the mean

L

and variance

L

2

of the molecular weight distribution increases

and decreases respectively. This behavior is similar to that found in discrete models for
simpler mixtures as it is indicative of the preferential vaporisation of light components
leaving the heavy components near the end of the droplet lifetime. The droplet temperature,
though increasing, is still well below the bubble point as compared to the single liquid case
which is characteristic of the continued transient heating. In the vapor phase, the
composition variation is mainly manifested by the dropping of the distribution mean
increasing radius which reflects the increase in

L

V

with

with time.

Given the complexity of such mixtures, a simple quasi-steady evaporation model was
developed by Hallett [40] using well-mixed and diffusion limited assumptions. The effect of
convection was accounted for by use of film theory and the properties were assumed
constant at a widely used 1/3 rule reference state. Interestingly, a D2-law behavior was found
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and explicit expressions for vaporisation rate were derived. The droplet lifetimes were found
nearly the same for both assumptions. The effective diffusivity concept [4, 101] was also
used later to investigate the role of internal mixing in [2] in which continuous mixture
formulations for the liquid phase transport equations and diffusivities were also developed.
The results indicated that internal mixing has a smaller effect on the behavior of these
mixtures than for binary mixtures. Most recently, they investigated the evaporation of bio-oil
modeled by four main chemical fractions (typically found in these oils) each described by a
separate  distribution function [42]. With assumptions of quasi-steady gas phase and wellmixed liquid phase, the similar preferential vaporisation of light components was found. The
predicted time scales of the major events characteristic of this oil were in reasonable
agreement with their experimental results.

Microexplosion mentioned in an earlier section has triggered a few theoretical
investigations (e.g. [70, 74, 88, 115]). In classical investigations, knowledge of droplet
temperature and concentration distributions is needed to check against the local superheat
limit. Disruptive behavior was generally found to depend on internal circulation, volatility
differentials and the ambient condition. On the liquid side, whereas volatility differentials
support microexplosion [67, 74, 88], internal circulation tends to depress this phenomenon
as it enhances the diffusion of more volatile components to the droplet surface and the
vaporisation of these components keeps the droplet temperature lower [70]. On the gas side,
as the heating rate was found to promote the droplet internal bubbling formation [35],
microexplosion therefore depends on gas temperature as expected. The effect of pressure is
more complicated [70, 91, 137, 146], high pressure generally promotes this phenomenon but
too high a pressure will diminish it. As would also be expected, larger droplets favor
microexplosion [88, 146]. According to Mikami et al [88] microexplosion is a stochastic
process which is controlled by the ratio of liquid phase lifetime to nucleation time.

Generally a certain effect was found significant or not depending on the condition, on
process (pure evaporation or combustion) or on the purpose of specific investigation. For
example, the mentioned effect of gas phase mass and energy unsteadiness, while found
negligible in pure evaporation processes, were found important in combustion cases.
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Another example is the ambient pressure; effects such as real gas and solubility of gases into
the droplet at high pressure were found important [12, 51, 54, 79, 145]. To simulate the
conditions in practical devices, investigations in supercritical environments [149, 150, 151]
and turbulent environments (see review in [9]) have also been done and for these conditions,
formulations widely used for low pressure need to be replaced by new ones that account for
other effects (e.g. the different phase change process at high pressure). For a particular
problem, the more effects to be accounted for the more complicated the formulation will be.
While some studies used fully numerical, time consuming computation to solve for many
effects such as Dwyer [28] and Renksizbulut and Haywood [103], many others aimed at the
convenience of integration into spray modeling but still kept acceptable accuracy such as [4,
12, 24, 102]. Depending on the purpose, it is essential that appropriate effects are accounted
for so as to balance between accuracy and simplicity.

2.4

Proposed Research

While most previous work focused on droplets of sizes as large as few hundreds or even
thousands of microns with very few exceptions such as [22, 35, 45], more stringent
regulations on power efficiency and exhaust emission have pushed modern spray systems to
produce droplets of sizes as small as tens of micron. The study of these small sizes is of most
relevance these days. Whereas a great deal of experimentation was made in constant
temperature environments with many of them being further restricted to stagnant
atmosphere, the study of these droplets in convective environments (with variable
temperatures) simulating those in practical combustion devices is even more desired.

The aim of this work is to investigate the quantitative behavior of droplets smaller than
100 m undergoing evaporation in hot convective environments. To enable quantitative
analysis of such small droplets, it is necessary to develop an appropriate technique which
must also be capable of tracing and measuring droplets in such complex environments. A
task of this work is therefore to develop such a technique. In the past with use of traditional
techniques, the measurement uncertainty has however gained limited assessment. With
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developments in technology, any new technique developed should be more accurate and a
full analysis of the measurement uncertainty as well as assessment of the limitation of the
technique needs to be undertaken; these are also an aim of this work.

Being widely present in petroleum products nonane, decane and dodecane are selected
for this study. Besides these single alkanes, automotive diesel No.2 as a standard but
complex fuel is also used for comparison to study multicomponent effects. To expand the
knowledge gained from the study, another purpose of the current work is to formulate a
simple mathematical model but accurate enough to closely simulate the evaporation process
of the single component fuels used. This model is supposed to provide qualitative
knowledge of quantities that cannot be obtained from the experiment. As the integration into
spray modeling is very important, the suitability of this simple model for conditions close to
those in real combustors needs to be assessed. As such, one of the factors that need to be
considered is the ability of the simple model to simulate the droplets’ behavior of the
commonly used diesel in the present conditions. To explore the applicability of the simple
model in a wider range of conditions, extension of this model is therefore necessary. With
these developments, further investigation for the present conditions and other conditions is
also made possible.

2.5

Methods for Study

2.5.1 Choice of Facility
To enable the evaporation study of a droplet, there are several choices of facility based on
suspension, porous sphere, levitation, free fall techniques as outlined earlier and a less often
used thermogravimetric technique. To gain a fundamental understanding of the phenomena
at very low heating rates when the heat and mass transports do not control the evaporation,
the thermogravimetric technique is used to investigate the effect of fuel thermodynamics
[35]. With the suspension technique, advantages are that the temperature measurement can
be coupled with high speed visualization to follow the changes in droplet size and shape and
that the configuration also allows the study at high pressure. However, the disadvantages are
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that the minimum droplet size is limited by the size of the suspending fibre and that the
shape of the droplet is also modified. This fibre can also act as a nucleation site [142] to
promote bubbling phenomena which further affects the droplet temperature and morphology.
The limitation of the porous sphere method is that the droplet size studied is large and the
initial transient processes generally seen in droplet behavior cannot be covered [71].
Levitation techniques share most advantages of the suspension techniques, however the
design is also usually for stationary droplets and that the setup involved is not simple (cf.
[33]).

Being the most sophisticated, free fall techniques however favor the most realistic study.
For these techniques, the effect associated with the contact between the solid surface and the
droplet is removed and thus droplets studied can be as small as desired. To produce a hot
convective environment, methods often used have been a furnace/cylinder arrangement with
electrical heaters plus a hot gas flow [22, 35] and a reactor with post combustion gases
produced from a flat flame burner [111, 142]. The later is clearly more realistic of
combustion environments. With those advantages, a free-fall droplet undergoing evaporation
in an entrained flow reactor is the target of this work. To produce post combustion gases, a
combination of oxidizer and fuel gases can be used as the input such as CO-H2-O2-N2 [31]
and CH4-H2-O2-N2 [111]. The later combination is chosen for this work.
Methods that have been used to generate a droplet stream with constant size and spacing
are vibrating capillary [105], chopper technique [67], inkjet printing techniques [45, 78,
138], droplet-on-demand generators [14, 35, 140], Berglund-Liu atomizer [22] and other
droplet devices as in [13, 111]. Given quite a few options, only some of them are capable of
producing droplets with sizes as aimed for this work such as droplet-on-demand generators
and the Berglund-Liu atomizer. A piezo-electric nozzle, a type of droplet-on-demand
generator, is selected for this work which is also commercially available.

Droplet evaporation behavior is known to be affected a number of parameters such as
droplet initial diameter [45, 49, 53], surrounding gas temperature and pressure [54, 122, 147,
151], Reynolds number [87, 129], oxygen concentration (for combustion case) [72, 92].
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Having developed the experimental system, it is necessary to investigate some of the
important effects. However, due to the difficult nature of this investigation which will be
mentioned later, only the study of the effects of initial diameter and gas temperature is
undertaken leaving extended investigations of these quantities and the droplet Reynolds
number to the modeling work. With fuels chosen for study, knowledge of the fuel chemistry
effect can also be obtained.

2.5.2 Choice of Measurement Technique
To measure the droplet size, a large number of methods have been used including the
classical and frequently used techniques such as photography/video, Backlit Stroboscopic
Imaging as mentioned earlier and newer techniques which often involve lasers such as Light
Scattering methods [22, 57, 134], Phase Doppler technique [106], Laser 2-Focus (L2F) [132]
or more recently digital holography techniques [94, 95]. There are also less often used
techniques which can be found in text books, e.g. [33]. The need for quantitative assessment
of small droplets poses a few problems. One of them is the fixed pixel size of digital
imaging equipment which limits the spatial resolution available for measurement. High
magnification used to overcome this problem will limit the imaging volume and greatly
reduce the focal depth. Furthermore, getting close to evaporating droplets in a complex high
temperature environment is challenging. With developments in technology, laser based
techniques give far superior quality than classical illumination methods. Amongst those
techniques, Light Scattering, Phase Doppler and L2F are potential but their setup often
requires use of a number of optical equipment such as beam splitters, lens and/or even
necessitate more than one sensor. Their application to this system is even more difficult as
they are often designed for point (i.e. very small volume) and close-to-wall measurements
[33].

A new technique to overcome these problems is developed in this work based on an
extension of digital in-line holography [95]. The integration of a magnifying mechanism
makes the original DIH most suitable for this work. In addition to enhanced image
magnification, this technique provides significantly enhanced depth of field for a fixed
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magnification. Furthermore, a capability to get close to the droplet from the far field is
gained which is indispensible for this high temperature reactor facility. Compared to other
techniques, the setup of MDIH is also much simpler with little equipment involved.

Wavefront reconstruction, the original name of holography, was invented by Gabor [34]
when he proposed a novel two-step, lensless imaging process back in 1948. As applied to
droplet studies, early examples of the use of holography in different forms were that of
Grabowski [39] who used it to measure the size and position of aerosol droplets and Toker
and Stricker [128] who measured the vapor properties of an evaporating droplet. Later
developments have enabled the technique to be used in digital form which has now been
implemented in many different configurations for different purposes. Examples are
applications in two-phase flow study to measure particle size (e.g. [94, 95]) and in fluid
diagnostics to measure 3D velocity fields (e.g. [114]). Most recently, there has been an
attempt to measure the size and velocity of droplets in a cold spray through use of digital
inline holography, Yang and Kang [144].

To calculate the droplet evaporation rate, not only droplet size but also residence time is
needed which requires measurement of droplet velocity. To measure this velocity, a number
of options are available including Backlit Stroboscope, Laser-Doppler Velocimetry, L2F
Velocimetry and DPIV. While some of these techniques offer the ability to measure the size
and velocity simultaneously, their application in this system is not favored. This work
combines MDIH with DPIV to measure the droplet evaporation rate. Although not applied
to droplets, examples of similar combination can be found in [16, 114].

To measure the evaporation rate, especially the average rate of the whole evaporation
history of a droplet, there are many factors that need to be well under control which makes
the task extremely complicated. For example, the most challenging requirement is
repeatability. Because the average measurement requires connecting a series of spatially
adjacent, instantaneous images from different droplets, these droplets need to travel the same
trajectory to experience the same heating loads. To maintain this condition, experiment is
limited to low droplet Reynolds number. Furthermore this ability is affected by the quality of
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the burner and the nozzle. Controlling a piezo-electric nozzle is very difficult [140] given its
operation is very sensitive to the liquid used as well as its cleanliness. Another example is
that as the measurement space is limited due to use of high magnification, a slight
fluctuation in the movement can easily bring the droplet out of the imaging area, which can
be as small as 0.6x3.8 mm2.

METHODOLOGY

25

Chapter 3
3 Methodology

3.1

Introduction

This chapter describes the experimental system, the reactor heating and the technique
developed for droplet evaporation measurements. As a tool chosen for measuring the droplet
size, the background mathematics of DIH and development to MDIH are described. This
description is somewhat detailed as it helps with the uncertainty analysis in the next chapter.
Evaporation rate measurement necessitates the use of another tool to measure the droplet
residence time and DPIV is selected for this. Basic mathematical background of DPIV is
briefly outlined and its coupling to MDIH will also be detailed.

3.2

System Description

Figure 3.1 shows the arrangement of the experimental system developed for this study. The
central part of the system is the optically accessible square quartz reactor (sometimes called
“vessel” in this work) measuring 120x120x300 mm3 in which single droplets can be
evaporated and burned in an oxidizing gas co-flow. This hot co-flow is created by fitting on
top of the reactor an inverse flat flame burner operated on a combination of fuel and oxidizer
gases. Fuel droplets are introduced into the reactor via a carrier gas which flows through a
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500 mm long 9 mm diameter injector tube which passes through the centre of the burner.
Droplet speed, hence residence time, is controlled initially by this gas and ultimately the
burner gas. To help with the description, the principle sketch of the system is shown in
Figure 3.2 while the burner, as a very technical part, is shown in Figure 3.3. As the burner
operates up side down, it gets very hot during experiment and so it is designed to have a
water cooling coil running inside the sinter plate to prevent thermal expansion and damage.
This sinter plate also helps to prevent the migration of the flame front into the settling
chamber in the burner. A thermocouple is fitted (Figure 3.3) to monitor the gas temperature
inside the burner all the time during its operation. In addition, to prevent the injector tube
from being warmed up, this tube has an outer jacket for water circulation thus insulating it
from the burner. The droplets are therefore not evaporated in this tube giving a consistent
size as desired before entering the reactor.

Nozzle
holder

Camera

Flatflame
burner
Combustion
vessel

Nozzle
Control
Camera
Control

Gas Control Panel

Figure 3.1: System arrangement
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A piezo-electric droplet generator located at the top of the injector tube is used to produce
droplets less than 90 μm in diameter. This generator (Model S0901, manufactured by IWT at
Bremen University in Germany) consists of a piezoceramic tube in which sits a borosilicate
glass capillary which acts as the fuel nozzle. High frequency oscillation of the glass capillary
by the piezoceramic tube generates droplets from the fuel nozzle which in turn is connected
to the fuel supply. A computer controlled high voltage signal generator (Model 010307) is
used to drive the oscillation of the piezoceramic tube. In theory, parameters able to be varied
are the droplet size and the injecting frequency. Fuel nozzle size can also be varied which
sets the maximum droplet size attainable. Additional experimental parameters able to be
varied are the post burner gas temperature and oxygen concentration, and droplet and reactor
Reynolds numbers.

Figure 3.2: System principle sketch
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Figure 3.3: Inversed flat flame burner fitted on top of the reactor

3.3

Heating Conditions

As mentioned, to create a hot environment in the vessel, a combination of gases including
CH4, H2, O2 and N2 is used. Together with the N2 carrier gas, their composition will
determine the heating condition inside the vessel. These gases are controlled via Alicat gas
flow meters and their combustion is initialized with the help of an igniter placed underneath
the burner. To have the vessel heated up to a desired temperature for experiment the burner
component gases are calculated via an equilibrium calculation by use of the AEDsys
software written by the authors in [84] based on the aircraft engine design tools. This
provides an estimate of the adiabatic temperature accounting for chemical dissociation effect
in high temperature reactions with pressure set to atmospheric in the vessel. The mixture
fraction is calculated so that the post burner gas has 21% O2 to approximate the air. The
temperature along the vertical centerline of the vessel where the droplets fall through is
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dependant on the burner gas flow rate, the carrier gas flow rate, the heat loss from the vessel
to the air and from the burner to the cooling water. Once these thermal processes are
balanced, stable vessel temperature is attained (about 10-12 minutes after ignition).

The temperature profiles along the vessel vertical centerline are measured by a K-type
thermometer which is specifically designed for this system. The bead is about 2 mm in
diameter giving the response time of about 1-2 s. A point raised with the use of this bead is
that there should be a radiation correction term to get the true gas temperature, however this
term is estimated to be negligible for conditions of low convection and temperature used in
this work (c.f [47, 50]). To confirm the repeatability of the temperature profile (thermal state
in the vessel stabilized) the measurement is repeated after 20 minutes with differences found
to be small, typically about 6 K at a maximum. These profiles are used as the input for the
droplet model presented in Chapter 6. Due to the limit of the current system, the temperature
studied cannot be set too high as the burner gets too hot for higher temperature settings.

Figure 3.4 shows two temperature profiles used for this study with the lower temperature
profile being denoted as TL and the higher profile being denoted as TH. Each profile has two
repeats to indicate thermal stability as mentioned. The position is along the vertical
centerline and is referenced from the injector tube exit. It can be seen that the temperatures
attain maximum values of approximately 585 K and 675 K for TL and TH accordingly at
roughly 25 mm downward from the burner surface. This is not unexpected as closer to the
injector tube exit the cooling effect of the carrier gas is stronger. To have an idea how these
conditions can affect the droplet, the boiling points of fuels used for this study including
dodecane, decane and nonane are also shown as the horizontal lines. The middle of the
diesel’s boiling point range is also indicated. The differences between the maximum
surrounding temperatures and the boiling temperature of dodecane are around 100 K and 200
K for low and high profiles respectively. This is clearly not high enough to combust the
droplets but is enough to study the complete evaporation of droplets with sizes smaller than
100 m. Given the time taken to thermally stabilize the system, the experiment is always
carried out after the initial system warm up period.
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Figure 3.4: Temperature profiles used for this work. Also shown are the boiling points of
diesel, dodecane, decane and nonane. Position is relative to the injector tube exit. Two
repeats of the temperatures are shown to indicate repeatability. Temperatures shown
represent the difference between TL and TH

3.4

MDIH Technique

3.4.1 Basic Theory
When we look at an object/image, it is actually the light (optical wavefront) from that
object/image which reaches our eyes. The information contained in this wavefront includes
the amplitude and phase of the light characteristic of the object/image. The problem
addressed in holography is the reconstruction of the object/image from such information. By
recording the information, reconstruction of the object can occur later without the presence
of the object. When an object is to be imaged, it is illuminated by a coherent light source and
the amplitude and phase of the wavefront which originated from the object can be recorded
using digital cameras. As these devices only respond to light intensity, phase information
needs to be encoded into the recorded intensity. Interferometry is an example of how this is
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done and so, in a general sense, “Holography” is similar to this technique. A hologram is
therefore a type of interference pattern. Figure 3.5 shows a typical example of the image
recording Figure 3.5a and reconstruction Figure 3.5b in which a plane wave is used for both
the illumination and reconstruction while the object is simply a sphere. The light source for
illumination and reconstruction needs not necessarily be a plane wave.

Figure 3.5: Recording and reconstruction of an object image in a classical holographic
technique. The recording plane used to be made of a film which, after recording, becomes a
hologram
A mutually coherent illumination wave, hereby called the reference wave, with known
phase and amplitude is added to the light from the object and their interference is imaged on
the hologram (recording medium). Suppose that an object wave, which needs to be recorded
and reconstructed, arriving at the recording plane is represented by a complex function a(x,y)
= |a(x,y)|exp[-j(x,y)] and a known reference wave represented by a complex function A(x,y)
= |A(x,y)|exp[-j(x,y)] then the intensity of their sum will be:
I x, y

A x, y

2

2

 a ( x , y )  A x , y a ( x , y )  A( x , y ) a ( x , y )

(3.1a)

in which A*(x,y) and a*(x,y) are the complex conjugate of A(x,y) and a(x,y), respectively. To
be more detailed:
I x, y

A x, y

2

 a ( x , y )  2 A x , y a ( x , y ) cos >\ x, y  M x, y @ .
2

(3.1b)

From equations (3.1) which represent the interference pattern, it can be seen that both the
amplitude and phase of the object wave are included.
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Given the recorded image is in the form of a hologram, the second task of holography is
to reconstruct the original wavefront from it. Under normal conditions, a majority of
recording materials present a linear characteristic; that is the mapping from the intensity
detected during recording into the amplitude transmitted during reconstruction is linear [38].
To be more detailed the exposure during recording lies in the linear portion of the A-E
curve of the material where A is its amplitude transmittance and E is the exposure during
detection which is the product of incident intensity I0 and exposure time tE. Assuming an
even distribution of the reference wave |A(x,y)|2 across the recording plane, the transmittance
of this can be expressed by the following equation:

W A x, y

2

W B  E t E a  A * a  Aa *

(3.2)

in which, B is the bias transmittance caused by the constant reference exposure (of |A(x,y)|2
above) and  is the slope of the A-E curve at the bias point.
To reconstruct the object wave, it is popular to use the exact duplication of the reference
wave. As applied to equation (3.2) when the hologram is illuminated by the reconstruction
wave A(x,y):
AW A

2

2

AW B  E t E a A  E t E A a  E t E AAa * .

(3.3)

the third term in the right hand side of equation (3.3) is then the exact duplication of the
object wave a(x,y) multiplied by a constant. This means that the reconstruction using a
reference wave illumination yields this wavefront which appears (to the observer) to
originate from a virtual image behind the hologram as if the object was still at the original
position; see Figure 3.5b. The reconstruction can also be done by use of the conjugate of the
reference wave, i.e. A*(x,y), and if so, its replacement in equation (3.3) above will make the
last term become the real image wavefront which is represented by the conjugate a*(x,y).
This image is on the opposite side of the hologram plane and of equal normal distance from
the plane to that of the virtual image; also see Figure 3.5b as it is a special case in which the
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plane wave is also the conjugate of itself and therefore both virtual and real images are
present. In either approach, the task of reconstruction is to eliminate all the remaining terms
in the transmitted light function and generally, the former approach is used more often in
practice. In this work a plane wave normal to the hologram plane is used both for reference
and reconstruction as presented in Figure 3.5, the reasons for which will be mentioned later.
When a plane wave A(x,y) is normal to the plane, the first and second terms in the right hand
side of equation (3.3) are constant across the plane and can be easily eliminated. When the
third term in the transmitted light is brought to focus during reconstruction, i.e. to propagate
it back to the original position of the object, it is affected by the out-of-focus real image
(fourth term) and this is known to be the twin image problem.

3.4.2 Development of MDIH Technique
In this work, the recording process is done in a similar manner with the classical film based
technique, Figure 3.5a. A coherent laser source is used to illuminate the object and the
interference between the scattered light wave from the droplet (object) and the undefracted
source as reference light is projected on to the CCD sensor of a digital camera. Both the
amplitude and the phase of the diffracted wave from the droplet are recorded. The
reconstruction together with twin image elimination is however numerically performed. The
use of a collimated plane wave for both illumination and reconstruction renders this a so
called digital inline holography (DIH) technique. Detail on numerical reconstruction will be
presented in the next section.

There are a few well-known drawbacks of DIH and the most notable are the noise from
defocused objects and the large depth of focus of the reconstructed hologram [95, 114]. In
this system, the former is not present as the droplets are produced in a well paced single
stream. The later as well as the pixel size resolution limit is improved by magnifying the
interference pattern before recording. A magnification mechanism is specifically developed
for this system and its variation from the original DIH is addressed briefly here as MDIH.
Figure 3.6 shows the arrangement of this MDIH optical system.
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The light source used to generate the hologram is a 10 mW, 632 nm He-Ne continuous
coherent laser. After passing through a set of three spherical lenses (L1, f1=-30 mm, L2, f2=50 mm and L3, f3=200 mm, Figure 3.6a) it is expanded to form a collimated beam of 20 mm
in diameter which, after reflection by mirrors, illuminates the droplet. The interference
pattern between the droplet wave and the laser beam is magnified by a mechanism which
includes a Nikon lens 85 mm (L), a bellows and a 1:2 teleconverter (TC) as illustrated in
Figure 3.6b (note that the teleconverter functions to magnify the object image). The
magnified hologram is then recorded on the 1280x1024 px2 CCD array of a Redlake
MotionPro X3 high speed CCD camera with pixel size of 12x12 μm2. Compared to the
similar DHM which stands for digital holographic microscopy using a microscope objective
(e.g. in [114]), a significant improvement gained with this modification is the much longer
distance of focus df (Figure 3.6b) which is the distance between the plane of focus of the
imaging system and the lens’ end. This plays a vital role in this facility because the image
quality only becomes good when the object examined is close to the plane of focus. The
centerline of the reactor where the droplets are located is 70 mm away from the outside wall
of the reactor which, in principle, is the closest point where the lens can be positioned. By
adjusting the bellows, the magnification factor M can be changed which can be taken as the
ratio of d/do as shown in Figure 3.6b when symbolizing the magnifying unit by an effective
lens Leff. For this work, a setup at M4 was used which reduced the camera viewing area
from 15.36x12.28 mm2 to 3.8x3.1 mm2 at a resolution of 3.003 μm/px.
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Figure 3.6: a) Optical setup plan view; b) Principle dimensions

3.4.3 Reconstruction and Twin Image Elimination
The method used for reconstruction and twin image elimination is that of [93]. This method
is to regard the reconstruction process as an image processing problem. In particular, it is to
extract the object wave numerically from the hologram and therefore can be understood to
be a numerical decoding process.

When an object is illuminated by a monochromatic plane wave of wavelength , the field
at the hologram plane can be approximated as the Fresnel-Kirchhoff integral:
f f

U x, y

A exp(  jkz ) ³

 f f

>

ª exp( jkz )
 S
exp ® j
x [
jO z
¯ Oz

³ >1  a([ ,K )@«¬

2

 y K

2

@½¾¿º»d[dK ,
¼

(3.4)

where A is the amplitude of the reference wave which can be assumed to be unity and k (=

2/) is its wave number. For convenience in manipulation, the phase of the reference wave
at the hologram plane has been assumed to be zero, -kz in the above equation is therefore the
phase of the reference wave at the object plane which is of distance z away from the
hologram plane. The above equation can be regarded as the following convolution:
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U ( x, y )
where the symbol

>1  a( x, y)@

h z ( x, y ) ,

(3.5)

stands for the two-dimensional (2D) convolution operation and the

impulse response hz ( x, y )

ª S 2
º
exp « j
x  y 2 » . The intensity of the hologram is then the
jO z
¬ Oz
¼
1

modulus square of the above field U(x,y). With the identity 1

hz ( x, y ) 1 the hologram

intensity becomes:
I ( x, y )

U ( x, y )U ( x, y )

1  a ( x, y )

h z ( x, y )  a ( x, y )

h z ( x, y )  a ( x, y )

2

h z ( x, y ) .(3.6)

We can see that this equation is equivalent to equation (3.1a) and in fact it is a specific
form of the general equation (3.1a) with four similar components. With the assumption that

a(x,y) is real and much weaker than the original reference wave, the hologram intensity can
then be simplified to:
I ( x, y ) 1  a ( x, y )

2 Re^hz ( x, y )`.

(3.7)

From equation (3.7), the recording process can be regarded as a 2D filtering operation (the
system acts like an invariant linear filter) of the input a(x,y) and I(x,y) is the output which
has been shifted. The main argument here is that to reconstruct the object wavefront, an
inverse filter needs to be found so that with the input I(x,y), the output of the filter will be

a(x,y). To find the inverse filter, the forward transfer function g ( x, y) 2 Re^hz ( x, y)` is
transformed giving the transfer function in the Fourier domain G (u, v) 2 cosª« Oz (u 2  v 2 )º»
¬ 4S
¼
where u and v are the Fourier transform domain variables. However, as this function has
periodical zeros there is no direct inverse of this function, i.e. no valid 1/G(u,v). The inverse

R(u,v) is then found in the energy domain so that it satisfies the following equation:
f f

³ ³ 1  R(u, v)G(u, v)

2

dudv

0.

(3.8)

 f f

A truncated series expansion function was found which approximates the above function
R(u,v) in the energy. This was discovered by the authors of [93] from their analysis on the
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real and imaginary parts of the field V(x,y) after the illuminated hologram. The illumination
using the exact duplication of the reference wave allows the formulation for the
reconstruction to be the same with that of recording which resulted in equation (3.7) above.
Instead of using the amplitude transmittance of the object [1-a(x,y)], that of the hologram is
used and with the assumption of linear characteristics of the recording material the field after
the illuminated hologram is then:

V x, y

[d  I ( x, y)]

h z ( x, y )

(3.9)

with d being a constant depending on the material. By replacing I(x,y) in equation (3.6) into
this equation and simplifying it using the properties of hz(x,y) (see the appendix of [93]), the
field V(x,y) can be represented as:

V x, y

d  a ( x, y )  [1  a( x, y )

(3.10)

h2 z ( x, y )] ,

with the last term being the hologram of the object at distance 2z away, another defocused
twin image. The real and imaginary parts of this field are respectively:

Re^V x, y ` d  1  a( x, y )  a( x, y )
Im^V x, y ` a( x, y )

and

Re^h2 z ( x, y )`

(3.11)

Im^h2 z ( x, y )`.

(3.12)

The third and last terms in equation (3.11) represent the desired object wave and the real part
of the twin image while the only term in equation (3.12) is the imaginary part of the twin
image. By denoting q 2

and

n 1

z

Im^h2 n z ( x, y )` and convoluting recursively:

( x, y )  a ( x, y )

p 2 n z ( x, y )

q 2 n 1 z ( x , y )

2 Im^h2 n z ( x, y )`

(3.13)

q 2 n z ( x, y )

q 2 n 1 z ( x , y )

2 Re^h2 n z ( x, y )`

(3.14)

with n = 1, 2, 3 …; each of functions p 2 z ( x, y ) will contain the object wavefront a(x,y) and
n

a twin image (hologram at distance 2 n 1 z from the object). Taking the average of the last
two terms in equation (3.11) (hereafter denoted as bz ( x, y ) ) and all functions p 2 z ( x, y ) , the
n

outcome will therefore contain the object wave term and a residual term:
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residual term

(3.15)

In the last term (residual term) of the above equation, the holograms at different distances
actually cancel each other and it has been proved by the authors of [93] that when M
approaches infinity, the convolution kernel of this term converges uniformly to zero leaving
the outcome as a pure object wavefront. This procedure is equivalent to the truncated inverse
filter mentioned earlier.

Figure 3.7 summarizes the above filtering operation by a block diagram with the input as
the hologram intensity and the output is the object wave plus the residual term. The
operation of this filter can be conveniently carried out in the Fourier transform domain as the
recursive convolutions are just simple multiplications. Figure 3.8 shows the operation of the
filter in the digital form which is exactly what the computational reconstruction does. The
intensity recorded on the CCD array is discretely Fourier transformed and then after passing
through the filter, it is inversely transformed to yield the desired output. These
transformations are done using fast Fourier transform (FFT) routines.

Figure 3.7: Reconstruction filter, after [93]
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Figure 3.8: Digital reconstruction filter in Fourier transform domain, after [93]
In Figure 3.8,  is a normalization factor which is defined as D

N

X2
with X being the
Oz

pixel size, N being the linear size of the NxN px2 array. These arise from the discrete version
of

the

convolution

kernel

h z (m, n)

ª S 2 2
º
X (m  n 2 )» .
exp « j
jO z
¬ Oz
¼
1

With

M=1,

the

reconstruction is similar to the conventional method. Usually M is chosen from 3 to 5 for
particle field reconstruction [93]. For this work, M = 3 has been chosen. This fact also
supports the use of this method for this work as the cancelation is very effective at even low
M values. The effect of this value on the results will be assessed in Chapter 4.

3.4.4 Calibration of Imaging System
Image calibration was done by placing on the reactor centerline a glass slide etched with
precise grids of 1 mm2. The whole imaging unit was adjusted to focus on the grids and the
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focal distance df was checked to be 100 mm at M = 3.996. The unit was then shifted 7 mm
backward from the centerline (Figure 3.6b) to record the calibration image. The recorded
hologram was reconstructed and these images are shown in Figure 3.9 (images are
1024x1024 px2). Image quality checks were performed over a range of ±5 mm around the
centerline in the direction normal to the image plane as this is the space that the droplets are
present during experiment. The factor M and the working distance were used as the input
for the reconstruction program. The calibration error found from this process is around
±0.15% of the known grid dimensions. This will be further analysed in the next chapter.

b)

a)

Figure 3.9: a) Grids hologram; b) Reconstruction image

3.4.5 Image Processing and Size Estimation
To improve image quality, a background image was recorded for each series of
measurement and subtracted from the recorded holograms in that series before processing.
This can be seen in Figure 3.11c to effectively eliminate the background noise, fixed
speckles and nonuniformities from optical components in the droplet reconstructed image
while still preserving the pattern for processing.

As the reconstructed droplet is characterized by an elongated shape in the depth direction
z as illustrated in [114], to estimate the droplet size, it is necessary to find the best focus
position in this direction of the droplet. There have been a number of studies which outline
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various methods to locate the focal plane of a particle such as the work in [16, 17, 95, 114].
The work of Choo and Kang [17] for example, proposed three parameters which are the
correlation coefficient, the sharpness index and the depth intensity to determine the focal
plane of a particle along the optical axis, while the work of Choi and Lee [16] studied
different autofocus functions quantifying the sharpness of reconstructed blood cell images.
In this work, finding the droplet focal plane can be done by searching for the position with
the lowest standard deviation of the droplet intensity field ( I) as done in Palero et al [95].
However with the use of a plane wave light source for record and reconstruction, and a
collimated configuration, it has been found that at such a position the droplet pattern also
has the largest area satisfying a threshold value as also found in [95]. Due to the low signal
to noise ratio, the largest area criterion is used as the standard deviation criterion is not
consistent in yielding a good result. These are illustrated in Figure 3.10 for some droplets
over 60 m in which there are greater fluctuations seen on some of the standard deviation
curves in the elongated region of these droplets. The nature of this area criterion is similar to
that of the last criterion used in [17].

Introduction of the variable density burner gases to the optical path introduces more noise
typified by an increase in the background noise of the image. In addition to the subtraction
from the hologram of a background image, other steps of improvement have been used.
Following reconstruction, the image is normalized by the most popular intensity in the
image. It is then further cleaned up by application of a digital median filter (with window
size of 3x3 px2) to effectively eliminate speckle noise while still preserving the droplet edge.
The area in the image corresponding to the droplet is then defined by use of another
threshold value. Droplet diameter is then determined from this area assuming it corresponds
to a droplet which is spherical in shape. The diameter therefore represents the average
diameter of the imaged droplet area.

Figure 3.11 is an example showing the sequential steps taken during the processing for a
68 μm diesel droplet when the burner is in operation. Figure 3.11a is the droplet hologram
before background subtraction (raw data obtained from the camera), while Figures 3.11b, c,
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d and e are the subtracted hologram, the reconstructed, the normalized and the filtered
images, respectively. These images are 200x200 px2 which are cropped down versions.
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Figure 3.10: Largest area vs standard deviation criteria. Different symbols in each criterion
represent different droplets
For the current magnification factor of M  4, the limit of droplet size at the lower end
chosen for data cutting off is around 10 μm as the uncertainty becomes larger for smaller
droplet. The error for this size limit will be given in the next chapter. This issue can certainly
be improved if a higher magnification factor is used, particularly if combined with a camera
with a larger CCD array than used here. However, in the current experiments one of the
limiting factors is the ability to locate the droplet as it moves along its trajectory, particularly
near the end when small upstream variations in the droplet trajectory have the potential to
shift the droplet out of the measurement zone if the magnification is set too high. The
additional requirement to image the droplet at high speed means for the camera used here a
reduced number of pixels available for image collection. For the 5 kHz frame rate chosen,
the 3.8x3.1 mm2 viewing area (Figure 3.6b) is reduced in the y-direction from 1024 px to
200 px to give 3.8x0.6 mm2, thus repeatability of the droplet trajectory over the typical 30
mm distance examined is of primary importance.
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b)

c)

d)

e)

Figure 3.11: a) Hologram (raw data); b) Subtracted hologram; c) Reconstructed; d)
Normalized and e) Filtered images of a 68 μm diesel droplet

3.5

Evaporation Rate Measurement

3.5.1 Residence Time Estimation
The aim of this work is to measure both the transient and average regression rates of fuel
droplets undergoing evaporation. To calculate these rates, not only the droplet size needs to
be measured but also its residence time. For transient measurements, the evaporation rate is
measured only in a single viewing area hereafter called a measurement zone. The droplet
residence time in this case is calculated relative to the time it first appears in the
measurement zone. As mentioned, in order to obtain a sufficiently high temporal resolution a
frame rate of 5 kHz was used which yields for this camera a reduced imaging region (ROI)
on the CCD array of 1280x200 px2, equivalent to a measurement zone of (x,y)=3.8x0.6 mm2
in the image plane. Droplet residence time can be obtained from this frame rate which will
therefore be a multiple of 0.2 ms which is the time interval between consecutive realisations.

In the average evaporation rate measurement, droplet residence time at a particular
position in the reactor is the time taken for the droplet to travel from the reactor entrance
(injector tube exit) down to that position. In this system, droplets travel down almost
vertically in the x-direction (Figure 3.6b) and the measurement is done by overlapping a
number of measurement zones along the droplet trajectory. Assuming that the droplet
velocity in the x-direction, Vx, as a function of vertical position is known, the residence time
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dx . If the instantaneous velocity between adjacent

realisations can be measured for all these measurement zones then this velocity Vx can be
found by least-square fitting a function on the velocity-position (u-x) data sequentially
obtained from all zones which is a series of u-x matrices. Here, u is the instantaneous
velocity in the x-direction which can be measured using DPIV while x is the droplet vertical
position taking the injector tube exit as a fixed reference point. This absolute position x of a
droplet that appears in a zone can be calculated by locating the 2D centroid (xo) of its image
first realized in that zone accounting for the zone height and shift between previous zones
and then as a subsequent realisation, it follows the recursive formulation xn = xn-1 + u.t in
which t is the time interval between frames (realisations) of the camera which is 0.2 ms at
5 kHz frame rate.

Bear in mind that each droplet image or realisation mentioned is the image of the droplet
reconstructed at a respective focused position in the z-direction and that data obtained from
different zones along the trajectory is from different droplets. Strict requirements to validate
this method are that the droplets move in almost the same trajectory during experiment and
that the size of droplets before entering the vessel is repeatable. Due to the former
requirement, the study of the effects of Reynolds number on the droplet evaporation is
virtually impossible and that experiment is done at very low Reynolds number to ensure
successful tracking of the droplet as the viewing area of the camera is very narrow (only 0.6
mm) due to high magnification used.

To locate the centroid xo of a droplet, a 2D Gaussian function fit to the droplet image
could be done and then the centroid (droplet position) would be the location of the function
peak. However due to the low signal-to-noise ratio, this method cannot be used. An example
of the intensity profiles of a droplet along the lines passing through the middle of the droplet
image in the x and y-directions is shown in Figure 3.12a (top and bottom) while its 2D
intensity map is shown in Figure 3.12b. As a result, a more general method is chosen which
is derived from the 2D standard definition of the centroid in a discrete form
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(¦ RdI ) /(¦ dI ) in which A represents the area of the droplet, R is the distance of the
A

A

element from the origin and dI the intensity of that element (pixel).

a)

b)

Figure 3.12: An example of intensity profiles of a droplet a) along the lines passing through
the droplet image mid body in x and y-directions; b) on the 2D image

3.5.2 Basic DPIV Mathematics
Conventionally, DPIV is used for measuring the velocity field of a gas or liquid flow which
is seeded with a multitude of minute particles. As a very typical example, such an analysis
on a pair of single exposed images, which is divided into interrogation windows (IW) of
particles when they are illuminated by a thin laser sheet, is done by the cross correlation
digital particle image velocimetry technique as described in [1, 118, 119, 139]. The general
mathematical background is based on the Correlation and Shifting Theorem. In this work, to
measure the droplet instantaneous velocity, DPIV is applied to an image pair of two
consecutive reconstructed images from the continuous record of the droplet as it moves
through the measurement zone. The presence of only one droplet in each image renders this
a point measurement rather than a field measurement. Thus only one IW consisting of the
entire image is used. The general mathematics will simplify to the followings.

METHODOLOGY

46

Assume the droplet as a particle and suppose that the intensity fields, with the origin of
the coordinate system set at the IW center, of the two images are denoted by

I1 (x, y) I (x  x1 , y  y1 ) and I 2 (x, y) I (x  (x1  'x), y  ( y1  'y)) at time t1 and t2 where (x1,y1)
are the coordinates of the particle at t1; x and y are the distances in x and y-directions that
the particle has moved during time interval t (t2-t1). The cross-correlation function between
two fields will be:

S12 (K , [ )

³



I1 ( x, y) I 2 ( x  K , y  [ )dxdy .

(3.16)

From the Correlation Theorem, the cross-spectrum is

G12 ( f x , f y )

F[S12 (K, [ )] F[ I1 ( x, y)]F[ I 2 ( x, y)] ,

(3.17)

with F denoting Fourier transform operation; fx and fy being the variables in the transform
domain with the origin also located at the images’ center. The symbol * denotes the complex
conjugate of a function. The cross-correlation function S12 is related to G12 through the
inverse transform. Using the Shift Theorem, equation (3.17) can be written as:

G12 ( f x , f y ) {F[I (x, y)]uexp[ j2S ( f x x1  f y y1 )]}{F[I (x, y)] uexp[j2S ( f x (x1  'x)  f y ( y1  'y))]},
(3.18)
and then shortened down as:

G12 ( f x , f y ) F[I (x, y)]F[I (x, y)] exp[j2S ( f x 'x  f y 'y)].

(3.19)

The product F[I (x, y)]F[I (x, y)] in equation (3.19) is the auto-spectrum of the particle
image with itself. This equation clearly indicates that the contribution to the cross-spectrum
function is due purely to the displacement of the particle. There is certainly no uncorrelated
noise term typically present in the general case amongst different particles in two images.
While this should be obvious, it is intrinsically what happens mathematically when DPIV is
used as a tool for analyzing images containing only one particle which is a droplet in this
work. If we define a function S (K , [ ) as the auto-correlation function of the particle image
with itself, again with the Shift Theorem the cross-correlation function finally becomes

S12 (K , [ )

F 1[G12 ( f x , f y )] S (K  'x, [  'y) ,

(3.20)
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which shows that the peak of the auto-correlation is shifted to a position corresponding to
the displacement of the particle. With a known image magnification and the time separation
between the two images, the particle velocity can then be calculated. As the analysis is done
for the entire image as a single IW and with the presence of only one particle, a few
problems often faced in conventional flow PIV analysis are not present such as the velocity
gradient effects on PIV result (e.g. in [118]). However, note that the above formulation is
made for a particle with an assumption that its image intensity is unchanged except for the
only change in the coordinates. For reconstructed droplet images, this is not true anymore
and the cross-correlation analysis is affected by the quality of the reconstruction from
MDIH. This will be discussed in the next chapter on the analysis of measurement
uncertainty.

The PIV analysis applied on digital images is done in discretized form. Suppose that the
rectangular images are pixel arrays of size MxN px2 and the intensity fields of two images
are respectively I1(i,j) and I2(i,j) with 0  i  M-1 and 0  j  N-1. The cross-correlation
between these images is then:

S ('x, 'y)

M 1 N 1

¦¦ I (i, j)I
1

2

(i  'x, j  'y) ,

(3.21)

i 0 j 0

in which 0  x  M-1 and 0  y  N-1. In this work, a function in normalized form is
used which always gives values less than unity:
M 1 N 1

¦¦ I (i, j)I
1

U ('x, 'y)

2

(i  'x, j  'y)

i 0 j 0

M 1 N 1

M 1 N 1

[ ¦¦ I (i, j )] [ ¦¦ I (i, j )]
i 0 j 0

2
1
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2
2

,

(3.22)

0.5

i 0 j 0

0  (x,y)  1. The location of the peak of this function will give the displacement of the
droplet. This function is calculated using the Convolution Theorem and Fourier transform as
described earlier but in discrete form. Fast Fourier transform algorithm is used in the
program. This function can also be computed directly but the time required for computation
is substantially longer.
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3.5.3 DPIV Application
Image recordings of the droplets are taken by the high speed MotionPro X3 camera which is
capable of a maximum frame rate of 65 kHz. However, the higher the rate it is operated at,
the narrower the ROI. A frame rate of 5 kHz was chosen as it is a good compromise between
appropriate setting for PIV measurement and the viewing area. For the experimental
conditions in this work, droplets range from 5 to nearly 30 px in diameter and move about 6
to nearly 30 px between consecutive realisations. The droplet holograms with initial size of
1280x200 px2, after going through the reconstruction process, are expanded to become
1280x1280 px2 which is appropriate for the application of the Fast Fourier Transform
algorithm [32].

After each pair of reconstructed images in the time series is cross-correlated using the
mentioned algorithm, the peak value of the cross-correlation is searched for in the image and
then a two dimensional Gaussian function model is least square fitted to the local area
surrounding this peak. This step helps to locate more correctly the position of the maximum
of the cross-correlation function. As this peak location is sub-pixel accurate, good results of
displacements between droplet images are therefore obtained. The velocity is then calculated
by dividing this displacement by the time interval of 0.2 ms between frames with the
magnification factor M = 3.996 being also accounted for. Figure 3.13 shows an example of
the DPIV cross-correlation analysed on two reconstructed droplet images at time t1 and t2.
Note that these images are cropped down from 1280x1280 px2 to 512x200 px2 to display
here.

The use of DPIV in this work is not only to measure the droplet velocity but also as a
means to check the repeatability of the droplet trajectory. A consequence of the use of
MDIH to construct the DPIV image pairs is that as well as detecting movement in the (x,y)
image plane, out of plane movement of the droplet can also be detected. This process
requires locating where the focal plane of the droplet has shifted to along the z-axis. As has
been shown in Figure 3.10 and will be further discussed in Chapter 4, use of in-line
holography renders detection of this movement difficult due to degree of elongation of the
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droplet in the z-direction for the set up used here. As such only the in-plane motion of the
droplet is used to construct the droplet trajectory.
a) Droplet reconstructed at t1

b) Droplet reconstructed at t2



c) DPIV analysis
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y=-0.0717048px

Figure 3.13: Cross-correlation between two consecutive reconstructed droplet images: a)
Droplet image at t1; b) Droplet image at t2; and c) DPIV cross-correlation analysis
Figure 3.14 shows a series of reconstructed images of an evaporating droplet when
passing through a measurement zone located near the end of the droplet trajectory. The
actual number of consecutive images possible for each setting depends on the speed of the
droplet for a particular frame rate. In Figure 3.14, although only 16 are shown, 64 individual
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images record the droplet as it moves along the 3.8 mm length in the measurement zone xdirection. Sixty three individual velocity measurements are possible from this series
of images which are recorded at a framing rate of 5 kHz. Evaporation is clearly evident in
these images which show the droplet size reducing. In this figure, the droplet enters the
measurement zone with diameter of 54 μm and velocity of 0.37 m/s and exits in the last
frame with a diameter of 25 μm and velocity of 0.19 m/s.

Figure 3.14: Instantaneous time series of a single droplet passing through a measurement
zone near the end of its lifetime. Every 4th image is shown
Capturing the entire droplet trajectory, which might be over 30 mm in length, requires
overlapping successive measurement zone velocity measurements. Zone overlap used is 0.3
mm in the x-direction resulting in a 3.5 mm displacement of each successive measurement
zone. Figure 3.15 shows the result of one such measurement in which ten 3.8x0.6 mm2
measurement zones consisting of around 400 individual droplet measurements per zone are
combined to yield the entire droplet trajectory. As mentioned in previous section, the crosscorrelation depends on the reconstruction quality which has been found to cause a failure
percentage of about 20% of the data points. For those failure points, a method used is to use
values of a function which is least-square fitted to the neighboring data points. In Figure
3.15, two components presented are u and v which are the velocity in x and y directions,
respectively. Combining these zones in the x-direction typically requires a small amount of
shift around the centerline of the reactor in the y-direction to account for drift as a result of a
small horizontal v-velocity component. The shift used is typically less than the width of the
measurement zone over the length of the trajectory. Some evidence of this horizontal
movement can also be seen in the instantaneous images of Figure 3.14.
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The very good repeatability of the droplet trajectory is evident in this figure with little
evidence of miss alignment from the measurement zone overlap. The horizontal v-velocity is
almost zero along the trajectory the distribution of which has a mean of 0.0024 m/s and
standard deviation of 0.007 m/s. With such a small velocity in the y-direction along the
whole trajectory, all droplets are expected to experience the same heating load.
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Figure 3.15: Measurement of the u and v-velocity components of a series of evaporating
droplets. The measurement domain is made up of 10 overlapped measurement zones. Each
point corresponds to an individual droplet measurement
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Chapter 4
4 Uncertainty Analysis

4.1

Introduction

There are many factors that may affect the accuracy of the results. For the MDIH
measurement, examples are the repeatability of the droplet generator, the effect of the
difference in the refractive indices between the carrier and burner gases, the criterion used to
determine the focal plane position. For DPIV analysis, the result is affected by the quality of
the MDIH reconstruction (the noise) which influences the cross-correlation, the accuracy of
the timing or clock speed of the computer which controls the camera. The calculation of the
evaporation rate is influenced by the scattering in the measurements. All these will be
assessed and discussed in this chapter.

4.2

MDIH Measurement Uncertainty

4.2.1 Uncertainty from Droplet Generator and Random Noise
A number of tests were undertaken to check the effect of the repeatability of the droplet
generator. In fact, the random noise effect is also included in this check as it is inherently
present in all recordings and cannot be separated such as the thermal noise coming from the
CCD sensor of the camera. These tests were done with the burner off and hence no
evaporation was deemed to occur. Tests undertaken included the effect of drift, transient
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operation and sensitivity to the generator input parameters including the supplied voltage,
the pulse width and the oscillating frequency. From the distributions of droplet diameters
(each established from nearly 1000 measurement samples) measured with N2 as carrier gas
at the speed of 0.2 m/s, the largest variation resulted in a statistical uncertainty in the droplet
diameter of ±4% at 95% confidence for a mean droplet diameter of approximately 62 μm
which is shown in Figure 4.1.

Diameter (μm)

Figure 4.1: Droplet size distributions for droplets of approximately 62 μm with burner off

4.2.2 Uncertainty from Optics Imperfections
Even though the image has been improved, there are still areas where the hologram is
affected by the noise from imperfections in the optics when the droplets pass through. These
imperfections are to some extent dust from lenses, mirrors and reactor’s walls but more
severely the impurities inside these Quartz walls such as the air bubbles. This noise expands
the measurement distribution which has much larger standard deviation. For most of the
cases in this system the uncertainty due to this type of noise is ±7%.

To check the sensitivity of the result on the hologram noise, a model of normally
distributed (Gaussian) random numbers with zero mean but varying standard deviation is
added to the hologram. This noise model is chosen because it is naturally present in many
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systems. It is based on the Box-Muller transformation [10] of uniform random numbers
which have an equidistribution property [77]. The uniform numbers are pseudo-randomly
generated using the method of [83], the process of which is initialized with a seed derived
from the system’s current time in milliseconds to give a different sequence of random
numbers for each run. Figure 4.2 shows an example of the effect of Gaussian noise with
distribution standard deviation  of 5, 10, 15 and 20 (5, 10, 15 and 20) on 60
measurement samples. Note that 0 means no noise is added and that these sigma values are
the grey values (the hologram is an image of 8bit giving a pixel value range of 0-255). The
larger the sigma is the more fluctuation in the droplet sizes calculated. The sample standard
deviation increases originally from 1.09 to 1.11, 1.49, 1.78 and 2.08 μm for 5, 10, 15
and 20 respectively while the sample mean reduces from 61.58 to 61.52, 61.01, 60.48 and
60.17 μm. This artificial noise test indicates the noise from the existing imperfections to be a
great source of error which suggests that a system with better quality reactor’s walls would
clearly improve the result.
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Figure 4.2: Effect of Gaussian noise with different sigma on MDIH results

4.2.3 Uncertainty from Refractive Index Difference between Gases
When the burner is in operation, the combustion gas represents a field with a refractive
index which could be far different from that of the N2 carrier gas. To study this effect,
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Helium was used to simulate the low density combustion gases. Figure 4.3 shows the
distributions of droplet sizes with use of N2 as both droplet carrier and burner gases (Figure
4.3a), and use of Helium as carrier gas with N2 as burner gas (Figure 4.3b). For these cases,
the speeds of carrier gas and the burner gas are adjusted to be about 0.2 m/s and 0.05 m/s
respectively. Each distribution represents more than 1000 measurement samples. The mean
and standard deviation of the distributions are 62 μm and 1.43 μm for the N2 gas
combination, and 60.46 μm and 1.21 μm for the He/N2 combination. Although the
difference of around 1.5 μm between the means of these distributions is significant at the
95% confidence level, it lies within the range of uncertainty found for the droplet generator
repeatability.
b)

a)

Diameter (μm)

Diameter (μm)

Figure 4.3: PDF distributions of droplet diameters with
a) N2 as carrier gas and main gas and b) Helium as carrier gas and N2 as main gas

4.2.4 Uncertainty from Criterion Used to Determine the Focal Plane
As mentioned, the criterion used to find the focal plane of the droplet is to find the axial
position in the z-direction which has the largest area falling below an intensity threshold
value. Figure 4.4 presents a typical variation in droplet diameter calculated from the
measured area for each position which satisfies this criterion. Droplets are characterized by
elongated shapes in the optical path which measure approximately 900 μm or 15 times the
droplet diameter. Even though improved by use of magnified DIH, it is clear that lack in
sensitivity in droplet location along the z-axis brought on by this elongation means that the z-
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component of velocity cannot be accurately determined. Other optical arrangements such as
that used in Sheng et al. [113, 114] give far greater sensitivity but cannot be used here in this
system.

As this work focuses on determining the droplet size with acceptable uncertainty rather
than determining the exact location of the focal plane, the axial resolution chosen is 50 μm
in the z-direction which is a good compromise between the processing time and the droplet
sizing aim. As illustrated in Figure 4.4, there are peaks in the profiles around the central part
marked as the Focal Interval. The variation in the droplet size in this interval is small with
the maximum RMS (root-mean-square) of 1.5 μm.

Droplet Diameter (μm).

65
60
55
Focal Interval

50
900μm

45
40
5.5

6.0

6.5

7.0

Depth Position (mm)
Figure 4.4: A typical variation in the z-direction of droplet diameter which falls below a set
intensity threshold value

4.2.5 Uncertainty in Droplet Size Calculation
As in the literature, to study their behavior droplets are assumed to be spherical even though
this would certainly contribute error to droplet size estimation. As the droplet size is
calculated from the area that falls below an intensity threshold value, it is affected by this
value itself. This proposes a need to study the sensitivity of droplet size on this threshold
value. Figure 4.5 shows the distribution mean and standard deviation of 60 measurement
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samples as functions of the threshold value. The threshold values studied span the gradient
field surrounding the droplet with a minimum intensity value of 160 and maximum of 200
on the 8-bit images. It can be seen from the standard deviation curve that the effect of the
noise is larger with smaller threshold. With the average threshold of choice of 180, the
uncertainty at the 95% confidence level found from the distribution of errors is ±3.6 μm or
±5.8% relatively. As mentioned earlier about the measurement limit at the lower end of
around 10 m, investigation for this size indicates that the error is nearly ±3.8 μm which

64

3.5

63

3.0

62

2.5

61
2.0
60
1.5
59
58
57
56
160

170

Mean Droplet Diameter

1.0

Sample Standard Deviation

0.5

180

190

Standard Deviation (μm)

Diameter (μm) .

means a relatively large uncertainty of ±38%.

0.0
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Figure 4.5: Calculated size and standard deviation as functions of individual threshold
values which spand the gradient field surrounding the droplet

4.2.6 Uncertainty in Reference Source
In the earlier discussion on the collimation setup, it was assumed that the reconstruction
wave is a plane wave coming from a point source in infinity. The reconstruction using a
plane wave exactly the same as a reference wave will re-create the object image in the same
position with the same size. However, in practice the reference wave is not a plane wave but
rather a wave diverging or converging from or to a point and so, the use of a plane wave for
reconstruction will create an object image at different position and size. By denoting the
distances from the hologram recording plane (in this setup it is the focus plane of the optics
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system) of the object, reference wave point source and reconstruction wave point source as
zo, zr and zc, respectively, the virtual image is reconstructed at zi with a transverse
magnification Mt which can be calculated via the following relationships [19]:
zi

§ 1
1
1·
¨¨ 
 ¸¸
© zc zo zr ¹

1

(4.1)

1

and
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§
z
z ·
¨¨1  o  o ¸¸ .
zc zr ¹
©

(4.2)

To check the uncertainty coming from the reference source, the grid image is used. This
check is the extension of the calibration process described in section 3.4.4. The grid image is
placed at the furthest point (where the droplets could be present) of zo = -12 mm from the
focus plane, with a plane reconstruction wave (zc = -) the image is found to be located at
about -12.05 mm with Mt  1.0015 and from the above equations the reference wave is
diverging from -8012 mm and the reconstructed image position is calculated to be at a very
close value zi = 12.018 mm. At a closest point of zo = -2 mm, the error is even smaller to be
0.025% (Mt  1.00025) and the calculated image position is -2.0004 mm.
Even though the error from this set up is negligible compared to other errors, as the grid
slide is extremely thin, the elongation effect is much smaller than that of droplet
measurements and the reconstructed image is much better located.

4.2.7 Uncertainty due to the Selection of M
As described in section 3.4.3, the selection of M in the digital reconstruction filter may affect
the MDIH result. To study this effect, M values of 1, 2, 3, 4, 5, 6 and 7 are tested and a
typical result of a diesel droplet measurement is shown in Figure 4.6 for droplet diameter
roughly of 85 m. These are again images of 200x200 px2. It can be seen that the filter
quickly converges once M = 3. For M = 1, which is equivalent to the conventional
reconstruction case, the out-of-focus twin image effect is obvious.
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Figure 4.6: Reconstruction of 85 m diesel droplet at different M values of the filter
Figure 4.7 presents the droplet size variation with M values for three droplet examples.
The diamond symbols in this figure represent the droplet shown in Figure 4.6. For M = 3-6,
the droplet size is almost the same with very small variations of less than 1.5 m. For M = 7,
the sizes are seen to reduce and according to [93], for higher M values the degradation
occurs to the image. As mentioned, M = 3 is chosen in this work as it is enough for
convergence.
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Figure 4.7: Variation of droplet diameter with respect to M. Different symbols represent
different droplets.

4.3

DPIV Measurement Uncertainty

4.3.1 Uncertainty from Displacement and Camera Timing
As the instantaneous velocity is calculated from the displacement and time interval between
two cross-correlated images, the accuracy of DPIV results depends on how accurately the
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DPIV algorithm locates the position of the maximum cross-correlation coefficient and the
timing accuracy of the camera. Since only the u component is used for the residence time
calculation, the assessment of uncertainty in u is important. Uncertainty can be calculated as
[126]:

Bu

wu
wu
Bt
Bx 
wt
wx

1
'x
B x  2 Bt
't
't

(4.3)

in which, x and t are respectively the calculated distance and time interval between two
images while Bx and Bt are respectively the uncertainty in displacement and time interval.
Since the clock speed of the camera is 90 MHz, the timing uncertainty, Bt, is 0.9 s. With
time interval t of 0.2 ms and the theoretical sub-pixel accuracy of DPIV of about 1/20th of
a pixel, the uncertainty in the velocity result Bu can be seen as a function of x.
Theoretically, the maximum uncertainty reaches approximately 0.75x10-3 m/s when x
approaches zero which, however, is not the case even at the end of the trajectory where
droplets tend towards a minimum velocity, Figure 3.15.

4.3.2 Uncertainty from MDIH Reconstruction Position
DPIV results may also be affected by the reconstructed position of the droplet in the depth
direction along the z-axis. Variation in this direction corresponds to correlating images with
different droplet cross-sectional area as shown in Figure 4.4. To analyse this effect, pairs of
reconstructed images of a droplet at different depth positions were cross-correlated and the
error was found to be negligible of 0.3%.

4.3.3 Uncertainty from Image Noise
The PIV result is also affected by the quality of the reconstruction as mentioned in section
3.5.2 and this is termed a noise effect. To investigate this, the droplet reconstructed images
are added with Gaussian random noise as has been applied in section 4.2.2. Figure 4.8 shows
the effect of different sigma values of the noise distribution on the cross-correlation
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coefficient and the displacement in the x-direction. While the displacement is not varying
much of less than 0.5 m (relative error of less than 1%) within sigma values tested, the
cross-correlation coefficient is very sensitive to the noise and reduced from 0.96 at 0 to
0.12 at 20. From this test, it can be seen that the quality of the reconstruction image is a
very important factor in DPIV analysis, the cross-correlation would fail if more noise is
added which explains the failure of about 20% of the data points as mentioned in section
3.5.3. For pairs of images that the cross-correlation works, the errors in velocity results are
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Figure 4.8: Effect of Gaussian noise with different sigma on cross-correlation results

4.4

Uncertainty in Calculating the Evaporation Rate

As there are two types of measurement used in this work including average and
instantaneous measurements, the uncertainty in evaporation rate calculation is different for
each type. The estimation of the error is based directly on the plots showing the variation of
squared diameter against residence time and in the following sub-sections such typical
estimations will be presented.
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4.4.1 Uncertainty in Average Measurement
For a time interval t = (t2-t1), the average evaporation rate is calculated from the ratio
D2/t = (D12-D22)/(t2-t1). By treating D1 and D2 as separate variables the uncertainty in Kv
can be estimated as
U K2 v

1
P'2D 2
2
't

1
PD22  PD22
2
1
2
't

(4.4)

in which the uncertainty in residence time is deemed negligible as reflected in the negligible
uncertainty in DPIV results. PD 2 and PD 2 are uncertainty in D12 and D22. For multiple tests,
1

2

the above equation can be finalized as [123] (at 95% confidence level)

U Kv

2
't

RMS D2 2  RMS D2 2
1

(4.5)

2

Nt

with RMS D 2 and RMS D 2 being root-mean-squares of D12 and D22 and Nt the number of
1

2

repeated tests. It is clear from this derivation that the longer the time interval used for
estimating the evaporation rate, the lower the uncertainty is. Figure 4.9 shows an example of
the variation of squared diameter against the residence time during steady evaporation of
dodecane for ten droplets (Nt = 10). For this period, RMS D 2 and RMS D 2 are 0.00017 and
1

2

0.000056 mm2 respectively with t being 0.0205 s. U K v is 0.0055 mm2/s or about 2.5% of
the average Kv of 0.218 mm2/s found from least square linear fit (see figure).
Another type of average rate calculation used for more detailed analysis is the division of
the whole evaporation process (including unsteady evaporation) into consecutive data blocks
(each block is equivalent to a measurement zone) and as shown in Figure 4.10 for 5 zones of
dodecane droplets, the relative error is estimated to be 21.8% as the largest for the early
stage and 4% as the smallest for the final stage.
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Figure 4.9: Example of average evaporation rate found for the steady evaporation period of
dodecane droplet
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Figure 4.10: Average evaporation rates of 5 consecutive data blocks with error bars. Each
block is equivalent to a measurement zone
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4.4.2 Uncertainty in Instantaneous Measurement
For instantaneous set up which enables more detailed investigation of the effect of initial
diameter on the droplet evaporation (shown later in Chapter 5), the rate Kv is measured for a
particular zone (the viewing area of the camera at a certain position) and the time interval is
about as short as one of the above blocks. Following the same calculation, the maximum
relative error is estimated to be about 22% of the “instantaneous” rate of the zone at the
injector tube exit. Even though this is a large uncertainty as found for previously mentioned
data blocks in the early stage of evaporation, the repeatability of these Kv results has been
consistently found.
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Chapter 5
5 Experimental Results

5.1

Introduction

Velocity measurement plays a vital role in this work. It is used not only for residence time
calculation but also as the input for the droplet evaporation model which is the topic of the
next chapter. Based on a typical DPIV result, this chapter discusses the overall dynamics of
the droplets. Thereafter, measurement results on the evaporation of small droplets of
dodecane, decane and nonane will be detailed followed by that of automotive light diesel as
a multi-component fuel for comparison. This chapter will start with some description of the
experimental conditions and fuels.

5.2

Experimental Conditions and Fuels

As mentioned, the aim to study droplets with sizes less than 90 m has led to selection of the
oscillating piezo-electric nozzle. A nozzle with a diameter of 80 m is used for this work.
Smaller nozzles are also available, however different tests performed for all these nozzles on
fuels of investigation as well as other widely used alkanes indicated the problems of very
high delicacy and strong sensitivity to liquid properties (similar problems have also been
encountered in other work [35, 140]). While smaller nozzles are highly unstable in those
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tests, the 80 m nozzle is much better but its operable range is still limited. Nonane, decane
and dodecane chosen for this work are those giving the best performance (heptane, octane,
undecane and tridecane were attemped but they did not work or worked very unstably).
Light diesel, which also gives stable performance, is also used in this work to compare
between pure and multicomponent liquids. To have droplets with different sizes the input
signal to the nozzle can be adjusted by varying the voltage, frequency and pulse width.
However the liquid properties dramatically limit the possible droplet size range.

For this system, attempts have also been made to study not only evaporation but also
combustion by setting the oxygen content to as high as 24% in the post combustion gas.
However, droplet combustion cannot be obtained which is deemed not favored by the
conditions used. It has been known that besides the dependence on the surrounding gas
temperature and oxidizer content, ignition also depends on the fuel vapor concentration and
kinetic effects [71, 111, 112]. Similar observations have been noted in another entrained
flow reactor setup [35]. Only investigation of evaporation is therefore possible.
Nevertheless, it has been suggested (e.g. [86]) that the study of droplet evaporation is more
relevant than combustion. In practical spray combustion devices, droplet evaporation is the
dominant process starting soon after fuel injection and atomization. Combustion occurs later
to the mixture of fuel vapor from the spray and the air rather than individual combustion
flames surrounding individual droplets. Furthermore, droplet combustion is actually the
droplet evaporation in very hot environment as the flame, acting as the heat source, is very
close to the droplet [71].

The evaporation of a droplet, as shown in the literature, depends on a number of factors
including initial droplet diameter and temperature, surrounding gas temperature and
pressure, droplet Reynolds number, liquid properties, array effect (droplet interaction
reviewed in Chapter 2), etc. Due to the great difficulty mentioned earlier in obtaining
repeatable data, only the effects of ambient temperature and initial diameter on the droplet
evaporation are studied. To study the effect of ambient temperature, two heating conditions
have been established as shown in Figure 3.4. An assumption used here is that each symbol
(measured point) on these curves represents the average temperature of the gas surrounding
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the droplet at that position even though there exist temperature gradients between each
position. These temperature gradients differentiate the conditions in this work from those of
a large number of studies that used a constant temperature field. Together with the variation
in droplet velocity during its lifetime, the whole process is therefore supposed to be
transient. For analysis of the results, knowledge of temperatures at positions between the
measured points is obtained by least square fitting an 8th degree polynomial to those sampled
temperatures along the reactor centerline. As mentioned previously, droplet initial diameter
can be varied by altering the signal sent to the nozzle. However due to the strong sensitivity
to the fuel properties, for each fuel the stable operation can only be obtained in a very
narrow range of sizes and so the initial diameter effect could not be systematically studied.

Table 5.1 summarizes the experiments done in this work. Although a huge amount of
effort has been spent for experimentation, with mentioned difficulties only series listed in
the table have been obtained. Each series here represents roughly about 4000 individual
droplet measurements. The numbers listed in the table are the means of the distributions
checked prior to each series of experiment.
Table 5.1: Summary of experiments

Droplet diameter (m)
Heating condition
(see Figure 3.4)

Dodecane
(C12H26)

Decane
(C10H22)

Nonane
(C9H20)

Diesel

75

74

84

85

TH

65

52

63.5

76

TL

76.5

45.5

X

X

The thermophysical properties of the fuels used for this investigation are listed in Tables
5.2 and 5.3. For nonane, decane and dodecane, the data are taken from the API technical
data book [127]. For diesel, it is however impossible to get a similar set of data as it is a
complex fuel. Some properties take average values, for example the boiling point takes the
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average value of the range given in the MSDS. The properties listed are just indicative
which are treated in this work as properties of a single representative liquid for approximate
calculations. While dodecane has been used in some studies to approximate standard light
diesel, it can be seen here that indicative data of diesel such as the density, viscosity and
boiling point are much higher than those of the three alkanes. In fact, whereas n-nonane and
n-decane are amongst the heaviest hydrocarbons present in gasoline, n-decane and ndodecane belong to the lightest group in diesel. N-dodecane is also present in kerosene.

Table 5.2: Basic properties of liquid dodecane, decane, nonane and light diesel
Molecular
weight
(g/mol)

Density
@15.55oC
(mg/ml)

Boiling
Point
(oC)

Critical
Temperature
(oC)

Critical
Pressure
(MPa)

167

850a

265m

296.25i

2.46i

Dodecane

170.34

751.69

216.32

384.85

1.82

Decane

142.29

733.48

174.16

344.55

2.11

Nonane

128.26

721.38

150.55

321.45

2.29

Fuel Type
Diesel

a

Approximate value

m

Middle of the range

i

Indicative value

Table 5.3: Thermophysical properties of liquid dodecane, decane, nonane and light diesel
Heat of
Vaporisation
(kJ/kg)

Surf. Tens.
@ 25oC
(dynes/cm)

Viscosity
@ 38oC
(cSt)

Thermal
Conductivity
(W/mK)

Heat Cap.
@15.55oC
(kJ/kgK)

Acentric
Factor

270

29.30a

3.0a

0.13831i

1.9i

N/A

Dodecane

260.84b

24.93

1.5452

0.09093b

1.212

0.5764

Decane

278.33b

23.39

1.0154

0.09458b

1.214

0.4923

Nonane

290.96b

22.40

0.8078

0.09716b

1.212

0.4435

Fuel Type
Diesel

a

Approximate value

i

Indicative value

b

At normal boiling point
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Droplet Dynamics Overview

When a pulse of signal is sent to the piezo-electric nozzle, the vibration generates a pressure
wave and the droplet is ejected at the speed of 2 m/s [133]. The droplet then follows the
carrier gas through the injector tube to enter the reactor. For both temperature settings, the
carrier gas is supplied at the speed of 0.12 m/s and as such the droplet is expected to slow
down. When moving in the reactor the droplet experiences more complicated condition of
flow mixing between carrier and burner gases. For high and low settings respectively, the
burner gas speeds are set to be 0.25 m/s and 0.175 m/s and from Figure 3.4, it can be seen
that the mixing regions occupy up to around 25 mm of the trajectory for both settings. The
gas speeds mentioned are indicative values calculated based on the gas flow rates and the
cross sectional areas of the injection tube and the burner plate (not measured values), and
that thermal expansion has already been accounted for in burner gas calculations.

A typical result of PIV measurement of a diesel droplet for the TH condition was shown
much earlier in Figure 3.15 (Chapter 3). For the TL condition and all other fuels the
variations in velocity (u-component) have similar trends. Analysis of this representative
figure will therefore suffice for depicting the overall droplet dynamics in the vessel. At
different positions along the centre line, the gas speeds are different due to the mixing effect
between two gases and the thermal expansion. Several observations can be made of the data
in this figure. Acting on the droplet is a combination of weight, inertial, buoyancy and drag
forces. As they enter the reactor, the droplets undergo acceleration from the initial lower
speed with a continual rise in velocity to a peak. This can be a result of the effects of gas
mixing and further expansion of the cooler carrier gas of higher density when receiving heat
from the burner gas. After this acceleration period the temperature is high but evaporation of
the droplet reduces both size and weight so the velocity falls. For the conditions used,
droplet Reynolds number is generally small (shown in the next chapter) and although gas
speeds are not measured, the relative velocity (slip) between the droplet and the gas is
expected to reduce past the peak velocity. For these setups, the Reynolds numbers of the gas
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using the reactor’s width as the characteristic dimension fall in between 200-250. More
discussions on droplet dynamics will appear in later analysis of the data.

5.4

Evaporation Rates of Fuels

5.4.1 Measurement of the Average Evaporation Rate
In these measurements, the exit of the injector tube is placed level with the exit plane of the
burner. The amount of overlapping zones needed for the measurement of each series
depends on the temperature setting, experimental fuel and initial droplet size. As the size
limit chosen for the lower end is 10 m, the trajectory of the droplets is traced until the
droplets are roughly as small as this size. An example shown previously in Chapter 3 for 85
m diesel droplets in the high temperature setting requires 10 zones with around 4000
individual droplet measurements. Since the data in the proximity beneath the burner plate is
badly affected by the flame (very noisy) all the results shown later will start from 3 mm
downward from the injector tube exit.

As the first illustration of the temperature effect on the evaporation, measurement of
dodecane droplets for two temperature settings are shown in Figure 5.1 with diameter
variation against x-position along the centre line. In this figure, the droplet initial diameters
are 75 and 76.5 m for high and low temperature settings respectively. For convenience, the
temperature profiles of the surrounding gas and the boiling point of dodecane are also
shown. Although there is a slight difference between the initial sizes for the two settings
(roughly 5% relative difference in volume), these two series can still be directly compared
with each other.

In both series the droplets are seen to undergo a preheating stage during which expansion
occurs to some degree. The obvious preheating region spans until nearly 11 mm and 14 mm
for the TH and TL respectively which are close to where the gas temperatures exceed the
boiling point of this fuel. After this region, droplets begin to reduce in size and for the TH the
evaporation happens quicker with size reduced to about 10 m at approximately 25 mm
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while for the TL this occurs at nearly 30 mm. In this data, there is no clear sign separating
the preheating and evaporation stages. This can be due to the fact that the evaporation has
started during the preheating phase and size variation in this region is thus a result of the
combined effect of droplet thermal expansion and evaporation, heating effect is stronger
than the initial slow evaporation. With this possibility, evaporation will however be deemed
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Figure 5.1: Dodecane droplet diameter variation against centre line position for two
temperature settings. Initial diameters are about 75 m and 76.5 m for TH and TL,
respectively. Two temperature profiles and dodecane boiling point are also shown.
As described in section 3.5.1 for residence time estimation, the velocity profiles are least
squared fitted with an 8th order polynomial. Figure 5.2 shows such fits to two velocity data
sets and the estimated residence times. The standard errors of these fits are typically around
0.011 m/s and correlation coefficients R2  0.95. The velocity profiles of these two data sets
are seen to be almost the same during the acceleration of the droplets; for region close to the
entrance (preheating region with similar droplet sizes), this can be reasoned by the smaller
effect of gas mixing. The continued similarity in velocity can probably be explained by the
fact that given the higher burner gas speed and the stronger thermal expansion for the TH, the
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droplet size gets smaller due to faster evaporation and the droplet velocity is therefore not
higher than that for the TL. This dependence of droplet velocity on its size is in accordance
with the momentum conservation law which will be mentioned in the next chapter. Once
past the peak, due to the much smaller droplet size for the TH the droplet slows down more
quickly for this case. As the droplet evaporation rate depends on the temperature and the
conditions surrounding the droplet, given the same trajectory the droplet size history
therefore depends on its speed. In complex environments, such mutual influences imply that
droplet’s momentum plays an important role in its evaporation behavior. For these two
series, the residence time of the TL is 73.5 ms compared with 60.5 ms of the TH.
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Figure 5.2: Functional fits to velocity profiles and residence time calculation for dodecane
droplets for high and low temperature settings
Figure 5.3 expresses the variation of droplet diameter and squared diameter against the
residence time. The plots of squared-diameter change against residence time (scale shown to
the right with the unit converted to mm2) help to better indicate when the evaporation starts.
In this figure, SEL and SEH stand for start of evaporation for low and high temperature
settings accordingly. For the TH, the evaporation starts earlier at about 26.5 ms compared
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with 31 ms for the TL and these are even before the points the gas temperatures exceed the
boiling temperature.
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Figure 5.3: Dodecane droplet diameter and squared diameter against residence time for both
temperature settings
In a majority of the studies of a single droplet undergoing evaporation in constant
temperature environments, the initial preheating period is soon followed by the evaporation
process during which the squared diameter of the droplet scales linearly with the residence
time. It can be seen in Figure 5.3 that after the initial period of obvious preheating effect, the
later period from SEH to about 39 ms for the TH and from SEL to about 43 ms for the TL is
nonlinear indicating the evidence of unsteadiness [71]. It is necessary at this point to clarify
some effects which may contribute to this behavior. These effects come from both the gas
side and liquid side. On the gas side, possible factors include the changes in composition due
to the mixing between the carrier gas and combustion gas, the variation in the gas properties,
and most likely the gas temperature which clearly shows a continual increase for this period.
On the liquid side, there are two competing effects including the expansion of the droplet as
mentioned earlier and the evaporation. The expansion is a consequence of the increase in
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droplet temperature or the preheating which lowers the liquid density. This effect is
supposed to last until the droplet attains a uniform and constant temperature.

According to Hubbard et al [48], except for the preheating effect other effects of
unsteadiness are negligible for an evaporation process in an infinite stagnant environment. In
present work, even though the conditions are different, the unsteadiness observed is perhaps
also due mostly to the preheating effect which prolongs under these low and increasing
heating loads. During this period, the droplet still absorbs heat leaving only a fraction for
evaporation; this evaporation effect is however supposed to become stronger whereas the
expansion effect is supposed to become weaker. If the gas temperature was constant here,
the unsteady period would have been much shorter. After this period, the relationship
appears linear until the end; the droplet would have attained a uniform and near steady (near
constant) temperature. The heat transferred to the droplet in the final period should be
mainly for vaporizing it. This behavior is also an indication of the limited effect of
convection on the gas side in this period which will be illucidated in the next chapter.
As the evaporation rate coefficient is defined as the negative of the gradient of D2-t curve,
Kv = -d(D2)/dt [36], a linear line fit for the D2-t data for a certain evaporation period would

yield the average rate for that period. To check if the process becomes steady and to find the
start point of steadiness, a rolling rate approach is used by rolling linear line fits to D2-t data
with the pivot point of rolling being the end point, starting from about a measurement zone
away from this point until the SE point. Results of such operations for two temperature
settings are shown in Figure 5.4 in which the unit of this rate is mm2/s. The process is found
to become steady at about 40 ms and 42 ms for the TH and TL conditions as after this point
the rate is almost constant which is about 0.218 and 0.172 mm2/s for two settings,
respectively. Note that this approach is done only to find the start point of steadiness and
steady rate if this period exists under these conditions. Figure 5.4 also includes the line fit
for the whole evaporation process as an illustration which yields a higher average rate Kv of
0.179 mm2/s for the TH compared to a rate of 0.152 mm2/s for the TL. There is still evidence
of Kv variation over the steady period which is however very small and, if ignoring the
measurement uncertainty, is due to variations on the gas side.
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Figure 5.4: Linear fits for dodecane evaporation data for two temperature settings for the
whole evaporation process. Average and rolling evaporation rates are also shown for two
settings which are found by rolling linear line fits with pivot point being the end point
starting from about a measurement zone away from this point until the SE point
Certainly it is difficult to separate the effects of different parameters, more understanding
of the process can be obtained by plotting the average rate in smaller intervals against the
gas temperature. Figure 5.5 shows the averaged rates of consecutive measurement blocks
(see section 4.4.1 for these blocks) for two temperature settings. It can be inferred from this
figure that the gas temperature is not the only factor that influences the droplet behavior. In
the initial period of evaporation of the two temperature settings, at the same gas temperature
TH shows a higher evaporation rate which is further evidence of the consequence of the
preheating effect. Another possibility here is the difference in droplet Reynolds number
which depends on droplet diameter and velocity relative to the surrounding gas. Given slight
differences in droplet diameters and their absolute velocities for two temperature settings
(compared at the same gas temperature, e.g. at 480 K, diameters are about 76 and 78 m and
velocities about 0.45 and 0.47 m/s for TH and TL) the relative velocities, though not known,
are expected to be similar.
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Figure 5.5: Average rates of dodecane of consecutive data blocks for both temperature
settings
While the earlier part can be largely affected by the preheating effect, the later part of the
process further away from the preheating phase is supposed less influenced by this effect.
The differences in diameters and velocities however become larger for this later part. For
example at nearly 590 K (the maximum temperature of the TL) the diameters are nearly 68
and 59 m while velocities are 0.48 and 0.43 m/s for TH and TL. TH should therefore be in
favor of a higher evaporation rate at this stage as larger droplets with higher velocity (from
the momentum law the relative velocity should also be higher) would evaporate more
quickly due to stronger interaction between droplet and the external flow [45, 53]. However,
Figure 5.5 indicates that the evaporation rate for TL becomes higher than for TH which
shows little or no effect of Reynolds number under this condition but rather the stronger
influence of other factors. These factors includes possibly the effect of the gas properties
which affect the heat and mass transfers on the droplet surface and most likely the droplet
temperature as at this stage while the process for TL is steady state, that for TH is still slightly
influenced by the unsteady phase even though the droplet temperatures should be more
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stable and reach closer to the maximum values. This verifies the fact that the preheating
effect can even dominate the whole vaporisation process in some situations [71]. The overall
effect of gas temperature is seen in both temperature settings to increase Kv.
In the same manner with dodecane, Figure 5.6 shows the variation of decane droplet
diameter against x-position for TH and TL. For these data sets, the initial diameters are 74
and 45.5 m for TH and TL respectively with velocity and temperature profiles being also
included. For the TH, the SE of the 74 m decane droplet starts at about 9.4 mm (22 ms)
compared with 10.2 mm (26.5 ms) of the 75 m dodecane droplet shown earlier. This is as
expected due to the lower boiling point of decane given almost the same initial sizes.
Although direct comparison between these two data sets for decane is not possible as was
done earlier for dodecane, observations can still be made. While the SE of the larger droplet
for TH occurs at gas temperature of about 435 K, the SE of the smaller droplet for TL occurs
much earlier at about 377 K (8.5 mm or 20 ms). This is because less sensible heat is required
for the smaller droplet (lower thermal inertia) and more heat portion is therefore left for
evaporation. Another reason for the above observation is that the larger droplet has stronger
expansion effect than the smaller droplet as it has a volume about 4.3 times larger.

Figure 5.6: Diameter and velocity of decane droplets against position. Initial diameters are
74 m and 45.5 m for TH and TL, respectively. Gas temperature profiles are also included
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From the velocity profiles, larger droplet is seen to have a slightly lower speed after the
injector tube exit as it experiences larger drag while flowing through this tube. However,
under the influence of the gas flow mixing and thermal expansion initially in the reactor,
larger droplet gains more momentum and accelerates to a higher peak velocity than smaller
droplet even though this process takes longer. For both cases, droplets start to slow down
once passed the mixing zone as their size gets smaller. Though slightly different between
two cases, for current settings the velocity should play a very limited role on the droplet
behavior as discussed earlier.

To find the steady evaporation rate and steady start point for these decane droplets, a
rolling fit approach is applied with the results shown in Figure 5.7. It has to be mentioned
here that the operation is done starting from a measurement zone away from the end point as
more localized measurement is deemed inappropriate as explained later in section 5.4.2.
While a steady period is found for the larger droplet for the TH, this period does not exist for
the smaller droplet for the TL as the droplet completely evaporates before it can reach a
steady point (this should be specific to the temperature condition used). Larger decane
droplets reach a steady state at about 40 ms and the steady evaporation rate is 0.222 mm2/s
compared with 0.218 mm2/s of dodecane reported earlier at the same temperature setting.
Again, the average rates for the whole evaporation process of the larger and smaller droplets
are, in turn, 0.172 and 0.1 mm2/s.

Even though no data is obtained for the larger decane droplet for TL to make a more
detailed comparison, the behavior of the smaller droplet can be more understood by plotting
its evaporation rates averaged in consecutive data blocks against the gas temperature and
comparing to that of the larger droplet as done in Figure 5.8. Although the smaller droplet
completes its life at a lower evaporation rate and lower temperature, at the same gas
temperature it has a slightly higher rate than the larger droplet. Again this is understood to be
due to higher thermal acceleration of the smaller droplet which should attain higher and
more uniformed temperatures and there being more energy available for evaporation as
mentioned. However, this difference would not be present if they are both evaporating
steadily at the same gas temperature.
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Figure 5.7: Linear fits for decane data for two temperature settings for the whole evaporation
process. Average and rolling evaporation rates are also shown which are found by rolling
linear line fits with pivot point being the end point starting from a measurement zone away
until the SE
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Figure 5.8: Average evaporation rates of decane droplets in consecutive data blocks for two
temperature settings
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As mentioned, diesel as a standard and multicomponent fuel is also used to study the
behavior of droplets of these sizes. For comparison, decane and dodecane droplets for TH
shown earlier are compared with diesel droplet at the same temperature setting in Figure 5.9
in which their sizes are almost the same (diesel 76 μm, dodecane 75 m and decane 74 μm).
The boiling points of these fuels together with gas temperature are also indicated for better
analysis. Marks and arrows with the same color as the data points indicate the SE of each
fuel. The SEs of diesel, decane and dodecane occur at 9.8, 9.4 and 10.2 mm respectively.

Except for slightly stronger expansion for dodecane than decane, the histories of these
two fuels are seen to be close to each other which suggest rather similar evaporation rates for
the whole duration (the relative difference in volumes is only about 4%). The observed
stronger expansion due to initial preheating for dodecane than decane is to some extent
similar to that found in Kristyadi et al [60] although it is not possible to make a direct
comparison regarding the timing and level of expansion due to a number of conditional
differences such as Kristyadi’s much higher initial velocities at 6 m/s, spatially constant
temperatures of nearly 650 K and bigger droplet sizes of 99-135 m. Furthermore these
authors used an inter-distance of 6 times the diameter while it is at least 30 times in this
work; the shorter distance is known to mitigate the preheating effect [105]. Stronger
expansion of dodecane is also supported by the combustion data in [31] for heavy paraffin in
which the heating period is also found to be longer for higher molecular weight fuels.

Although having a much higher indicated boiling point than dodecane, diesel starts to
evaporate early at about 27.6 ms (while dodecane occurs at 26.5 ms) which is when the gas
temperature is still very well below its indicated boiling point. The expansion of the diesel
droplet is seen to be even less than dodecane (again the relative difference of about 4% by
volume is very small). These are not unexpected because the diesel used consists of
components with boiling points ranging from 433-644 K and this early evaporation, which
lessens the expansion, should be due to those components at the lower temperature end.
However it takes longer at 67.9 ms for diesel to evaporate to a diameter of 10 m compared
to about 60.6 ms of dodecane.
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Figure 5.9: Comparison of diesel droplets of 76 m, dodecane droplets of 75 m and decane
droplets of 74 m at high temperature setting. Gas temperature and boiling points of these
fuels are also shown
For more detailed analysis of the diesel data, Figure 5.10 expresses the squared diameter
against the residence time for the whole evaporation period. The slower evaporation of
diesel is represented by a linear fit which yields an average Kv of 0.155 mm2/s compared
with a higher Kv of 0.179 mm2/s of dodecane or 0.172 mm2/s of decane. By rolling linear fits
as done for dodecane and decane, diesel is also found to start unsteadily as expected and
noticeably it reaches a near steady period at about 50 ms with a rate of 0.192 mm2/s even
though there is still some variation over this late period. At this stage, it appears to show no
sign of multicomponent effect but rather a behavior close to the diffusion-limited extreme
[40, 74] which is represented by a constant evaporation rate. This is evidence of the very low
Reynolds number which plays almost no effect on the droplet internal behavior.
The opposite extreme is the infinite mixing mode which exhibits for a multicomponent
fuel a preferential vaporisation behavior causing the evaporation rate to reduce during the
droplet lifetime [149] as the lighter fractions (continually transported outwards) evaporate
earlier leaving the heavier to evaporate later and slower; such behavior can be found in for
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example Elkotb et al [30] at higher Reynolds numbers. However for this condition, internal
mixing (if existing) should have very little effect on the evaporation of this complex mix of a
large number of hydrocarbons [2]. The data obtained is therefore reasonable given the
conditions used and there is likely no shear driven internal circulation. Initially, however, the
droplet could have expressed a preferential vaporisation behavior for a short period as the
initial heating rate was slow and the components were adjusted to attain a near constant
concentration profile for the rest of its lifetime, a phenomenon found in for e.g. [55, 74].
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Figure 5.10: Average and rolling evaporation rates of 76 μm diesel droplets for TH
The near steady value of Kv found above for diesel is similar to the calculations by Hallett
in [40] and experimental data of Kobayashi [56] cited therein for diesel of similar density (
830 kg/m3) and droplet size of about 1200 m using the suspended droplet technique with a
similar temperature range. Elkotb et al [30] has shown diesel evaporation rates to be similar
to those of kerosene which is a lighter distillate fraction and this Kv value obtained here
compares favorably with the kerosene value of Khan et al [53] for 900 m droplets
undergoing evaporation at a similar peak temperature. Also according to these authors, at
normal ambient pressure the variation in the evaporation rate with initial diameters in the
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range of 770-1700 m is very little and, as seen here, this finding is likely to extend to sizes
in the current work which means droplet initial diameter can play no significant role in low
Reynolds number conditions. However for higher Reynolds number (either high relative
velocity or high ambient pressure), initial diameter can be very important as the interaction
between the droplet and the external flow is more considerable, particularly for larger
droplets as will be shown in the next chapter.

Again, the role of ambient temperature can be verified by plotting the evaporation rates
averaged in consecutive data blocks against this temperature for the whole evaporation
duration for three fuels, Figure 5.11. Given the large uncertainty, the rate of decane is seen
to be consistently, though very slightly, higher than dodecane for all temperatures except for
the final stage with similar rates. Similar to dodecane and decane, the rate of diesel also
increases with gas temperature but is always lower than that of these fuels for the whole
temperature range. While some authors (e.g. [59]) treated dodecane as light diesel in their
investigations, in this work the difference obtained between two fuels is not small but also
not large given the indicated uncertainty in estimating these rates.
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Figure 5.11: Average evaporation rates of diesel, dodecane and decane in 5 consecutive data
blocks for TH
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Figure 5.12 compares the history of smaller dodecane droplets of 65 m and that of
nonane droplets of 63.5 m for TH. The boiling points of these fuels and gas temperature are
also indicated. Whereas this small dodecane droplet also shows expansion with SE starting
at about 10 mm (22 ms), nonane with the lowest boiling point of 424 K is seen to evaporate
right at the beginning at 3 mm (8 ms) or even earlier when the gas temperature is still very
low (about 340 K). There is no expansion for nonane which recalls the similar observation
by Kristyadi et al [60] for heptane, though in different conditions mentioned earlier, as these
volatile substances have very low molecular weights.
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Figure 5.12: Dodecane and nonane droplet diameters, initial values of 65 and 63.5 m,
against position for TH. Gas temperature and boiling points are also shown
Variation of squared diameter of these droplets against the residence time is shown in
Figure 5.13 which also appears to be characterized by a linear relationship in the late period.
However the rolling rate approach indicates that their rates have not reached a steady period
(this is reasonable considering the gas temperature shown) but are close to those steady rates
of dodecane and decane droplets reported earlier. In particular this dodecane droplet reaches
Kv = 0.222 mm2/s while it is 0.215 mm2/s for nonane droplet. The ends of these series are at

23.6 mm (50 ms) and 20 mm (46 ms) for dodecane and nonane respectively.
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Figure 5.13: Square diameter against residence time for dodecane and nonane droplets in
Figure 5.12. Gas temperature is also shown.
Similar comparison for bigger diesel droplet of 85 m and that of nonane droplet of 84
m for TH is shown in Figure 5.14. From the assessment of the nonane D2-t curves (see
Figure A.1 in Appendix A) its SE is seen to start early at 5.8 mm (15 ms), even earlier than
smaller droplets of dodecane and decane reported earlier. As measured, for this size the SE
of diesel occurs late at 14.7 mm (34 ms), much later than the nonane droplet and the 76 m
diesel droplet. Expansion of diesel droplets observed in this work was also seen in the data
of much larger diesel droplets of Faeth and Lazar [31]. This diesel droplet evaporates to the
measureable limit of 10 m at 34.2 mm (82 ms) while it is much shorter at 26.3 mm (60 ms)
for the nonane droplet. As a consequence of the early SE of nonane, its overall average rate
is 0.155 mm2/s while for diesel this is around 0.164 mm2/s.

By applying a rolling fit approach, this diesel droplet is found to reach a near steady
evaporation at 32 mm (68 ms) with the evaporation rate being also about 0.19 mm2/s similar
to the steady rate of the smaller diesel droplet (see Figure A.2 in Appendix A). This late
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occurrence of the near steady period indicates the prolonged preheating for most of its
lifetime and the droplet temperature only becomes uniform at a near steady value here. The
similar steady Kv found for these sizes supports the argument that diameter does not affect
the steady rate but the preheating period. Further comment on this particular diesel series
will be given in section 6.6.5. In Figure 5.14, nonane droplet reaches steadiness at nearly 40
ms which is almost similar to that of the 74 m decane droplet with a roughly similar Kv of
about 0.22 mm2/s. From the analysis of the average rates of each data block, nonane
consistently has higher rates than dodecane and decane at low temperatures but once
approaching a steady period for the present condition (gas temperature > 600 K), their rates
are nearly the same which is favored by the combustion data of Aldred and Williams for a
larger range of n-Alkanes [7] and agrees with observations of Law [69] for similar
temperature.
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Figure 5.14: Diesel and nonane droplet diameters, initial values of 85 and 84 m, against the
position for TH. Gas temperature and boiling points are also shown.
For summary, Table 5.4 lists the average and near steady evaporation rates found from
the rolling rate approach for fuels investigated. For series that the near steady period was not
found, the ending rolling rate is used. Measurement uncertainty of these rates is also shown.
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Table 5.4: Summary of fuels' evaporation rates

Heating condition

Fuel

Dodecane

Decane

TH
(Peak temperature: 676 K)

Nonane

Diesel

Droplet
initial
diameter
(m)

Average rate
(mm2/s)

Near steady
rate (mm2/s)

75

0.179 ± 0.005

0.218 ± 0.009

65

0.157 ± 0.005

0.222e ± 0.009

74

0.172 ± 0.005

0.222 ± 0.009

52

0.115 ± 0.005

0.160e ± 0.008

84

0.155 ± 0.005

0.220 ± 0.009

63.5

0.100 ± 0.005

0.215e ± 0.009

85

0.164 ± 0.005

0.190 ± 0.008

76

0.155 ± 0.005

0.192 ± 0.008

TL

Dodecane

76.5

0.152 ± 0.005

0.172 ± 0.008

(Peak temperature: 587 K)

Decane

45.5

0.100 ± 0.005

0.130e ± 0.01

e

: ending rolling rate

5.4.2 Instantaneous measurement of the evaporation rate
To investigate more thoroughly the effects of temperature and droplet size, the instantaneous
evaporation rates of diesel droplets with different sizes and temperatures were examined in
different conditions. Figure 5.15a shows a separate set up used for this type of measurement
while in Figure 5.15b the temperature profile is shown. In this set of measurements, the
injector tube exit was positioned 10 mm lower than the burner plane and although the carrier
gas enters the injection tube at room temperature, conduction of heat from the reactor gases
along the tube preheats the carrier gas prior to exit from the tube. For the conditions used
this preheating gives rise to an exit temperature of 430 K (much higher than that of the
average setup of 325 K but still below the boiling point of the lightest component of diesel).
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The droplet will undergo some preheating in this tube before entering the vessel. Mixing of
the carrier gas with the burner gases yields a more steady increase in temperature up to a
maximum of 650 K. For this condition, the droplet experiences higher and steadier
temperatures in the vessel. The preheating effect is therefore expected to be much less with
droplet temperature being more uniformed enabling the evaporation to proceed steadily with
the gas temperature.
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Figure 5.15: Instantaneous measurement setup: a) measurement zones; b) temperature
profile along the reactor centerline measured at positions relative to the injector tube exit
plane. The red diamond symbols correspond to the centre of each measurement zone
It needs to be clarified here that, though being named “instantaneous”, this type of
measurement is used to estimate the average rate of each zone as shown in Figure 5.15a.
Each zone represents a separate series of measurements, although undertaken at identical
reactor conditions. Figure 5.16, which shows the variation of droplet squared diameter
against the residence time, presents the measurements at two locations of x = 10 mm (5.16a)
and x = 20 mm (5.16b) and for different initial diameters Do. In each graph, the open and
filled symbols are for each diameters Do. For each Do, three separate droplet trajectories are
expressed by triangles, squares and diamonds. Here, droplet residence time is relative to the
measurement zone by referencing this time to the first appearance of the droplet in the zone.

Despite the variation amongst the individual droplets for each condition, Kv for each
condition appears to be independent of residence time and as such is represented by an
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average Kv determined from a linear fit to the data. The equation corresponding to each
droplet is also shown in Figure 5.16. The effect of different reactor temperatures on Kv is
also evident. At x = 10 mm where the average zone temperature is 530 K, the average values
of Kv for the droplets with Do = 64 μm and Do = 50 μm are 0.07 and 0.088 mm2/s
respectively, while at x = 20 mm and T = 600 K, Kv = 0.161 and 0.162 mm2/s respectively
for droplets with Do = 58 μm and Do = 46 μm. Although some difference is noted for the 10
mm location, this is apparently due to the slight effect of preheating at positions close to the
entrance as also found for locations x = 0 mm and x = 5 mm (the results for all the
measurement locations are shown in Figures A.3 - A.8 in Appendix A). Initial diameter
plays almost no effect on Kv which is again in agreement with the kerosene data of Khan et
al [53] and the finding from previous section.

It is noticed that with their size range (Khan et al [53]) and at high temperature of 1073 K
the dependence on droplet diameter was found to increase (evaporation rates nearly doubling
with diameter). At higher pressures (up to 1 MPa) the dependence is even greater. This is
because at higher temperature, the natural buoyancy due to droplet evaporation is higher and
at higher pressures the buoyancy is much stronger [72, 89]. The effect of initial diameter, as
mentioned, is manifested in the interaction with external gas flow which depends also on the
droplet relative velocity and shape (the droplet can even be distorted by the effect of drags)
[30]. In view of the above, the negligible effect of initial size seen here can be due to small
differences between sizes available for study and weak interaction with the ambient gas due
to low relative velocity, low ambient temperature and low pressure used.

Attempts have also been made to investigate the truly instantaneous evaporation rate the
variation of which is presented in Figure 5.17 as an example by the probability distribution
of these rates in the above measurement zones: at x = 10 mm for 64 m droplets in Figure
5.17a and at x = 20 mm for 46 m droplets in Figure 5.17b. It is seen that the variation for x
= 20 mm is less than for x = 10 mm which is similar to the uncertainty analysis shown in
Figure 4.10. Though the means of these distributions are close to the average rates found in
respective zones in Figure 5.16, the large distribution standard deviation (0.79 mm2/s at
x=10 mm and 0.49 mm2/s at x=20 mm) renders this rate being not proper for more localized
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analysis which also explains the reason for the rolling rate operation to start from a
measurement zone away from the pivot point (the end point of the series).
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Figure 5.16: Droplet size histories at two different measurement locations and for different
initial droplet diameters: a) x = 10 mm (T = 530 K), Do = 64 m and 50 m; b) x = 20 mm (T
= 600 K), Do = 58 m and 46 m. Equations shown are lines of best fit for three individual
measurements each of which has a separate symbol.
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Figure 5.17: Normal probability distribution of instantaneous rate a) in the measurement
zone at x = 10 mm and b) in the measurement zone at x = 20 mm
Although already evident from the data in Figure 5.16, the effect of temperature on Kv in
this type of measurement is shown in Figure 5.18 for all the locations of Figure 5.15. For
these conditions it is also evident that evaporation rates depend strongly on temperature with
size and compositional changes playing almost no roles. The rate in this type of

EXPERIMENTAL RESULTS

92

measurement is initially higher than that in the average measurement at the same gas
temperature which demonstrates the effect of preheat prior to the vessel entrance.
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Figure 5.18: “Instantaneous” Kv of diesel droplets plotted against the gas temperature for six
measurement locations in Figure 5.15

5.5

Summary of main findings

From the current experimental investigation of the behavior of dodecane, decane, nonane
and diesel droplets it was found that while the gas temperature has very strong influence on
the evaporation rate, the droplet size influences the preheating stage. The smaller the droplet
is, the faster the initial preheating is. However for the low convections used, the droplet size
has almost no effect on the steady evaporation rate. While nonane does not show any sign of
expansion, this effect was seen to be stronger for dodecane than decane. Diesel shows
similar level of expansion to decane as it evaporates early due to light components in this
fuel. Amongst alkanes, while the lighter fuel evaporates faster at low temperatures, the rates
of these fuels become similar around the peak gas temperature used. Diesel shows the lowest
evaporation rate at all gas temperatures and very little sign of multicomponent effect.
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Chapter 6
6 Droplet Evaporation Modeling

6.1

Introduction

As reviewed earlier, there have been a considerable number of theoretical investigations
ranging from simple to complex, and specific to situation a model is formulated. In this
work, the aim is to formulate a simple and fast droplet model and to assess its capability and
efficiency. Though aiming for simplicity, the accuracy depends on the assumptions used
which need to be properly justified. With this model, some parameters which cannot be
obtained from laboratory measurements can be determined qualitatively thus enabling more
analysis of the evaporation process of these droplets in the present situation. To enable a
more detailed investigation of the liquid phase, extra effort is applied taking into account
some important effects such as the spatial variation of droplet internal temperature. Further
knowledge of droplet behavior can be obtained by extending the application of the models to
other conditions. As diesel presents a behavior rather similar to those of single alkanes,
attempt to simulate this fuel using the simple model has also been made. This chapter will
start with the justification of those assumptions which is then followed by the mathematical
developments of the simple model. It is then applied to fuels used in this work and compared
with experimental data. Discussion of the effects of initial diameter, gas temperature and
chemistry on the process will be given.
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Model Formulation

6.2.1 Justification of Assumptions
For pure evaporation, the problem is much simpler than the combustion case. The present
formulation is similar to that in [59] but with some differences. A noticeable difference that
can be seen in this setup compared with many other studies is the variation of surrounding
gas temperature along the droplet trajectory rather than being constant. The typical behavior
of an initial transient period followed by a steady state period may or may not be attained.

One of the very first matters usually faced when dealing with a particular droplet
evaporation process is the decision to treat it as 1D or 2D problem. 2D problems are usually
considered when detailed droplet transport is necessary which is often coupled with
considerable gas convection. It has even been stated elsewhere that detailed internal
transport, while essential for multicomponent fuels, is not important in describing the
preheating and the evaporation of a single liquid droplet. Furthermore with droplet Reynolds
number lower than unity, the need for a 2D model reduces even further [99, 100]. For these
reasons the model developed here is 1D.

On the gas side, the problem is treated based on assumptions of quasi steady evaporation
in an unbounded stagnant environment. The quasi steady gas phase assumption is based on
the fact that the heat and mass transfer in this phase is much faster than the diffusion process
within the droplet and so the droplet surface state is regarded as being frozen during the gas
phase transport time [68, 69]. To account for the convection in this system, even though
small here, film theory is used like many other studies (e.g. [4, 59]). A factor that needs to be
considered in monodisperse systems such as the one used here is the effect of droplet
interaction [35]. Examples of the calculation made by Sangiovanni and Labowsky [105]
have shown that inter-distances as close as around 15 times the diameter should make the
process different from an isolated case. In this work, as the droplet inter-distances are more
than 30 times the diameter, this effect is negligible.
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On the liquid side, an infinite conductivity model will first be used for this work. This can
be justified based on the low ambient temperature conditions used [5]. This assumption is
furthermore supported by the fact that the use of a conduction limit model and the more
detailed vortex model yielded close results for droplet lifetime to the infinite conductivity
model, examples of this can be found in the work of [5] for hexane, decane and hexadecane.
The use of this model will eliminate the need to solve the differential equations in the liquid
phase, making the calculations simpler and faster. In this system, the heat transferred to the
droplet will be mainly thermal conduction from the hot surrounding gas while thermal
radiation is deemed negligible as wall temperatures (the radiant heat source) measured a
maximum of 600 K during experiments at the highest temperature setting [3]. Although the
droplet absorbs heat from the surrounding gas, this amount of heat is negligible compared to
the whole environment and so the gas temperature is treated as being not affected.

In hot environments, the droplet evaporation problem could easily be solved by assuming
that the droplet is at its boiling point and no preheat is needed [131]. However in reality and
particularly in this system when considering such temperature conditions the droplet
temperature, starting from cold, is an unknown and is expected to be always below the
boiling point of the investigated liquid during the whole process. Preheating is essentially
the first step to bring the droplet up to a state where strong evaporation can happen. As the
rates of preheating and conforming to the gas flow have been shown to strongly affect the
droplet behavior [76], the inclusion of this effect as evidenced in the experimental data is
very important. The problem must therefore be solved by analyzing the phase change
process on the droplet surface. With the assumption that the gas phase heat and mass
transfers are the rate limiting processes (the phase transition is much faster), the fuel vapor at
the droplet surface is saturated and thus the relationship between the vapor pressure and
droplet temperature can be expressed by the Clausius-Clapeyron equation. The droplet
temperature calculated in this model is supposed to be not affected by the assumptions used
on the gas phase but rather on the liquid phase [109].

Perhaps, the most significant assumptions that will be used for this model are the
approximation of the surrounding gases by the air with its thermophysical properties being
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spatially constant but varying with time and the unique binary diffusivity represented by one
for the pair of air - fuel vapor. The assumption of using air properties for calculation is based
on an analysis of the exhaust gas at the exit of the reactor which has shown that the average
molecular weight (MW) is nearly 27 and on the deduction that during the process the
ambient compositional change is not significant (at the beginning the droplet is surrounded
by N2 and later by a gradual mix between the post burner gases and this gas, given the MW
of N2 to be also close to that of the air). Assumption of using a unique binary diffusivity is
based on the fact that the species can be classified into two distinctive groups of molecular
weights [68], one is the vapor of the Alkanes with very high MW of 128-170 compared to
the other being the rest of the gases with typical variation of MW between 18-46 which is
approximated by the air. These assumptions have been used very often in the literature as
they offer a much simpler formulation without greatly compromising simulation accuracy.
Given the above assumption of gas properties, in solving the energy equation in the gas
phase the Lewis number, which is the ratio of thermal diffusivity and mass diffusivity, is
also assumed to be spatially constant but temporally varying. These assumptions, as has
been reviewed earlier, can cause erroneous flame size calculation in combustion case.
However for pure evaporation, with a proper choice of the reference scheme at which these
properties are calculated, the model is supposed to be acceptable [48].
To model diesel, one approach is to use the continuous thermodynamic theory as has
been done in [125]. For fuel with a single distribution function (typical of standard light
diesel, see [125]) a well mixed liquid phase model can also be used as advised by AbdelQader and Hallett [2] who pointed out that it gives close prediction to that of an effective
diffusivity model which accounts for internal circulation. For simplicity purpose, this fuel
can be treated as a representative single fuel with typical properties such as that presented in
[107, 109]. The modeling of diesel using this simple approach is left to later section 6.6.5.

6.2.2 Mathematical Development
The formulation is based on the conservation of mass and energy in the gas and liquid
phases and the process occurring at the droplet-gas interface. The inputs to the problem are
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the initial droplet diameter, the droplet absolute velocity along its trajectory and the gas
temperature. For problems involving convection, the first important parameter that needs to
be found is the droplet Reynolds number which is dependant on the droplet relative velocity.
To solve for these, the force balance is applied (drag/momentum law can also be used [117])
on the droplet via the equation
md

du
dt

m d g  FD  FB ,

(6.1)

in which md is the droplet mass while FD and FB are drag force and buoyancy, respectively.
Representing them in terms of droplet diameter and relative velocity urel and rearranging,
du º
4D ª
Ul  U g g  Ul »
«
dt ¼
3U g C D ¬

2
u rel

(6.2)

in which g and l are, in turns, the densities of gas (air) and liquid (droplet). CD is the drag
coefficient which takes the widely used correlation for Reynolds numbers (Re) < 1000,
24
(1  0.166 Re 2 / 3 )
Re

CD
with Re

(6.3)
(6.3)

Du rel /Q g in which g is the kinematic viscosity of the air. It is necessary to

mention here that the relative velocity can also be calculated by estimating the gas velocity
based on the gas flow settings and the temperatures measured along the droplet trajectory.
However, this will introduce another source of uncertainty and is therefore not used.
Using the overall mass conservation in the gas phase, fuel vapor species conservation and
droplet mass conservation with the gas phase boundary shifted to the new film position to
account for convection [131], we have the relation

or

md

SDU g D fg Sh ln(1  BY )

dD
dt



2 U g D fg

Ul D

Sh ln(1  BY )

(6.4)
(6.5)

in which md is the mass evaporation rate and Dfg is the binary mass diffusivity of fuel vaporair pair calculated via the equation derived by Chapman and Enskog (presented in [98])
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f
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g

(6.6)
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V :D
2
fg

f

and

g

and characteristic Lennard-Jones

of the fuel vapor and the air [98]. Expressions for

0.5(V f  V g ) and : D

with T*

·
¸
¸
¹

and D being respectively the characteristic length and dimensionless collision

integral calculated from collision diameters
energy

3/ 2

fg

and D are

1.06036
0.193
1.03587
1.76474



0.15610
exp(0.47635T* ) exp(1.52996T* ) exp(3.89411T* )
T*

Tref k B /(H f H g ) 0.5 being the dimensionless temperature, kB the Boltzmann constant.

In equations (6.4) and (6.5), BY is the mass transfer number which is defined as
BY

Ys  Yf
1  Ys

(6.7)

with Ys and Y being the vapor mass concentration on the droplet surface and in the far field
(Y  0 for this system), Ys is calculated via
Ys

MW f p v
MW f p v  MW g ( p  p v )

(6.8)

with pv being the saturated vapor pressure which is related to the droplet temperature
through the Clausius-Clapeyron equation describing equilibrium vaporisation.

By further using the gas phase energy conservation and shifted boundary position, the
heat flux across the interface can be expressed as
q

k g (T g  Tl )
D

Nu

ln(1  BY )
.
BY

(6.9)

in which kg is the gas thermal conductivity, Tl is the droplet temperature. The last equation
needed for this model is the energy balance between the liquid and gas phases
Q

SD 2 q

m d C pl

dTl
 md H
dt

(6.10)
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in which Cpl and H are the specific heat capacity and heat of vaporisation of the liquid fuel.
This equation means that the heat transferred to the droplet is used for heating it up and
vaporizing it.

In the above equations, Sh and Nu are the Sherwood and Nusselt numbers to be
calculated from the Reynolds number via the most widely used correlation
Sh

2  0.6 Re 1 / 2 Sc 1 / 3

Nu

2  0.6 Re

(6.11)
1/ 2

Pr

1/ 3

in which Sc is the Schmidt number Sc Q g / D fg and Pr is the Prandtl number
Pr Q g U g C pg / k g with Cpg being the specific heat capacity of the gas.

As has been widely suggested, the 1/3 rule reference scheme is used in this work for
estimating the thermodynamics properties of air (i.e. to calculation at temperature Tref =
(Tg+2Ts)/3). The thermophysical properties of fuels as functions of the droplet temperature
are calculated as instructed in [127]. These calculations are shown in Appendix B.

6.3

Application to Investigated Alkanes

The aim of this section is to examine how the simple model predicts the droplet behavior of
the investigated alkanes and to give further analyses of the evaporation process, especially in
relation to the effects of droplet initial diameter, gas temperature and fuel chemistry. For the
model, to calculate the binary diffusivity, the collision diameters and Lennard-Jones energies
of fuels and air are needed. While the collision diameters are in Ångström, the LennardJones energies are often quoted in f/kB in Kelvin. For these fuels, two sets of

f

and f/kB

from Hirschfelder et al [46] and Paredes et al [96] are under controversy. The more recent
set from Paredes et al [96] which is shown in Table 6.1 was found to give more realistic
results [109] and is therefore chosen for this work. For air,
to be respectively 3.711 Å and 78.6 K.

g

and

g/kB

are taken from [124]

DROPLET EVAPORATION MODELING

100

Table 6.1: Collision diameters and Lennard-Jones energies of fuel vapor taken from [96]
Fuels

f (Å)

f/kB

(K)

Nonane

6.5694

460.0856

Decane

6.5627

456.7366

Dodecane

6.5972

454.6768

Due to the differences in diameters, velocity profiles and thus different heating
conditions, the ability to have a systematic presentation is somehow limited. Direct
comparisons when possible will be shown on the same plots leaving the others to
discussions on separate plots. As the very first comparisons, Figure 6.1 presents model
predictions for dodecane which are paired with experimental data from Figure 5.1 for
diameter variation against x-position. As a reminder, for a particular series of data, the
measured droplet absolute velocity and gas temperature profiles are the inputs for the model.
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Figure 6.1: Comparison between model predictions and dodecane experimental data in
Figure 5.1 for both temperature settings. Shown are variations of diameter against position
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In this figure, comparisons are made for both temperature settings. At first examination,
the model predicts 10% longer evaporation time than the measured. The predictions also
show a later start of evaporation while droplet expansion due to initial warming is also seen
from the model results. However, the predicted expansion is slightly less than measured
which can be a consequence of neglecting a small amount of radiation heat transfer likely
present in the proximity of the burner flame during the very early stage. This difference is
larger for TH which is reasonable as the flame luminosity is stronger than for TL. However,
experimental data in this region is still affected by the noise from the flame. Given some
differences, the model is expected to give further understanding of the process.
Figure 6.2 shows the calculated droplet Reynolds number as well as its absolute and
relative velocities. Once entering the reactor, while the absolute velocity increases to a peak,
the droplet relative velocity varies slightly just around 0.08 m/s. In the final period, this
relative velocity falls to zero as expected. For the whole lifetime, droplet Reynolds number
is very low starting from around 0.3 and falling down to zero at the end. During the
evaporation period, this number varies in a very narrow range from about 0.16 to near zero
and as such plays almost no role as argued in previous chapter.
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Figure 6.2: Measured absolute velocity, predicted relative velocity and Reynolds number of
dodecane droplets against position in both temperature settings
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To analyse the evaporation process, model predictions are shown in Figure 6.3 in which
squared diameter are expressed against the droplet residence time. Dodecane boiling point
and temperature profiles for two gas settings are also included in this figure. SEL occurs at
38.6 ms while SEH occurs at 33 ms both after the gas temperatures exceed the droplet
boiling point. The predicted average evaporation rates found by linear fits to the whole
evaporation periods, though not shown here, are 0.179 and 0.147 mm2/s for high and low
temperature settings respectively which are almost the same with measurements (0.179 and
0.152 mm2/s). Given almost similar initial diameters for these two series, this confirms the
role of gas temperature in increasing this average rate of the whole evaporation process.
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Figure 6.3: Comparison of predictions for dodecane droplets at two temperature settings.
Shown are droplet squared diameters, droplet temperatures, gas temperature profiles and
dodecane boiling point.
As one of the most desired quantities, variation of the predicted droplet temperatures is
also included in Figure 6.3. As expected, the plots indicate that the droplet temperature
depends on the gas temperature, it starts low at ambient temperature and increases with the
gas temperature until reaching the peak values and maintains this state until the end of its
lifetime (though for TL, this temperature decreases lightly as the gas temperature is reduced
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during this late period). These peak values are higher for TH as expected but are seen to be
well below the dodecane boiling point (452 K for TH and 440 K for TL compared to the
boiling point of 488 K). These low steady droplet temperatures are reasonable as even in hot
combustion process, this temperature can still be around 10-20 K below the boiling point
[130].

The evaporation experiences an initial unsteady period which is marked “Unsteady Evap”
in Figure 6.3. This behavior, as evidenced in experimental results, is seen to correlate with
droplet temperature which continually rises before reaching peak values. This unsteady
period is longer for TH than TL due to the fact that the gas temperature for TH reaches its
peak later and that more energy is needed for the droplet temperature to reach a higher peak.
After this period, the evaporation proceeds nearly steadily and line fits to this period for both
temperature settings yield near steady rates of 0.221 and 0.159 mm2/s, very close to the
measured rates of 0.218 and 0.172 mm2/s. To enable a deeper investigation of the
evaporation process, Figure 6.4 shows the variation of evaporation rate and droplet
temperature against the gas temperature for two settings.
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Figure 6.4: Evaporation rate and temperature of dodecane droplets against gas temperature
for two temperature settings
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A couple of observations can be made about this figure. The droplet temperature tightly
follows the gas temperature and when comparing between the two series the difference in
droplet temperature (at the same gas temperature) is apparent. Between the two temperature
settings, the evaporation rate is also obviously different. The unsteady period (as marked) is
seen to occupy a portion with large variations in evaporation rate and droplet temperature. In
Figure 6.3, even though the final evaporation process looks almost linear (approximated by a
steady rate), it is seen in Figure 6.4 that there is actually no such separation between
unsteady and steady regions but rather a continuous increase in the evaporation rate with the
gas temperature. However in later period, the variation is very small with the droplet
temperature being very near its peak value. These can be understood as the equilibrium
values if the gas temperature is kept constant at its peak.

For both series, after the gas temperature reaches its peak, the evaporation continues at
higher rate on the later side of the peak (at the same gas temperature) though decreasing with
the decrease in this temperature. This again correlates with the droplet temperature. On the
later side though gas temperature is reduced, the droplet temperature is still higher due to
thermal inertia (especially because this model treats the droplet as a lumped-parameter
model with spatially constant temperature [131]) which causes a higher evaporation rate as
the mass transfer number BY depends on the vapor concentration Ys on the surface which is
sensitive to the liquid phase temperature. This correlation also explains the observed
difference in evaporation rates between the two temperature settings mentioned earlier.
Further analysis indicates that the dash curves extending the later side of the evaporation rate
curve and dropet temperature curve of the TH series meet the respective curves of the TL
series and these would mean true steady state curves of dodecane with gas temperature.

Figure 6.5 shows the variation of evaporation rates against the droplet diameter for both
temperature settings. The gas temperature profiles are also included. The unsteady
evaporation period now shrinks to a smaller region in this plot leaving a larger space of near
steady evaporation for analysis. It is clear that the evaporation rate follows the gas
temperature. The aim is however more to focus on the late period where the gas
temperatures show much less variation (this ability is limited if shown as Figure 6.4). For TH
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the evaporation rate is almost constant with gas temperature while droplet size changes
considerably. This confirms that droplet diameter has no effect for these conditions. From
both series, it is clear that the evaporation rate curve always has the same trends with the gas
temperature curve and for TL the rate decreases clearly with the decrease in gas temperature
at the end. A similar plot for experimental data cannot be obtained due to the large
uncertainty for this type of localized analysis as discussed much earlier. In sumarising the
effect of gas temperature for these two series, it can be seen that this temperature improves
all types of evaporation rate, i.e. the average, the near steady and the instantaneous rates.
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Figure 6.5: Predicted evaporation rates of dodecane droplets versus the droplet diameter for
two temperature settings. Gas temperature profiles are also included.
Figure 6.6 compares the model prediction with experimental data for decane droplets in
Figure 5.6. For these series, it can be seen again that the model predicts slightly longer the
evaporation time (4-7% longer). For both cases, the predictions of preheating show less or
even no effect of expansion and the predicted SEs therefore start earlier. For the later part,
while the prediction for TH has the form resembling the data that for TL appears slightly
different from the data. Though not shown here, the prediction for the 45.5 m decane
droplet also indicates that there is no steady period and that the average rate found for the
whole evaporation process is 0.091 compared to the measured 0.1 mm2/s.

DROPLET EVAPORATION MODELING

106

80

Droplet Diameter (m).

70
SEH

60
SEL

50
40
30

Experiment - TH
Experiment - TL

20

Model - TH
Model - TL

10
0
0

5

10

15

20

25

30

Position (mm)
Figure 6.6: Comparison of model predictions with experimental data of decane in Figure 5.6
for two temperature settings. Shown are variations of diameter against position.
Figure 6.7 shows the variation of the predicted evaporation rate and temperature of
decane droplets in Figure 6.6 against the gas temperature. The unsteady evaporation period
is also marked for each series and, as seen, this occupies the whole lifetime of the 45.5 m
droplet while more predicted details for the 74 m droplet will be described in the next
paragraph. In agreement with Figure 5.8, this figure indicates that at the same gas
temperature the smaller droplet has a higher rate than the bigger droplet (certainly during the
unsteady period) which is now clearly to be due to its higher temperature. This is reasonable
as has been discussed earlier due to the lower thermal inertia. To get an idea, for these
liquids with a typical thermal diffusivity of around 0.1 mm2/s [98], the heat diffusion time
(assuming no convection) within the droplet would be around 4 ms for a 40 m size while it
is around 16 ms for an 80 m size. Low thermal inertia also means that more energy per unit
volume is left per unit time for evaporating the smaller droplet. Again, a small difference in
the droplet temperatures would make the rates become significantly different. Although the
life of the smaller droplet ends earlier, it is expected that both droplets would reach the same
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temperature for the same gas temperature if this smaller droplet were to last longer as at the
end of its lifetime their temperatures become closer together. This also means that they
would reach the same evaporation rate. Together with the previous discussion for dodecane
droplets, it can now be understood that while the droplet initial diameter plays no role on the
steady evaporation rate, it has a direct consequence on the rate during the preheating phase.
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Figure 6.7: Evaporation rate and temperature of decane droplets against gas temperature for
74 m droplet in high temperature setting and 45.5 m droplet in low temperature setting
To gain more understanding and to investigate the effect of fuel chemistry, the 74 m
decane droplet is compared with 75 m dodecane droplet in Figure 6.8 in which, variations
of squared diameters against the residence time during the evaporation process for TH are
shown. In this figure the predicted droplet temperatures are also plotted together with fuels’
boiling points. As expected, the decane droplet starts to evaporate earlier. Similar to
dodecane, its evaporation starts unsteadily and this is confirmed here to correlate with its
temperature. During this period decane temperature rises close to the peak which is around
418 K compared with 452 K of dodecane. Given the boiling points of decane and dodecane
are 447 K and 488 K, the droplet temperatures are 29 K and 36 K below the boiling points
respectively. Again after the unsteady period, the later process manifests a near steady
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behavior due to very little variations in the ambient and droplet temperatures. Line fits to
this late period indicate similar evaporation rate of 0.221 mm2/s for decane and dodecane
given very little difference in the condition due to the difference in initial diameters (4% by
volume) of the two fuels. This similarity is supported by the experimental evidence in the
previous chapter (the respective measured values are 0.222 and 0.218 mm2/s) and favored by
the mentioned combustion data in [7] for a range from octane to hexadecane in which the
size investigated is 1100 m with combustion rates being much higher of about 0.86 mm2/s.
This somehow implies the same effect for the present droplet sizes as that much larger size.
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Figure 6.8: Model prediction for dodecane and decane for TH. Shown are the variations of
squared diameters against residence time. Boiling points and droplet temperatures are also
included
To see more detailed the effect of gas temperature and fuel chemistry, the evaporation
rates and droplet temperatures of the two series in Figure 6.8 are plotted against the gas
temperature in Figure 6.9. Again, during the early portion of unsteadiness the droplet
temperature and evaporation rate increase considerably with the gas temperature. The late
period with little increase of these parameters was treated in Figure 6.8 as the near steady
behavior. For all gas temperatures the decane droplet evaporates quicker than dodecane,
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especially at low gas temperatures, which is supported by the experimental data (slightly
different though). Attention to the period after the unsteady phase helps to explain why when
the gas temperature is closer to the peak, the rates of decane and dodecane are almost the
same as represented by the similar near steady rates found. While the role of gas temperature
is obvious, initial diameter is also found to play no effect on the steady rate of decane
droplet when plotting the rate against the diameter (though not shown here).
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Figure 6.9: Evaporation rate and droplet temperature variations against gas temperature for
dodecane and decane droplets in Figure 6.8 (at the high temperature setting)
Figure 6.10 presents the predictions for the 65 m dodecane droplet and 63.5 m nonane
droplet shown in Figure 5.12 for TH. For both series the model predicts about 5-7% longer
the droplet evaporation time. It is necessary to mention here that these differences come not
only from the model side but also from experimental side. As seen, while the predicted SE
for dodecane occurs at about 11 mm (slightly later than the measured), nonane is predicted
to show evaporation right from the beginning with no expansion. For these droplets, the
modeled D2-t curves, shown in Figure A.9 in Appendix A, also show a near steady period
starting from around 20 mm (42.2 ms) for dodecane and 16.8 mm (38.8 ms) for nonane after
the initial unsteady behavior. The near steady rates of dodecane and nonane are respectively
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0.222 and 0.205 mm2/s which are almost the same as the ending rolling rates of 0.222 and
0.215 mm2/s reported earlier for these series. Little variation in this period is certainly due to
little variation in the gas temperature. At this stage the actual droplet temperature, which will
be investigated later in more detail, is expected to be uniform. The current assumption of
uniform droplet temperature of this model quickly provides an idea of how the droplet
temperature affects the process in present conditions.
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Figure 6.10: Comparison of model predictions with experimental data for the 65 m
dodecane droplet and 63.5 m nonane droplet in Figure 5.12 for the high temperature
setting. Shown are variations of diameter against position.
To get a closer look and to study the chemistry effect, Figure 6.11 illustrates the variation
of predicted droplet temperature and evaporation rate against the gas temperature for two
series in Figure 6.10. While this dodecane droplet also attains the maximum temperature of
452 K similar to the bigger droplet (36 K below its boiling point), the nonane droplet reaches
398 K as the maximum which is 26 K below its boiling point of 424 K. Similar to the
comparison between dodecane and decane, nonane is seen here to evaporate much faster
than dodecane (and decane) at low temperature but the difference in their rates becomes
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smaller with the increase in gas temperature and very small once this temperature passes 650
K for which the droplet temperature is also near stable. This is in agreement with the
similarity found for their measured rates once they approach a near steady state.
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Figure 6.11: Predicted evaporation rate and droplet temperature variations against gas
temperature for dodecane and nonane droplets in Figure 6.10
Figure 6.12 is another example showing how the model predicts for the 52 m decane
droplet and 84 m nonane droplet for TH for which the evaporation time is just less than 6%
longer than measured. Given its simplicity, the prediction obtained is not poor. Overall, it
gives some lag for the SE point and slightly longer evaporation time. Other than that, it
predicts good evaporation rate, especially the near steady rate. In this model the droplet
temperature is assumed to be uniform which is however likely untrue as even in extremely
high Reynolds number environment, this mode can never be attained [65]. Furthermore, this
model does not provide an assessment of the effect of the convection from the gas side on
the droplet internal heat transport. The Stefan flow effect is another factor that is known to
slow down the evaporation which also needs to be examined. Extension of this model is
therefore needed. Though aiming at including more effects, the simplicity is still the goal of
this extension the mathematical development of which will be shown in the next section.
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Figure 6.12: Comparison of model predictions with experimental data of 52 m decane
droplet and 84 m nonane droplet for the high temperature setting. Shown are variations of
diameter against position.

6.4

Extension to Effective Conductivity Model

As mentioned, to explore the droplet internal temperature distribution and to assess the slip
effect on the liquid phase in current experimental conditions, development of the simple
model to an effective conductivity model is necessary. This can be done with and without
accounting for the Stefan flow effect. This section first introduces the extension to account
for this effect and then develops the effective conductivity model.

6.4.1 Integration of Stefan Flow Effect on the Gas Side
The effect of Stefan flow can be defined as the resistance of the heat and mass transfer
between the surrounding gas and the droplet surface and thus can be treated as the
thickening of the resistance films on the gas side [110]. To account for this, correction
factors FY =

M/ Mo

and FH =

T/ To

are introduced with (

M,

T)

and (

Mo,

To)

being the
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thicknesses of the (mass, thermal) diffusion films with and without the Stefan flow effect.
The Sherwood and Nusselt numbers are now expressed in a modified form

2  Sh  2 / FY

Sh*

(6.12)
2  Nu  2 / FH .

Nu*

The equations (6.4), (6.5) and (6.9) now becomes

and

md

SDU g D fg Sh * ln(1  BY ) ,

dD
dt



2 U g D fg

Ul D

k g (T g  Ts )

q

D

Sh * ln(1  BY )

Nu *

ln(1  BY )
.
BY

(6.13)

(6.14)

(6.15)

Note that Tl in equation (6.9) is now replaced with the droplet surface temperature Ts in
equation (6.15).

The correction factors FY and FH are functions of the mass and heat transfer numbers BY
and BH [4]

FY

(1  BY ) 0.7

ln(1  BY )
BY
(6.16)

FH

(1  BH ) 0.7

ln(1  BH )
.
BH

While BY is calculated from equation (6.7) (Ys is found from Ts which is known from the
previous time step), BH is another quantity which also needs to be calculated. It is noticed
that the mass evaporation rate can also be expressed via
md

SD

kg
C pg

Nu * ln(1  BH )

(6.17)

and by equating equation (6.17) with equation (6.13), the following relationship is found
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1 Sh*

B H  1 (1  BY ) Le Nu* .

(6.18)

To calculate BH, an iterative procedure is applied by firstly assigning BH a value of BY and
then FH is found from equation (6.16). Once Nu* and Sh* are found from equation (6.12),
they will be substituted into equation (6.18) to find a new BH. The procedure keeps
circulating until |BH2-BH1| < 0.001 which is the accuracy chosen for this work (for this
condition, a maximum of 3 loops are needed for convergence).

Once BH is found, the heat flux q across the interface is calculated from equation (6.15).
The rate of heat flow transferred into the droplet for sensible heating is now calculated as
Ql

SD 2 q  m d H .

(6.19)

This equation is equivalent to equation (6.10) which expresses the energy balance at the
droplet surface. However equation (6.10) does not apply here as the droplet temperature is
now non-uniform and Ql is therefore used as the input for the liquid phase model shown in
the following section.

6.4.2 Liquid Phase Model
Under convective environments, the liquid phase should be treated as a vortex model.
However for simplicity an effective conductivity model proposed by [4] is applied.
Considering the low droplet Reynolds number used here, this choice is further justified as
the circulation is deemed very weak (or even does not exist) in which case a treatment close
to a conduction limit model is mostly suitable. As the main aim is to investigate the
temperature distribution within the droplet, an assumption used here is to treat the liquid
phase properties as being constant. Variable properties treatment is possible such as done in
[55], however the computational effort is very large. In addition, for low temperatures and
low convections used here, the simplified approach is suitable as long as a proper selection
of the reference temperature for calculating the liquid properties is made [55] as this
temperature is a very important factor.
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Since this is a problem of a moving boundary, the governing equation for energy is best
expressed in a non-dimensional form
rs2

rs / ro is the droplet non-dimensional radius, W

in which rs
time, K

F w § 2 wT ·
¨K
¸
K 2 wK ¨© wK ¸¹

dr 2 wT
wT
 0.5 s K
dW wK
wW

r / rs

non-dimensional radial coordinate, T

temperature and F

(6.20)

D l t / ro2 non-dimensional

T  To / To non-dimensional

k eff / k l a factor representing the enhanced thermal conductivity

coefficient inside the droplet due to improved heat transport under convection. ro and To are
the initial droplet radius and temperature. r and rs are the radial coordinate in the droplet and
its radius - the moving boundary. l and kl are the liquid thermal diffusivity and conductivity.
Equation (6.20) is subjected to the following initial and boundary conditions:
T

W 0

wT
wK
wT
wK

T K
0

0

droplet temperature is initially uniform at To,
symmetry requirement and

(6.21)

K 0

K 1

Ql
heat transferred across the droplet surface for preheating.
4Srs Fk l To

The correction factor  is approximated as the following expression [4]

F

1.86  0.86 tanh>2.245 log10 Pel / 30 @

(6.22)

in which Pel is the liquid Peclet number which is defined as the ratio of the surface
regression rate and the diffusion coefficient. Pel is calculated as the product

Pel

Re l Prl

(6.23)

with Rel and Prl being the liquid Reynolds and Prandtl numbers. The liquid phase Reynolds
number is defined as
Re l

u s DU l

Pl

(6.24)
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in which us is the maximum velocity at the droplet surface and l is the liquid dynamic
viscosity. The velocity us is found from the force balance at the droplet surface [117]

us

1 Pg
C F Re u rel .
6S P l

(6.25)

In equation (6.25), CF is the skin friction coefficient which, as mentioned in [4], can be
found from the correlation accounting for the Stefan flow effect and for BY < 20 found here
in this work
CF

12.69
Re

2/3

1  BY

0.75

.

Though the above correlation for CF is recommended for 10

(6.26)

Re

100, it is still used here

as an approximation as no better data is present.

As the accuracy of the extended model (especially of the evaporation rate or droplet
lifetime) is strongly dependant on the reference temperature used for estimating the liquid
properties (except for the liquid viscosity which is calculated at the droplet surface
temperature), it needs to be carefully chosen. Abramzon and Sirignano [4] suggested an
arithmetic mean 0.5(To+Tboil). Kneer et al [55] recommended to use a modified form
(To+Tboil) with

being chosen from 0.55 - 0.6. However their recommendations are

appropriate for high temperature environments. For present condition, a mean value of
0.5(To+Tdmax) is used with Tdmax being the equilibrium or maximum droplet temperature
found from the earlier Lump model.

With Ql found from the gas side calculation being used as one of the inputs for equation
(6.20), it is solved using the Crank–Nicolson discretization scheme. For current conditions
with low to moderate gas temperatures a choice of 100 grid points for the spatial coordinate
and a time step of 0.1 ms is made to ensure convergence. Note that this time step is only
suitable for the present conditions. For higher gas temperatures, a finer step will be expected
and simulation time will be longer. With this choice, the model runs for about 16 s compared
to about 8 s of the Lump model on a 2.4 GHz clock speed CPU for a typical 75 m droplet.
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Comparison of Extended Models and Data

As an illustration, Figures 6.13, 6.14 and 6.15 compare the numerical results of three models
(i.e. the earlier Lump model, the ‘effective conductivity without Stefan flow’ and the
‘effective conductivity with Stefan flow’ models) with experimental data of dodecane
droplets of 75 and 76.5 m for both temperature settings (Figure 6.13), decane droplets of 74
and 45.5 m both settings (Figure 6.14) and nonane droplets of 84 and 63 m high
temperature setting (Figure 6.15). At first examination, all three models predict longer
evaporation time, with the effective conductivity models giving lifetime closer to the data.
Though simple, the Lump model predicts better the local behavior (similar curve form)
whereas the effective conductivity models predict earlier evaporation and an initially faster
evaporation rate. This difference is a result of treating the liquid properties as constants
(fixed density) and therefore neglecting the effect of expansion of effective conductivity
models. The difference is large at the middle of the droplet’s lifetime, around the preheating
zone and the initial period of evaporation. It is clear from these plots that the improvements
made to the model still cannot bring the predictions closer to the measurement as desired
and, if putting aside the model defects, this points to the possible existence of the uncertainty
in adjusting the measurement zones.

The Stefan flow effect starts with the evaporation and becomes stronger with time (gas
temperature) as represented by the larger deviation between two effective conductivity
models. This effect is however very small and agrees with these situations of slow
evaporation and low convection. In conditions of high temperature and strong convection, it
is expected to be significant. For all cases, the difference is smaller for small droplets with
short lifetimes due to lower temperature reached by the droplet which implies weaker effects
of Stefan flow and density variability. Given some deviation from those measured, the
simplified effective conductivity model is supposed mainly to provide more realistic droplet
temperature. It is necessary however to assess the droplet internal state during its lifetime in
advance by investigating the liquid Reynolds and Peclet numbers. While Reynolds number
represents the fluid motion, Peclet number represents the effect of this motion on the heat
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transfer within the droplet. This is an advantage of this model although it does not provide
such details which can only be obtained from the vortex model.

Figure 6.13: Comparison of results of three models (D vs t) with experimental data of 75 m
and 76.5 m dodecane droplets in high and low temperature settings respectively

Figure 6.14: Comparison of results of three models (D vs t) with experimental data of 74 m
and 45.5 m decane droplets in high and low temperature settings respectively
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Figure 6.15: Comparison of results of three models (D vs t) with experimental data of 84 m
and 63 m nonane droplets both in the high temperature setting
Figure 6.16 shows the variation of liquid Reynolds number and Peclet number of the 75
m dodecane droplet as an example. Liquid Prandtl number is also indicated which reflects
the change in the droplet dynamic viscosity which in turn depends on the droplet
temperature. As seen in this figure, the Reynolds number is too low - much less than unity which implies that the liquid phase is in the “viscous” regime for the whole of its lifetime.
Even with much higher Prandtl number than the gas phase, due to this low Reynolds number
the Peclet number is also very small and the internal heat transport can be taken as mostly
through conduction [4]. The convection on the gas side is supposed to slightly improve the
evaporation rate but not strong enough to cause any significant effect on the droplet internal
fluid motion. For a droplet of larger diameter, these numbers will be higher due to the higher
droplet Reynolds number (see equations 6.23-6.26) and the effect of external convection on
the droplet internal heat and mass transport should therefore be stronger; this will be
investigated later in this chapter. With such the above findings, the temperature distribution
found from the model for this droplet is reckoned to realistically describe the liquid phase
thermal state.
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Figure 6.16: Liquid Prandtl, Reynolds and Peclet numbers of the 75 m dodecane droplet
evaporating at the high temperature setting
Simulation of the dodecane droplet evaporation is again shown in Figure 6.17 with the
focus shifted now to the interpretation of the process in terms of the more detailed droplet
temperatures. It is apparent here that during the preheating and the initial period of
evaporation the center and the surface of the droplet have different temperatures and for this
particular case, the maximum difference is 16.7 K. Though appears not large, it has been
discussed that the behavior is sensitive to the droplet surface temperature (through the mass
transfer number BY and the Clausius-Clapeyron equation which nonlinearly relates the
droplet surface temperature to the vapor mass fraction Ys at the interface). The initial,
strongly unsteady evaporation is seen to correlate with the difference between two
temperatures which implies the initially large amount of heat required for sensible heating.
Once the droplet temperature becomes almost uniform at around 47.6 ms, the near steady
period starts. Though not shown here, the droplet temperature found from the Lump model
(Figure 6.3) is slightly lower than this surface temperature during the initial preheating
period with the maximum difference of only 3.7 K occurring at around 31 ms; for the near
steady period all temperatures are virtually the same. This explains the efficiency of the
simple Lump model. During the initial period, as the temperature is low the slightly lower
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predicted lump temperature than the more realistic surface temperature can lead to small
incorrectness in the evaporation rate. For the near steady phase, the predicted rate of the
Lump model is supposed to be closer to reality while that of the effective conducvity model
is lower due to its treatment of constant liquid density (cf. equation 6.14).
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Figure 6.17: Droplet center and surface temperatures simulated by the effective conductivity
model for the 75 m dodecane droplet evaporating at the high temperature setting. Shown
are also the gas temperature and droplet squared diameter.
To further understand the transport processes on the gas side in these conditions, Figure
6.18 shows the variation of the gas phase Lewis number (Le) and the mass and heat transfer
numbers (BY and BH, equations 6.7 & 6.18) during the lifetime of the 75 m dodecane
droplet as a typical example. With the assumptions used (see section 6.2.1) the Lewis
number found here only provides a qualitative assessment. As seen, this number varies
between 3.5 and 4.2, much higher than unity, a value widely used in many studies. This is
also reflected in the difference between BY and BH shown, see equation (6.18). In those
investigations where Le assumes unity, Sh = Nu as Pr = Sc, BH (formulated for pure
vaporisation with no sensible heating) equals BY when a steady state is reached. This is also
a simple method used in [15] to find the steady state droplet temperature for a number of
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hydrocarbons. Clearly the assumption of unity Le, if used here, will lead to error and, as
seen, BY is always higher than BH during the final steady phase. This renders the process to
be dominated by mass diffusion for current conditions. Given BH being defined as the ratio
of the enthalpy available in the gas phase to the heat required for vaporizing the droplet, in
combustors with high temperature and high pressure where the process is dominated by the
heat transfer, the reverse is expected with BH > BY.
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Figure 6.18: Gas Lewis and mass and heat transfer numbers for the 75 m dodecane droplet
evaporating at the high temperature setting

Application of the extended model to the smallest droplet in this work, the 45.5 m
decane droplet, reveals that the difference between the center and surface temperatures is
small with a maximum of 5.5 K. This is indicative of the effect of droplet size on the
evolution of its internal temperature distribution. For current investigation, the study of this
effect, gas temperature effect and chemistry effect is however limited due to the difficulty in
experimentation. To investigate these effects and the droplet behavior in a wider range of
conditions, the next section is devoted to the evaporation simulation for different droplet
sizes and gas temperatures. Furthermore the effect of droplet Reynolds number can also be
investigated by simulating for different droplet initial velocities. Though giving some
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difference from the present data, assessment of the suitability of the simple Lump model for
conditions closely representing that in realistic devices will be performed, especially when
the droplet size becomes just tens of microns. The simulation of diesel will also be explored.

6.6

Predicted Behavior in a Variety of Conditions

6.6.1 Effect of Gas Temperature
To investigate the effect of gas temperature on the droplet behaviour, four conditions of 500,
1000, 1500 and 2000 K have been used and the environment is assumed to be quiescent air.
A droplet of initial size of 100 m at 300 K is suddenly exposed to such environments and
dodecane, as a widely investigated fuel, is chosen for this investigation. Included in this
investigation is the comparison between two models: the effective conductivity with Stefan
flow model here after referred to as Eff Cond model for short (though

in equation 6.20 is

set to 1 for the case of no slip effect, it still however accounts for the effect of droplet
regression on the liquid phase transport through the term drs2 / dW ) and the simple Lump
model. This comparison enables further analysis of the process. Figures 6.19, 6.20, 6.21 and
6.22, in turn, show the predictions of two models on the variations of diameter, evaporation
rate and droplet temperatures at 500, 1000, 1500 and 2000 K. As the droplet lifetime at 500
K is much longer than that at the other three temperatures, Figure 6.19 has a separate time
scale of 0-0.18 s while in Figures 6.20, 6.21 and 6.22 the time scale is 0-0.06 s.

A number of observations can be made from these figures. For all cases and for both
models the evaporation rate curves reflect the droplet temperature curves. They both
increase monotonically initially before attaining a steady state together. This is understood to
be the initial unsteady period of preheating which is followed by the period of constant
evaporation rate (D2-law behavior) until the end as expected. It is clear that the steady rate
increases with gas temperature as does the equilibrium droplet temperature which is
however always below the boiling point (for 500, 1000, 1500 and 2000 K the steady state
droplet temperature predicted by both models is about 422.3, 471.2, 480.3 and 483.7 K
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respectively compared with 488 K as boiling point). The droplet expansion is seen (from the
Lump model) to be stronger for higher temperature. From both models, the preheating
process is found to be faster for higher temperature as observed in the steeper droplet
temperature curves; however the preheating time relative to the droplet lifetime is longer.
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Figure 6.19: Predicted variations of droplet diameters (x2), temperatures and evaporation
rates by the Eff Cond and the Lump model for 100 m dodecane droplet at 500 K
500

0.5
Tcen - Eff Cond
Tsur - Eff Cond
Tdrop - Lump
Ddrop (x2) - Eff Cond

400
350
300
250

0.2

Ddrop

x

200

0.3

2

Ddrop (x2) - Lump
Kv - Eff Cond
Kv - Lump

0.4
Kv (mm /s)

2 (m) & Tdrop (K)

450

150
100

0.1

50
0
0

0.01

0.02

0.03

0.04

0.05

0
0.06

Residence Time (s)
Figure 6.20: Predicted variations of droplet diameters (x2), temperatures and evaporation
rates by the Eff Cond and the Lump model for 100 m dodecane droplet at 1000 K
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Figure 6.21: Predicted variations of droplet diameters (x2), temperatures and evaporation
rates by the Eff Cond and the Lump model for 100 m dodecane droplet at 1500 K
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Figure 6.22: Predicted variations of droplet diameters (x2), temperatures and evaporation
rates by the Eff Cond and the Lump model for 100 m dodecane droplet at 2000 K
Between two models, the lifetimes predicted are different and this difference is larger for
the lower temperature. This is understandable because for very long process the difference
between two models is largely accumulated. For the evaporation rate predictions, the
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difference between two models is larger for higher temperature which is certainly due to the
larger variation in density in a wider range of temperatures. It would be ideal if in high
temperature and high convection conditions such as those in real combustors, the Lump
model can be used to simulate the behaviour of small droplets and this will be investigated
later. In quiescent environments with Re = 0, the effect of Stefan flow is negligible (the
mathematical integration of this effect also does not apply) and the equilibrium droplet
temperatures found from two models are similar. For conditions used in this work with very
small Stefan flow effect the simple Lump model therefore still presents its efficiency. In
highly convective conditions this effect, as shown in the following section, is significant and
its inclusion for the Lump model is necessary.

For all cases, the Lump model predicts an earlier start of the steady period which is
directly related to the predicted droplet temperature which gets stabilized faster. This is a
consequence of assuming the conduction of heat in the dropet to be infinitely fast of this
model while for the Eff Cond model, the behavior (treatment) is close to the extreme of
conduction limit. The later therefore renders a higher surface temperature as reflected in the
initially higher evaporation rate. The faster rate of the Eff Cond model further leads to a
larger amount of heat spent for vaporisation and a smaller amount transferred into the
droplet interior for heating up (see equations 6.13, 6.15 and 6.19, whereas the term ln(1+BY)
increases with BY, the term ln(1+BY)/BY decreases). With a larger amount of sensible heat
received for the Lump model, the droplet reaches an equilibrium state faster, for example at
2000 K this occurs at 9.4 ms with the droplet being 94 m while for the Eff Cond model this
starts later at 21.6 ms at a smaller size of 57 m. The Eff Cond model is supposed to
describe the initial process more realistically except for the expansion phenomenon which
can only be obtained with variable density treatment.

During the period of adjusting to an equilibrium state, at the very low gas temperature
(500 K condition) both the surface and center temperatures found from the Eff Cond model
are close to the Lump temperature. This is reasonable since under very low heating rate, the
process resembles the situation of infinite rate of liquid heat transport. At higher gas
temperatures, the difference between the center and surface temperatures becomes larger and
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their profiles are further distinc from the Lump profile. To better illustrate the internal
evolution of the droplet radial temperature distribution, Figures 6.23a, b, c and d, in turn,
show the development of this distribution with time for the 500, 1000, 1500 and 2000 K
conditions. Due to the lifetime difference (nearly 175 ms at 500 K compared to less than 50
ms at three other temperatures) and for the clarity purpose, a time scale of 0-60 ms is used.

a)

b)

c)

d)

Figure 6.23: Gas temperature effect on the temperature distribution of a 100 m dodecane
droplet evaporating in still air at a) 500 K, b) 1000 K, c) 1500 K and d) 2000 K
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It can be clearly seen from Figure 6.23a that the profiles along the radial co-ordinate
slightly curve up near the droplet surface initially but then adjust to become leveled for most
of its lifetime even though this figure does not show a full droplet history. This also indicates
that the Lump model best represents the process in low temperature condition as was seen
efficient for the experimental data in this work. At higher temperatures, the initial profiles
apparently become steeper near the surface to reflect more pronounced the conduction limit
of the liquid. As mentioned, while the Eff Cond model provides a more realistic liquid phase
temperature distribution during the unsteady phase, the evaporation rate predicted by the
Lump model for the equilibrium (steady) phase is more accurate as it uses the correct liquid
density. To summarise the gas temperature effect on the droplet behavior in quiescent
environments, Figure 6.24 shows the variation of the preheating time, which is defined as
the time taken for the droplet temperatures predicted by the Eff Cond model to become
uniform and steady, the droplet lifetime and steady evaporation rate found from the Lump
model. The gas temperature is clearly seen to increase the evaporation rate and to reduce the
preheating time and lifetime. Variation of these parameters is drastic between 500 and 1000
K. The preheating time and lifetime are much longer at 500 K.
0.5

180
160

0.4

120
Preheating Time

100

0.3

Droplet Lifetime

80

0.2

Kv

60
40

Kv (mm2/s)

Time (ms)

140

0.1

20
0
0

500

1000

1500

2000

0
2500

Gas Temperature (K)
Figure 6.24: Gas temperature effect on the preheating time, droplet lifetime and evaporation
rate of a 100 m dodecane droplet evaporating in still air
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6.6.2 Effect of Droplet Initial Velocity
In combustors using a spray nozzle, putting aside the liquid properties and the nozzle
characteristics (e.g. hole size and shape), the exit velocity of a fuel jet depends on the
injection pressure and combustion chamber pressure. An increase in injection pressure leads
to an increase in the jet velocity. Once encountering the chamber gas, the atomization occurs
and the jet breaks down into a multitude of small droplets with much lower velocities. The
higher the chamber pressure is the lower the velocity of a droplet is. With stricter
requirements regarding the combustion efficiency and emission, the system is generally
designed to have very high injection pressures which can be above 2000 bar. Given this fact
and the chamber pressure variation in a lesser extent (usually below 100 bar) the spray tip
velocity can be of the order of few hundreds m/s [58]. It has however been made aware that
the droplet of a certain size has a limit in its Reynolds number as it will be shredded into
smaller sizes if its velocity relative to the gas is over a size dependant limit [117].

The effect of initial velocity is manifested through the improvement on the heat and mass
transfers on the gas side as well as on the internal transport within the droplet through the
slip effect. An investigation of a range of velocities possibly found in combustion devices is
therefore desired. In convective environments, the higher the Reynolds number is the
stronger the Stefan flow effect is as the modified Sherwood and Nusselt numbers are futher
deviated from the originals for certain FY and FH, see equations (6.12). In higher temperature
environments the Stefan flow effect is also more significant due to the increase of FY and FH
(always higher than unity) with BY and BH, and this sensitivity is even stronger at higher
Reynolds number. This is understandable when reviewing the definitions of FY and FH as the
ratios of the gas modeled boundary thicknesses with and without the Stefan flow which
become very sensitive to

M

and

T

when

Mo

and

To

are small (for large Re). This effect is

therefore important and is included in the Lump model for this investigation.
Again, a 100 m dodecane droplet is used which assumes an initial temperature of 300 K
and is injected into still air of 1500 K at 10, 30, 60 and 90 m/s. To illustrate the Stefan flow
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effect, Figure 6.25 compares the predictions of the Lump model with and without it on the
changes in droplet size and evaporation rate for the case of an initial velocity of 90 m/s.
Variation of the droplet velocity is also indicated in this figure. Figure 6.26 presents the
changes in Sherwood and Nusselt numbers, and droplet temperature for these two situations.
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Figure 6.25: Stefan flow effect on the lifetime and evaporation rate of a 100 m dodecane
droplet with Vo = 90 m/s undergoing evaporation in still air at 1500 K. Shown is also the
droplet velocity.
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Figure 6.26: Stefan flow effect on the Sherwood, Nusselt numbers and the temperature of a
100 m dodecane droplet with Vo = 90 m/s undergoing evaporation in still air at 1500 K
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The Stefan flow effect is seen in this situtation to be responsible for around 10% longer in
the droplet lifetime which is reflected in the lower evaporation rate for more than half of its
lifetime. For the final period, the slower rate of prediction without accouting for the Stefan
flow effect is due to the lower Reynolds number; this is a result of lower velocity and
smaller droplet size due to the faster evaporation in the earlier part. These can actually be
observed in the comparison between the Sherwood number and its modification in Figure
6.26 which is the final representation of the Stefan flow effect. The Nusselt number and its
modification also vary in a similar manner with the Sherwood numbers as expected and they
all fall down to 2 at the end which is their value in a quiescent environment (Re = 0). Due to
the varying effect of the Reynolds number for this condition it is apparent that the
evaporation rate does not attain a steady state value as in a quiescent environment but shows
a gradual decrease until the end after an initial sharp increase. The droplet temperature is
nevertheless seen to attain a near steady phase (insignificantly increasing with time during
this period) and shows very little signs of being affected by the Stefan flow effect.

To compare between the Eff Cond model and the Lump model (both accounting for the
Stefan flow effect), Figure 6.27 shows their predictions regarding the variations of droplet
diameter, evaporation rate and droplet temperatures for the 90 m/s condition as a typical
example of a strongly convective environment. Similar to the quiescent environment, due to
the assumption of fixed density at the mean value the Eff Cond model predicts a higher rate
very shortly at the beginning and then a lower rate for most of the droplet’s lifetime. For this
condition, the predicted rates from both models are higher than those of the quiescent case
(Figure 6.21) but finally assymtote to these values at the end. Again, given such difference
between their rates, it is seen here that the lifetimes estimated by both models are almost the
same. The droplet temperatures are found to reach similar near steady values given also that
the Lump model predicts a slightly earlier stabilized point.

Prediction of the Lump model for all droplet initial velocities is shown in Figure 6.28 in
which the behavior in the quiescent environment (presented as 0 m/s) is also included for
assessment. In this figure, besides the variations in diameter and evaporation rate, the droplet
Reynolds number is also included and it is seen to be initially around 7, 21, 43, and 64 for
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the 10, 30, 60 and 90 m/s conditions respectively. This number decreases when the droplet
gets smaller and falls down to zero at the end. It is obvious here that the higher the initial
velocity of the droplet is, the shorter the lifetime is; however significant improvement occurs
below 10 m/s and in the higher velocity range the improvement is much less. It is also
noticed from the diameter curves that the expansion effect is smaller for the higher velocity
(much smaller than for the quiescent case) because the evaporation starts earlier as is also
reflected in the evaporation rate curve. The higher the initial velocity is, the further away
from the D2-law the behaviour of the droplet is (see the evaporation rate curves).
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Figure 6.27: Predicted variations of droplet diameters (x2), temperatures and evaporation
rates by the Eff Cond and the Lump models for a 100 m dodecane droplet with Vo = 90 m/s
undergoing evaporation in still air at 1500 K.
In the liquid phase, the Reynolds and Peclet numbers found from the Eff Cond model are
shown in Figure 6.29 while the droplet center and surface temperatures are shown in Figure
6.30. Note in these figures that the time scale has been adjusted to 0.02 s to show clearer
details. In Figure 6.29, the Reynolds and Peclet numbers have the same trend which exhibits
an initial increase to a peak and then a decrease until the end. This initial behavior reflects
the change in the dynamic viscosity, see equations (6.23-6.25), which varies as a function of
the droplet surface temperature. The decrease after the peak is apparently due to the fall of
the droplet Reynolds number. Amongst these conditions the difference is considerable. For
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the 10 m/s condition, the peaks of the Reynolds and Peclet numbers are only about 120 and
1100 while for the 90 m/s condition, these are about 2300 and 21100.
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Figure 6.28: Effect of Vo on the variations of diameter and evaporation rate of a 100 m
dodecane droplet undergoing evaporation in still air at 1500 K. 0, 10, 30, 60 and 90, in turn,
means Vo = 0, 10, 30, 60 and 90 m/s. Shown is also the droplet Reynolds number.
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Figure 6.29: Effect of Vo on the liquid Reynolds and Peclet numbers of a 100 m dodecane
droplet undergoing evaporation in still air at 1500 K. 10, 30, 60 and 90, in turn, means Vo =
10, 30, 60 and 90 m/s.
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In Figure 6.30, to compare between convective and quiescent conditions the droplet
temperatures in Figure 6.21 are also indicated. Compared to the quiescent case, even at Vo =
10 m/s the improvement in the liquid phase internal heat transport has been significant and
the droplet temperatures become uniform much earlier. The higher the velocity is, the earlier
this uniformity occurs as expected. Amongst convective conditions, although the differences
in Rel and Pel are very large, the improvement seen is not significant. The early occurrence
of droplet temperature uniformity at the 10 m/s condition can partly be a direct consequence
of the small droplet size investigated, the effect of which will be further explored in the next
section. For these conditions, the droplet attains virtually the same steady state temperatures.
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Figure 6.30: Effect of Vo on the temperatures of a 100 m dodecane droplet undergoing
evaporation in still air at 1500 K. 0, 10, 30, 60 and 90, in turn, means Vo = 0, 10, 30, 60 and
90 m/s.

6.6.3 Effect of Droplet Size
To investigate the effect of droplet size, a diameter of 300 m is chosen which has been the
focus of a considerable amount of research. Again, comparison between models for this size
is needed and these are shown in Figures 6.31 and 6.32 for Vo = 0 and 90 m/s to represent the
quiescent and strongly convective cases, respectively.
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Figure 6.31: Predictions by the Eff Cond model and the Lump model for a 300 m dodecane
droplet with Vo = 0 m/s undergoing evaporation in still air at 1500 K
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Figure 6.32: Predictions by the Eff Cond model and the Lump model for a 300 m dodecane
droplet with Vo = 90 m/s undergoing evaporation in still air at 1500 K
For both cases, the characteristics of predictions and differences in droplet temperatures
and lifetime are similar to that of the 100 m size (see Figures 6.21 and 6.27). Compared to
the quiescent case and all other convective cases investigated, this convective case has the
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largest difference between the lifetimes predicted by two models which is however only
about 2.5% given the fact that for this size with a much larger volume (27 times that of the
100 m droplet), the effect of density variation (reflected by the initial expansion) is larger.
For the quiescent case, there is almost no difference as seen earlier for the 100 m droplet.
Similar to the 100 m droplet, the equilibrium temperature predicted by two models for the
300 m droplet after the initial unsteady period for the quiescent case is also 480 K. For the
convective case, the droplet temperature still slightly increases during the later period until
the end (as also found for the 100 m droplet and will be explained later) although this
increase is very slight from 478 to 480 K.

To compare between two droplet sizes, the data need to be shown in the normalized
forms because the 300 m droplet has a very long lifetime compared to the 100 m droplet.
As the very first illustration, Figure 6.33 expresses the variation of D2 normalized by Do2
against time normalized by the droplet’s lifetime for both diameters in the conditions of Vo =
0, 10 and 90 m/s. It is obvious from this figure that in quiescent condition (Vo = 0), the
curves of both sizes lie almost on each other which characterise a linear relationship after an
expansion period. Besides meaning the same steady evaporation rate for both sizes, this
implies that in this condition the expansion characteristic time is qualitatively proportionate
to the droplet’s lifetime and hence the surface area while its strength is also proportionate to
this area. In convective conditions, the relationship curves away from the linear behavior
with a larger degree seen for the larger droplet. This is a consequence of the stronger
interaction between the larger droplet and the surrounding gas. The higher the initial velocity
is, the further away the curves are from the D2-law as expected. This plot also confirms that
for both sizes, the convection effect in the condition of Vo = 10 m/s is already significant
when considering the condition of Vo = 90 m/s, especially for the larger droplet. Another
point that can be clearly observed here is the earlier start of evaporation and less effect of
expansion for higher initial velocity which has been mentioned earlier.

As a reflection of the observations in Figure 6.33, Figure 6.34 reports the evaporation rate
against the normalized time. Also included in this figure is the droplet Reynolds number for
the conditions of Vo = 10 and 90 m/s. The evaporation rates in the quiescent condition for
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two droplet sizes present coincident curves in this plot; this suggests again that the
preheating time is also proportionate to the droplet surface area. While the same steady
evaporation rate is clearly found for two sizes in this condition, under convection the rate of
the bigger droplet is always higher than that of the smaller droplet. The higher evaporation
rate of the bigger droplet is seen to correlate with its Reynolds number which, being the
function of the droplet diameter, is significantly higher than that of the smaller droplet. From
this plot, the slight increase in the droplet temperature reported earlier during the later period
can be understood to relate to the Stefan flow effect and this temperature only approaches
the steady value found in the quiescent condition when the evaporation rate approaches the
steady rate in that condition at the end.
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Figure 6.33: Lump prediction of normalized squared diameter against the normalized time
for the 100 and 300 m droplets with Vo = 0, 10 and 90 m/s evaporating in still air at 1500 K
To investigate the droplet temperature in more details, Figure 6.35 shows the variation of
the center and surface temperatures against the normalised time with a scale of up to only
0.7. For clarity purpose, only the quiescent and 90 m/s conditions are shown. Included in this
figure is also the droplet Peclet number. As expected, for the quiescent condition two sizes
have the same temperature profiles because in this condition the droplet internal heat transfer
is characterized by a diffusional process (the effect of droplet regression rate is negligible)
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the characteristic time of which is proportionate to the squared radius (surface area) and thus
the droplet lifetime (given the treatment of constant liquid thermal diffusivity). For the 90
m/s condition, the difference between the surface and center temperatures is larger for the
larger droplet and the external convection has a more direct consequence on the smaller
droplet even though the Peclet number is much smaller than that of the larger droplet which
reaches to a maximum of about 21100 compared to about 92300 of the larger droplet. The
preheating time relative to the lifetime is smaller for smaller droplet. This implies an
advantage for combustors using high injection velocities and small droplet sizes such as
modern diesel engines because the evaporation process becomes steady faster (even though
in these devices, other effects are also important such as the spray effect [71]).
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Figure 6.34: Lump predictions of evaporation rate and droplet Reynolds number for the 100
and 300 m dodecane droplets with Vo = 0, 10, and 90 m/s evaporating in still air at 1500 K
In sumarising the size effect on the droplet behavior, Figure 6.36 shows the preheating
time and the lifetime of two sizes for all values of Vo investigated and the ratios of these
quantities of the bigger droplet to those of the smaller droplet. It is clear that the preheating
time and the lifetime of the 300 m droplet are substantially longer than those of the 100 m
for all conditions. At 10 m/s, the effect of convection on the behavior of both sizes has
however been significant and for higher velocities, the process becomes less improved.
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Figure 6.35: Eff Cond predictions of droplet temperatures and Peclet number for the 100 and
300 m droplets with Vo = 0 and 90 m/s evaporating in still air at 1500 K
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Figure 6.36: Variation of droplet preheating time and lifetime of the 100 and 300 m
droplets evaporating in still air at 1500 K against droplet initial velocity. Shown are also
ratios of preheating time and lifetime of the 300 m droplet to those of the 100 m droplet.
In quiescent condition, both the preheating time and the lifetime of the 300 m droplet
are around 9 times those of the 100 m droplet which is the ratio of their surface areas.
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Under convection, the lifetime ratio decreases which is due to the larger convection effect on
the evaporation rate of the bigger droplet. For the preheating time ratio, the decrease at 10
m/s is even more than the decrease in the lifetime ratio which implies that the heat transport
in the bigger droplet is more affected than the smaller droplet in this condition. For higher
velocity, this ratio then rises back to the lifetime ratio at around 30 m/s and then becomes
higher at 60 and 90 m/s which is an indication that the heat transport inside the smaller
droplet becomes more influenced than the larger droplet under these stronger convections.

6.6.4 Effect of Fuel Chemistry
To compare the models and to investigate the chemistry effect in more details, decane and
nonane are included. Rather than showing all cases, only typical examples which are deemed
necessary are shown in this section. Figures 6.37 and 6.38 compare the predictions by the
Eff Cond and the Lump models of the variation of droplet diameter, evaporation rate and
droplet temperatures of a 100 m nonane droplet with Vo = 0 and 90 m/s evaporating in still
air at 1500 K to represent the quiescent and convective environments, respectively.
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Figure 6.37: Predictions of diameter (x2), evaporation rate and temperatures of a 100 m
nonane droplet with Vo = 0 m/s evaporating in still air at 1500 K by the Eff Cond and the
Lump models
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Figure 6.38: Predictions of diameter (x2), evaporation rate and temperatures of a 100 m
nonane droplet with Vo = 90 m/s evaporating in still air at 1500 K by the Eff Cond and the
Lump models
As expected, nonane with much less effect of expansion brings the predicted rates
between two models closer to each other given the same characteristics in the predicted
droplet temperatures by two models. In quiescent environment, similar to dodecane droplet
in Figure 6.21 there is no difference in the predicted lifetimes for nonane droplet. However
at 90 m/s with a much shorter lifetime, the difference for nonane is 1% like dodecane in
Figure 6.27 although this difference is negligible. This also applies to decane though not
shown here. Afterall, these favor the applicability of the simple Lump model for conditions
in combustors where the droplets are small and undergoing evaporation at high velocity and
high gas temperature such as diesel engines.

To study the chemistry effect for these fuels, rather than investigating in convective
conditions, quiescent conditions are used to provide the fundmental knowledge such as the
difference in their steady state evaporation rates. In convective conditions, these rates vary in
the same manner for all fuels, i.e. to be always higher and approach the quiescent steady rate
at the end when the droplet velocity falls down to zero (e.g. see Figure 6.34 for dodecane).
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Figures 6.39 and 6.40 compare the variations in diameter and evaporation rate for dodecane,
decane and nonane at 500 K and 1500 K, respectively. At 500 K, the steady evaporation rate

Kv is the highest for nonane and lowest for dodecane. This is reflected in the shortest lifetime
of nonane and the longest lifetime of dodecane with a difference of about 35%. At 1500 K, it
is now clear with a reverse situation that dodecane has the highest rate while nonane has the
lowest rate. This can be due partly to the much higher droplet temperature for dodecane than
nonane and therefore a lower density for this fuel, see equation (6.14). However it is also
evident for this condition that the relative difference is very small of only 8.2% with Kv of
nonane being 0.352 mm2/s and dodecane being 0.381 mm2/s while for the low temperature
case, the relative difference is large of about 23.2% with Kv of nonane being 0.0961 mm2/s
and dodecane being 0.078 mm2/s. A very small difference of only 2.8% between their
lifetimes is therefore expected for the 1500 K condition. In fact, these droplets finish their
lives like having the same evaporation rate and this is favored by the mentioned observation
in Aldred and Williams [7] though for higher evaporation rates in combusting conditions. In
convective conditions, though not shown, the difference in the lifetime of small droplets of
these fuels becomes also insignificant.
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Figure 6.39: Variations of diameter and evaporation rate of the 100 m droplets of dodecane,
decane and nonane with Vo = 0 m/s evaporating in still air at 500 K
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Figure 6.40: Variations of diameter and evaporation rate of the 100 m droplets of dodecane,
decane and nonane with Vo = 0 m/s evaporating in still air at 1500 K
To summarise the chemistry effect, Figure 6.41 illustrates the variation of steady state Kv
against gas temperature. As seen, being lower at low temperature, the Kv of the heavier
Alkanes become closer and then passes that of the lighter once the temperature passes 750K.
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Figure 6.41: Variation of steady state Kv of the dodecane, decane and nonane droplets
against gas temperature
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On the liquid side, these fuels have close thermal diffusivity (e.g. at 1500K, L is
estimated to be 0.0516, 0.0562 and 0.0593 mm2/s for dodecane, decane and nonane,
respectively). Their preheating time is therefore close to each other or to be more precise it is
the longest for dodecane and the shortest for nonane to reflect their L values even though
they reach different steady state temperatures. An example of the predicted temperatures of
their 100 m droplet is shown in Figure 6.42 for the 1500 K condition. Under convection the
preheating time becomes shorter for all fuels as depicted earlier for dodecane.
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Figure 6.42: Temperature variation of the 100 m droplets of dodecane, decane and nonane
with Vo = 0 m/s evaporating in still air at 1500 K

6.6.5 Multicomponent Effect
As a multicomponent fuel, diesel appears to behave rather similarly to those alkanes for the
experimental conditions used in this work. The question that needs to be addressed is if this
fuel can be modeled as a single fuel with a set of representative properties here. This can
however be a non-trivial task because the condition used is of variable temperature while it
has been shown earlier that the evaporation rate of a single alkane can be higher or lower
than the adjacent alkanes depending on the gas temperature. Also the behavior of diesel, as
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has been discussed earlier, depends on the convection condition which presents a behavior
between the two mentioned extremes of the liquid phase so this simple approach of using a
representative fuel for modeling diesel may be limited. It is perhaps easier to do this when
the behavior is close to the diffusion limit extreme (as in present conditions) because on the
other side of well-mixed extreme, the behavior is like the batch distillation process with
droplet temperature increasing continually and evaporation rate decreasing until the end
which is obviously different from those of typical single component fuels.

As apparent in Chapter 5, diesel presents a slower rate than dodecane but not far away
and as such, tridecane (C13H28) properties have been used as the input for the model. The
prediction results, in comparison with the experimental data, are shown in Figures 6.43 and
6.44 for diesel droplets of initial diameters of 76 and 85 m, respectively. It is clear from
Figure 6.43 for the 76 m droplet that the model gives delay similar to those presented
earlier for other fuels which also leads to about 9.6% longer the evaporation time. However,
more importantly the local behavior appears rather similar to the measurement for the
evaporation period and the predicted steady state evaporation rate is found to be 0.205
mm2/s compared with 0.192 mm2/s of diesel. For the 85 m series in Figure 6.44, the
difference in the lifetime is small and this unsystematic difference again suggests a high
possibility of the existence of some mismatch between adjacent measurement zones in the
early part of the droplet lifetime for all series. The portion of the curve in the late
evaporation period presents a very slight different form from the measurement given little
variation of gas temperature during this period. Like the 76 m series, for this series while
the experimental data may show an earlier start of evaporation the model predicts a much
earier start of the near steady period with predicted rate being 0.202 mm2/s, slightly higher
than the measured of 0.19 mm2/s. Beside these, the model with use of tridecane properties
cannot predict the expansion strength correctly. It can be inferred here that use of a selected
alkane, while leading to correct prediction of one or more parameters, will lead to incorrect
prediction of other parameters, especially for this multicomponent fuel.

The strong expansion of the 85 m series that lasts long may signal that the droplet
internal concentration starts early its adjustment (on the way to a steady profile in the final
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period) to behave close to a diffusion limit mode otherwise longer preferential behavior
would have suppressed this expansion due to fast evaporation of volatile components. The
obvious preheating period of around 27-29 ms for these diesel droplets can be compared to
1600 ms of the 900 μm kerosene droplets of Khan et al [53] at rougly the same temperature.

Given the above similarities and differences, the prediction using tridecane properties
enables a further assessment of the diesel droplet behavior. It is understood here that for
standard light diesels, properties of some alkane such as dodecane, tridecane or even some
more proper set of properties can be used to approximate the droplet evaporation process
(especially the lifetime) in certain conditions. Especially in high temperature environments
and with use of small droplets as widely found in more recent combustion devices, the
application of this simple approach of using a representative set of properties is favored as
the lifetime is very short and local differences would not greatly modify this extremely
important quantity. However the very high convection present in most of these devices,
besides shortening down the droplet lifetime and so favoring the use of this model, also
shifts the behaviour of this multicomponent fuel towards the side of the well-mixed extreme
which may hinder the application of this model.
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Figure 6.43: Comparison of the Lump prediction using the properties of tridecane with the
experimental data of the 76 m diesel droplet. Shown is also the gas temperature.
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Figure 6.44: Comparison of the Lump prediction using the properties of tridecane with the
experimental data of the 85 m diesel droplet. Shown is also the gas temperature.
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Chapter 7
7 Conclusions
In this work, an MDIH-DPIV technique has been successfully developed to measure the
evaporation rates of fuel droplets whose sizes are typical of those found in the sprays
produced from modern high pressure injection systems. When combined with high speed
digital particle image velocimetry, magnified digital in-line holography enables the
measurement of both the average and instantaneous evaporation rates of fuel droplets with
sizes down to 10 m undergoing heating loads in slightly convective flows. Smaller size is
possible, but the higher magnification setting needed will narrow the measurement zone for
most typically sized CCD arrays rendering the measurement difficult in such conditions
where droplet position can be variable. This new technique offers a long distance of focus
which makes it even more attractive for measurements in similar situations.
With the new technique developed, a full analysis of measurement uncertainty has been
undertaken. Uncertainty analysis of the MDIH results indicated that while small for other
sources, largest errors of about ±4 μm were found resulting from the optics imperfections
and ±3.8 m from the threshold value chosen for droplet size estimation. For velocity data,
assessments have shown that PIV analysis depends on the quality of reconstruction. While
the algorithm can fail to cross-correlate up to 20% of data points for some series, the
velocity error was found negligible. This has been verified by applying a Gaussian noise
model on the reconstructed images which indicated that the increase in the noise level
represented by the noise distribution standard deviation  of up to 20 (out of 255 of 8-bit
image) reduces the correlation coefficient originally from around 0.96 to 0.12 while the
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variation in the displacement relative error is within only 2%. The affect of reconstruction
position on the PIV result was also investigated which was found to be negligible.

Given the uncertainty found for each component technique, the uncertainty in the
evaporation rate was estimated based directly on the D2-t curve. For average measurement
the error was found to be typically small of about 2.5% for the whole evaporation period, but
for more local rates in 3.5 mm blocks of data as well as for instantaneous measurement of
similarly sized block, the largest error was found to be around 22%.

Application of this technique to study the droplet evaporation behavior and to investigate
the effect of droplet initial diameter, gas temperature and fuel chemistry on the process for
nonane, decane, dodecane and light automotive diesel yielded the following results:
 For average rate measurements which cover almost the entire droplet evaporation

history, at peak temperatures used of nearly 680 K all alkane fuels were found to
evaporate at rather similar rates with indications of very slightly higher rates for lighter
fuels. At lower temperature, this trend becomes clearer. Diesel however presents the
lowest rate of all fuels under current conditions but not far from the rate of dodecane.
 For all fuels, the evaporation rate was found to be very sensitive to the gas temperature;

it increases almost linearly with this temperature. With the use of two gas temperature
settings the evaporation behavior was also found to be largely influenced by the
preheating effect. For both settings, there exists an initial period which shows some
degree of expansion for all fuels except for nonane. While diesel has a higher indicated
boiling point, the expansion is slightly less than dodecane and the evaporation starts
early when the temperature is still well below the indicated boiling point due to the
evaporation of light components of this fuel. Decane was seen to experience a similar
level of expansion as diesel.
 From both the average and instantaneous measurements it was found that in these

conditions, convection has very little effect on the process. The droplet initial diameter
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was found to play no noticeable role on the evaporation rate but it increases the
preheating time and expansion level. This initial diameter also has very slight effect on
the droplet velocity. For all cases, the droplet relative velocity falls to zero at the end
when the droplet gets smaller and completes its life.
 Diesel as a multicomponent fuel initially shows preferential vaporisation behaviour but

appears later to behave like a single component fuel to reach a near steady period but at
a later time than dodecane. During this period the evaporation is supposed to proceed in
the diffusion-limited mode. The near-steady evaporation rates of diesel are similar to
those of other studies with much larger droplets in rather similar conditions which is
another evidence of no effect of initial diameter on this rate.

A simple Lump model which incorporates a number of assumptions such as infinite
liquid conductivity, spatially constant thermophysical properties for single liquid droplet but
accounting for the preheating effect and convection by using film theory was formulated. In
general, this model was found efficient to approximate the experimental data in terms of
evaporation rate but not the droplet lifetime which can be due to possible delay in predicted
start of evaporation and/or the experimental uncertainty in measurement zone adjustment.
Expansion of diesel, dodecane and decane was also found from the model however its
strength is slightly weaker than observed which was thought to be due to the neglect of the
thermal radiation likely present near the flame front. The use of this model provided the
following results.
 After entering the vessel, it takes a significant amount of time for the “cold” droplet to

reach near steady temperatures; this reflects slow heating rates in the conditions used.
The droplet temperature, which depends on the gas temperature, was found to control its
evaporation rate and so explains the strong dependence of this rate on the surrounding
gas temperature. The initial unsteady evaporation was seen to correlate with the droplet
temperature which continually increases with the gas temperature. For the final nearsteady period, the droplet temperature is well below the liquid boiling point and is
almost constant given little variation of the surrounding gas temperature.
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 During its lifetime, the droplet relative velocity was found to be very small of less than

0.1 m/s. The droplet Reynolds number decreases monotonically from around 0.3 near
the reactor entrance to zero at the end which explains the very limited role of convection
on the evaporation process in these conditions.

To investigate the Stefan flow effect and more realistic droplet temperature for current
conditions, extention of the model was made which integrates an effective conductivity
concept for the droplet treating its thermophysical properties including the density as fixed
for simplicity. This extension also helps to explore the possibility of the Lump model to be
used for simulating the droplet behaviour in extended conditions for which some further
investigations on the droplet behavior have been done. The following are the main findings:
 For current conditions, the Stefan flow effect was found very small. The strongly

unsteady period was seen to correlate with the difference between the droplet surface
and center temperatures. For all cases the maximum difference is however not large, for
example it is about 16.7 K for 75 m droplet and even much smaller of 5.5 K for 45.5
m droplet. The liquid phase internal transport was found to be mostly by pure thermal
conduction and therefore such the above temperature difference was understood to be an
advantage gained for small droplet size. This explains the efficiency of the infinite
conductivity concept used in the Lump model for present conditions. The droplet
temperature was found to be almost uniform before it reaches the near steady period.
 If putting aside the experimental uncertainty in adjusting the measurement zones which

was likely present, the lifetime predicted by the effective conductivity model without
accounting for the Stefan flow effect is the closest to the data while the Lump model
gives better local prediction as it accounts for liquid density variation. The smaller the
droplet is the closer the predictions of these models and the data are to each other. This
poses the question of whether the Lump model can be applicable to other conditions.
 From the extended simulations of the dodecane droplet of 100 m undergoing

evaporation in still air at constant temperatures of 500, 1000, 1500 and 2000 K, it was
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found that while small for 500 K, the difference between the droplet surface and center
temperatures at high gas temperature during the initial unsteady period is significant
(e.g. at 2000 K this difference is about 150 K). The droplet temperature is always lower
than the boiling point (e.g. nearly 5 K below the boiling point at 2000 K). At higher
temperature the preheating time is shorter but relative to the lifetime it is longer. Also at
higher temperature the lifetime of the Lump model is closer to that of the Eff Cond
model despite the fact that its predicted rate during the initial unsteady period can be
largely incorrect. For all temperatures, the steady droplet temperatures predicted by two
models are the same. The increase in evaporation rate and decrease in preheating time
and lifetime with gas temperature were found large between 500-1000 K.
 From the extended simulations of the dodecane droplet of 100 m with different initial

velocities of 10, 30, 60 and 90 m/s undergoing evaporation in still air at 1500 K, the
Stefan flow effect, which slows down the evaporation, was found to be stronger for
higher velocity and was thus accounted for in the Lump model. The velocity was found
to increase the evaporation rate which asymptotes to the rate in the quiescent case at the
end when the droplet velocity falls to zero. The predicted lifetime of the Lump model
was found to be almost the same with that of the Eff Cond model at all investigated
velocities bearing in mind that the 90 m/s condition is supposed to be close to that in
many real combustors. Also at higher velocities, the expansion was seen to be weaker
and the preheating time is shorter due to the improvement in the liquid phase heat
transport; predictions by both models should be closer to the real behaviour.
 The effect of diameter was studied by additionally investigating a 300 m dodecane

droplet. While the expansion is much stronger for this size, for the 90 m/s condition the
difference in lifetime predicted by both models is the largest which is however only
2.5%. For this size, certainly the difference between the droplet center and surface
temperatures in the initial period is much larger, but the steady temperatures found from
two models are the same. In the quiescent condition, while the preheating time was
found to be proportionate to the droplet surface area, the two sizes have the same steady
evaporation rate which confirms no role of droplet size on this rate. Under convection,
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the larger droplet has a higher evaporation rate at the same initial velocity due to greater
interaction with the external gas. While the larger droplet is more influenced by external
convection in the 10 m/s condition, in conditions with a velocity higher than 30 m/s the
convection has a more direct consequence on the smaller droplet with its preheating
time relative to its lifetime being shorter.
 From the extended simulations of the 100 m droplets of dodecane, decane and nonane

for the above ranges of temperatures and initial velocities, it was found that for lighter
fuels the two models tend to give closer predictions, not only the lifetime but also the
evaporation rate due to less effect of expansion and less variation in the liquid density
(less variation in droplet temperature). At high velocity and high temperature the
difference between predictions becomes small for all fuels and this again supports the
usability of the Lump model in depicting those small single component droplets
evaporating in high temperature, strong convection conditions. Investigation in the
quiescent condition revealed that at low gas temperature, the evaporation rate of the
heavier fuel is slightly slower but then becomes higher than that of the lighter fuel once
this temperature exceeds 750 K; however, the relative difference becomes very small.
 To explore the possibility of using a set of properties for simulating the diesel in the

experimental condition used, that of tridecane have been used as the input for the Lump
model. This is based on the fact that the evaporation behavior looks rather similar to that
of a single fuel. While this set of properties was seen not able to predict the expansion
and possibly also the droplet lifetime, the local behaviour is well predicted for one set of
data and closely predicted for other set of data. It was inferred that for a light diesel fuel,
some alkane such as dodecane or tridecane could be used to approximate some
important process parameters (e.g. lifetime or evaporation rate) in certain conditions.
For small diesel droplets evaporating at high temperature, this simple approach may be
efficient, however under the very strong convection, this is uncertain as diesel would
evaporate preferentially in turn of the component molecular weight.
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Appendix A
Experimental Data and Model Predictions
Experimental data and model predictions that have not been indicated in the thesis are
shown in this section.

A.1 Average Measurement Data
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Figure A.1: Variation of squared diameter against residence time of the 84 m nonane
droplet evaporating at high temperature setting
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Figure A.2: Variation of squared diameter against residence time of the 85 m diesel droplet
evaporating at high temperature setting

A.2 Instantaneous Measurement Data
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Figure A.3: Droplet size histories at measurement location x = 0 mm (T = 430 K) for initial
diameters Do = 68 m and 57 m. Equations shown are lines of best fit for three individual
measurements each of which has a separate symbol.
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Figure A.4: Droplet size histories at measurement location x = 5 mm (T = 480 K) for initial
diameters Do = 70 m and 62 m. Equations shown are lines of best fit for three individual
measurements each of which has a separate symbol.
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Figure A.5: Droplet size histories at measurement location x = 10 mm (T = 530 K) for initial
diameters Do = 64 m and 50 m. Equations shown are lines of best fit for three individual
measurements each of which has a separate symbol.
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Figure A.6: Droplet size histories at measurement location x = 15 mm (T = 570 K) for initial
diameters Do = 70 m and 56 m. Equations shown are lines of best fit for three individual
measurements each of which has a separate symbol.
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Figure A.7: Droplet size histories at measurement location x = 20 mm (T = 600 K) for initial
diameters Do = 58 m and 46 m. Equations shown are lines of best fit for three individual
measurements each of which has a separate symbol.
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Figure A.8: Droplet size histories at measurement location x = 25 mm (T = 630 K) for initial
diameters Do = 46 m and 35 m. Equations shown are lines of best fit.

A.3 Model Predictions
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Figure A.9: Model predictions for the 65 m dodecane droplet and 63.5 m nonane droplet
for TH. Shown are the variations of squared diameters against residence time. Boiling points
and droplet temperatures are also indicated.
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Appendix B
Thermophysical Properties Calculations
The properties of the liquid fuels have been calculated following the instruction in API
Technical Data Book [127] while that of air are taken from empirical correlations [97].

B.1 Latent heat of vaporisation of fuels
As the reduced temperature Tr (the ratio of T/Tcr – Rankine/Rankine) in this system is always
higher than 0.4, the latent heat of vaporisation H of fuels is found by functional fit on graphs
7C1.8 and 7C1.13. A polynomial of order 6th is used for this fit:

H = lh6T6 + lh5T5 + lh4T4 + lh3T3 + lh2T2 + lh1T + lh0

(B.1)

in which T is in Fahrenheit, H is in Btu/lb. The coefficients found from the fit for current
fuels are listed in Table B.1. The relative error of the heat of vaporisation is around 3%.
Table B.1: Coefficients for calculating the heat of vaporisation of fuels
Fuel

lh0

lh1

lh2

lh3

lh4

lh5

lh6

Dodecane

160.247

-0.11432

2.598E-04

-1.526E-06

3.605E-09

-4.108E-12

1.604E-15

Decane

161.113

-0.09084

-2.000E-04

1.375E-06

-5.751E-09

1.053E-11

-7.420E-15

Nonane

162.099

-0.10092

-4.270E-05

-4.834E-08

-6.278E-10

2.343E-12

-2.856E-15
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B.2 Fuel vapor pressure on droplet surface
Vapor pressure on the droplet surface can be calculated as follows:
lnpr(0) = 5.92714 - 6.09648/Tr - 1.28862lnTr + 0.169347Tr6

(B.2)

lnpr(1) = 15.2518 - 15.6875/Tr - 13.4721lnTr + 0.435770Tr6

(B.3)

lnpr = lnpr(0) + .lnpr(1)

(B.4)

in which pr is the reduced pressure being the ratio of pv/pcr (psia/psia) and
factor:

dodecane

= 0.5764,

decane

= 0.4923,

nonane

is the acentric

= 0.4435. The elative error is about 3.5%.

B.3 Liquid fuel density
The liquid density is calculated based on functional fit of the graph 6A2.22 to find the
density correlation factor C:

C = -0.6185Tr3 + 0.6335Tr2 - 0.8234Tr + 1.3998.

(B.5)

then the density can be calculated via

 = ref.C/Cref

(B.6)

with ref and Cref being the density and correlation factor at the reference condition of 60 F
and 1 atm as listed in Table B.2. The error for the present conditions is only 1%.
Table B.2: Reference correlation factor and density of fuels
Correlation factor Cref

Density ref (kg/m3)

Dodecane

1.077

751.69

Decane

1.077

733.48

Nonane

1.077

721.38

Fuels
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B.4 Liquid fuel specific heat capacity
The specific heat capacity of fuel is calculated as

Cpl = A + BTrb + CTrb2 + DTrb3 + nc[AA + BBTrb + CCTrb2 + DDTrb3]

(B.7)

with nc being the carbon number of the fuel and Trb being the ratio of T/Tb
(Rankine/Rankine). Cpl is in Btu/lb.R. The followings are constants for n-Alkanes:
A = 0.84167

AA = - 0.003826

B = - 1.47040

BB = - 0.000747

C = 1.67165

CC = 0.041126

D = - 0.59198

DD = - 0.013950

The error is about 2% on average but maximum error can be as high as 20% [127].

B.5 Liquid thermal conductivity
From the freezing point to boiling point the thermal conductivity kl of these fuels can be
calculated by linear interpolation between the data at these two extremes (see Table B.3):

kl = ((klB-klF)T + klFTB - klBTF)/(TB - TF)
in which T is in Fahrenheit and klB and klF are conductivities at boiling point and freezing
point, respectively. The average error of kl is less than 5%.
Table B.3: Thermal conductivity at the boiling and freezing points of fuels
Fuels

TB (F)

klB (w/m.k)

TF (F)

klF (w/m.k)

Dodecane

421.38

0.09093

14.75

0.14353

Decane

345.48

0.09456

-21.35

0.14557

Nonane

303.48

0.09716

-64.28

0.15116
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B.6 Liquid dynamic viscosity
To estimate the dynamic viscosity, the following correlation at low pressure has been used
which is limited to the temperature range from freezing point to boiling point of each fuel:

l = exp(A + BT-1 + ClnT + DTE)
in which l is in kg/m.s, T is in Rankine and A, B, C, D and E are coefficients for each fuel
as listed in Table B.4. The average error of this method is less than 5%.
Table B.4: Correlation coefficients for estimating viscosity of fuels
Fuels

A

B

C

D

E

Dodecane

-21.386

3497.4

1.3200

0

0

Decane

-16.911

2761.2

0.7511

0

0

Nonane

-22.005

2984.4

1.4540

0

0

B.7 Properties of air
The specific heat capacity, thermal conductivity and dynamic viscosity of air are simple
functions of temperature [97]:

kg = 3.17x1.E-4xT0.772
g = 0.612x1.E-6xT0.609
Cpg = 573xT0.097
in which T is in Kelvin, kg in J/s.m.k, g in kg/m.s and Cpg in J/kg.K.

