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ABSTRACT

Internal combustion engines and gas turbines are typically designed to burn liquid
fuels, which are often a blend of hydrocarbon and oxygenated compounds. Gas-phase
combustion follows the vaporization of fuel sprays. The objective of this thesis is
to assist understanding of vaporization characteristics of monodispersed multicompo-
nent liquid fuel droplets. A computational model is developed and applied to study
droplet vaporization in an opposed-flow stagnation flow field. =~ Fuel droplets are en-
trained into one side of the opposed flow, with the opposing flow being air. Although
the stagnation-flow configuration is idealized, the flow conditions are chosen to be rel-
evant to practical combustion environments. The two-phase computation algorithm
is based on an iterative coupling between an Eulerian finite-volume representation of
the gas flow and a Lagrangian representation of the vaporizing droplet trajectories.
In this study, the droplets may be mixtures of heptane, dodecane, tetradecane, diesel
fuel, and ethanol. The model is used to study droplet vaporization characteristics as
functions.of numerous parameters, including droplet size, composition, and number
density. The flow conditions are varied to study the effects of temperature, pressure,

and velocity.
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CHAPTER 1
INTRODUCTION

A wide range of combustion technology uses liquid fuels, often introduced as a
spray of droplets. Following droplet vaporization, gas-phase combustion can proceed
in the surrounding oxidizing environment. Understanding the droplet vaporization
process is a central aspect of understanding the overall combustion process. For
example, vaporization characteristics affect the local fuel-air equivalence ratio at the
point of combustion, which, in turn, affects burning velocities, combustion efficiency,
and pollutant emissions.

Droplet vaporization has been studied extensively for decades, both experimen-
tally and theoretically, with excellent texts, monographs, and reviews being avail-
able [20, 21, 26, 34, 38, 46, 53|. Nevertheless, there remain important aspects that
merit continued research. The present research is motivated particularly by a need
to understand multicomponent fuel mixtures, including synthetic fuels and blends.

The physical properties (e.g., vapor pressure, latent heat, density, and heat capac-
ity) can vary greatly between different fuels, causing the droplet vaporization process
to be significantly affected by the particular fuel mixture. Because certain species va-
porize significantly faster than other species, the both the droplet composition and the
surrounding gas-phase composition can vary greatly during the vaporization process.
In addition to the droplet’s initial composition and diameter, the vaporization process
is significantly affected by the temperature, pressure, velocity, and composition of the
local gas-phase flow field.

The interaction of a fuel spray with the surrounding three-dimensional turbulent
flow field within a practical combustion chamber is extraordinarily complex. An
important objective of the present investigation is to model droplet vaporization in

a much simpler flow field, but one that shares some of salient characteristics of the
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Figure 1.1: Opposed flow liquid fuel droplet vaporization configuration.

practical situation. This approach enables a basic study of the vaporization process,
which can be isolated from the practical complexities that sometimes frustrate a
fundamental understanding. However, it is important to derive quantitative insights
that can be beneficially applied to the design and development of practical systems.

As illustrated in Figure 1.1, an opposed stagnation flow is chosen for present
study. In this configuration, droplets are introduced with a carrier gas from the lower
manifold. The carrier gas may be inert or may contain some oxygen. The opposed flow
is typically an oxidizer species, such as air. By varying the inlet velocities the local
fluid-mechanical strain field can be varied, which can affect vaporization. Varying the
temperatures of the inlet gas streams has a large effect on vaporization rates. The
operating pressure can be varied as well. Although Figure 1.1 shows a flame and
the model itself is written to accommodate combustion chemistry, the present study
considers vaporization alone without combustion.

Although the flow field is axisymmetric and two-dimensional, it can be shown that
because of stagnation-flow similarity the mathematical formulation can be reduced to
a one-dimensional boundary-value problem [25]. It can also be shown that with only
minor restrictions the droplet trajectories also follow the similarity. The mathematical
simplifications lead to efficient computational solution algorithms, which thus enable
extensive parameter studies or include other complicated submodels into the present

model.



This thesis presents results of studies for three different fuel mixtures. The first
involves a heptane-ethanol droplets, which is motivated by applications for direct-
injection spark-ignition (DISI) engines. In this application, the droplets are injected
at the beginning of the compression stroke when temperature and pressure are low. A
second set of studies involves mixtures of heptane, dodecane, and tetradecane. These
studies are motivated by applications in diesel engines using alternative and synthetic
fuels. At third set of studies, also motivated by diesel applications, involves fuel
mixtures of dodecane, tetradecane, and “diesel fuel.” In this case, realistic physical
properties are used for the liquid diesel fuel, but the gas-phase vapors from the diesel
are assumed to be those of CigHs4. In the later two cases, the droplets are introduced
into a relatively high temperature (up to 700 °C) and high pressure (up to 10 atm.)
flow field.

The results of the parameters studies show effects of droplet size and composition,
on the vaporization characteristics and the surrounding gas-phase flow field. As might
be anticipated, highly volatile compounds such as heptane or ethanol vaporize more
quickly than the higher alkanes. Consequently, the droplet composition tends toward
higher fractions of the higher alkanes during its lifetime. The local gas-phase fuel-
air equivalence ratios are also affected by the differential vaporization rates of the
droplet components. As is also anticipated, larger droplets vaporize slower than
smaller droplets. Droplet also vaporize faster in higher temperature flow fields. The
parameter studies reported here quantify the effects of a wide range of droplet and

flow-field parameters.






CHAPTER 2
LITERATURE REVIEW

As one of the important steps of the combustion processes of the liquid fuels,
the evaporation of the liquid droplets have been widely studied to fully understand
the physicochemical mechanism of liquid fuel spray combustion. The investigation
of the droplet vaporization mechanism and characteristics can be used to design
and optimize the combustors. Stefan was the first one to use the experiment to
systematically investigate the evaporation phenomena [42]. In this experiment, the
liquid is maintained at a fixed height in a narrow tube while a different gas flow
crosses the open top of the tube. The liquid inside the tube evaporates to the gas
flows. Stefan pointed out that the driving force for the evaporation is mainly the
mass diffusion. And the evaporation rate of the liquid is inversely proportional to
the distance of the liquid-gas interface to the open end of the tube. This cornerstone
experiment for the liquid vaporization is called Stefan problem. Hertz found that the
evaporation rate for any liquid substance is strongly related to the temperature at
the liquid-gas interface, and is determined by the temperature-dependent equilibrium
vapor pressure.

Godsave [17] established the fundamental principles for single-component hydro-
carbon vaporization and combustion in an oxidizing atmosphere. In this experiment,
a single droplet with original diameter of approximately 0.15 cm was suspended on
a fine silica filament for combustion at temperature of 100-120 °C and the droplet
diameter was photographed at approximately 0.25 second intervals. Based on the
observation of the variation of the droplet diameter, two distinct mechanisms were
proposed for the processes of evaporation and combustion of the droplet. If the droplet
temperature is almost the same as that of the ambient atmosphere, the evaporation

rate of the droplet is determined mainly by diffusion processes. On the other hand,



if the teniperature difference between the droplet and the surrounding atmosphere
is large, the vapor heat content at the boiling point is the important factor on for
droplet evaporation process.

Nishiwaki [32] experimentally studied the evaporation and ignition lag of fuel
droplets at various ambient air temperature. A fuel droplet was suspended on a silica
filament and put into the combustion chamber quickly. An Optical system was set
up to obtain droplet evaporation rate. The experimental results showed that the
square of the diameter varies linearly with time during the processes of evaporation
and combustion, which is now called d2-law. Based on the study of single component
droplet combustion in a stagnant oxidizing atmosphere, Godsave [17], Wood et al. [50],
and Williams et al. [49] established the principal approach to investigate the droplet
evaporation that could lead to the d-law. Turns [45] systemically derived the d*-law
of evaporation based on the mass conservation equation with certain assumptions.
Though the d?-law was not held during the initial transient period of the evaporation,
it is a fundamental criterion for droplet evaporation.

Williams [47] developed a comprehensive theory on spray combustion in 1959. It
becomes necessary to couple the fluid motion equation and spray equation when solv-
ing practical spray combustion problems because the interaction between spray and
the surrounding fluid is often very important. Starting from the derivation of motion
governing equations, Williams obtained the simplified one-dimensional flow equations
with a heterogeneous burning-velocity eigenvalue problem. Williams’s spray theory
laid a good foundation for studying on spray evaporation. Williams [48] established a
theory on statistical description of spray-combustion processes which could be widely
used in practical applications. And he studied the dilute sprays through driving a
statistical governing equation based on the knowledge of detailed properties of single
droplets. Iterative numerical method was applied to solve the coupled equations of

spray governing equation and fluid dynamical equations. The interactions between



the collision droplets were examined as a illustration of the importance of specific
effects. Williams also built a idealized model of impinging jet atomization to in-
spect and verify his spray theory. He then discussed the behavior of sprays composed
of very small particles and focused on one-dimensional steady-state laminar flow of
burning sprays. Finally, he proved his spray theory could be widely used in variety
of spray-combustion problems by examining rocket-chamber combustion. Williams’s
work provided an important theoretical support for further investigations of evapora-
tion and burning mechanism. Based on his theoretical principles, advanced researches
including interactions of colliding droplets, turbulent combustion, and internal com-
bustion engine detonation problems were prosperously developed.

For the single-component non-dilute droplet spray, the evaporation of droplet
spray behaves in a different manner from the evaporation of single droplets. To ob-
tain a clear knowledge of droplet spray evaporation, Bellan and Cuffel [5] developed
a theory of evaporation of mono-disperse single-component non-dilute spray based on
conservation laws by takinginto account interactions between droplets. Bellan and
Cuffel [5], Bellan and Harstad [6] studied the convective evaporation of non-dilute
clusters of droplets. They built a model of convective droplet-cluster evaporation
based on the consideration of influence of outer flow on the cluster of droplets, and
pointed out that the initial relative velocity between droplet cluster and the ambient
atmbsphere was not a significant controlling parameter and the initial ambient tem-
perature was really important especially when the droplet cluster was in a ambient
of temperature of 750 — 1500 K. Results showed that when the penetration distance
of outer flow to the cluster volume is relatively small, the theory was valid for very
dense clusters. Bellan and Harstad [7] built a global model to research the convective
evaporation of dense and dilute clusters of droplets, and pointed out that for dense
spray in low temperature regime, the most important control parameter is the initial

temperature of droplet, and the following is the initial ambient temperature. The



initial mass fraction of fuel vapor in the gas phase and the initial velocity between
droplets and ambient gas are relatively weak control parameters. In the dilute spray
case, in a significant low temperature system, the initial temperature of the ambi-
ent gas was the dominant influence factor and the initial relative velocity between
droplets and gases followed. Initial droplet temperature and and mass fraction of fuel
in the ambient gas are relatively weak influence factors.

Law et al. [27] analyzed the evaporation of multi-component droplet in a convec-
tive ambient. They studied both thermal and fluid mechanical behaviors of multi-
component droplet vaporization considering internal circulation through the droplet
surface shear and its effects on heat and mass transport of the droplet. Transient
behavior of droplet evaporation was examined by building a more complicated model
considering the potential flow, Hill’s Vortex and boundary layer influence. However,
only one droplet evaporation and combustion circumstance is considered. Urbaneja
and Sirignano [36] analyzed multi-component droplet at high Reynolds number. It,
however, still did not lead to the droplet spray evaporation. Williams and Sirig-
‘nano [39] analyzed the droplet vaporization in a hot ambient and spray combustion,
and considered multi-component fuel and fuel groups vaporization and sprays, and
showed that relative velocity between droplets and ambient gas had important in-
fluence on vaporization rate. Although a general theory of fuel droplet vaporization
and spray combustion was presented, the interaction between droplets in a spray was
not included. Williams and Sirignano’s work was a good foundation for the following
studies of droplet spray vaporization and combustion, although there are still simpli-
fications, like interactions between droplets are not well studied. The models from
Bellan and Cuffel [5] could be used to improve Williams and Sirignano’s theory.

After a comprehensive study of single aerosol particle in 1981 [12], Ravindran and
Davis [15] analyzed single charged two-component droplets. In their paper, a single

electrostatical droplet was suspended and its evaporation rates were measured. The



measurements were compared with the diffusion-controlled evaporation model of a
binary ideal solution. Their main contribution was that an experiment was set up to
measure the droplet evaporation using light scattering technique.

In 1989, Abramzon and Sirignano [1] developed a computational algorithm for
multi-component droplet spray combustion calculations. They improved the classi-
cal model by including many effects, such as thermophysical properties, non-unitary
Lewis number in the gas phase, Stefan flow on heat and mass transfer and internal
circulation and transient liquid heating. Droplet dynamics and gas-phase theory were
introduced. The gas phase simulation, which had included the Stefan flow effects in
the liquid-gas interface, were based on the classical film theory. The liquid droplet
was assumed to be spherical in the heating and evaporation processes. The model
could be used in droplet spray evaporation and combustion calculations with large
amount droplets.

Since the real industrial fuels consist of a huge number of components, contin-
uous multi-component (CMC) approach and discrete multi-component (DMC) fuel
method were developed to represent real fuels. The development of continuous multi-
component approach is based on continuous thermbdynamics method [44], which
describes the droplet component as a distribution function and the parameter of the
distribution function was solved numerically. The commonly used distribution func-
tion is gamma distribution function and the parameter is the molecular weight. The
advantage of CMC method is that it can significantly reduce the computational cost
without losing the complexity of actual situation of multi-component droplet evapora-
tion. But the disadvantage is that it is not very applicable to combustion simulations
with detailed chemical kinetics [34] because it is difficult for CMC method to describe
multi-component features of each individual component. The DMC method was com-
monly used both in the early stages and nowadays because this approach has higher

precision, especially when the number of component of a droplet is relatively small.



Moreover, DMC approach enables coupled reaction kinetics of individual component
when considering the situation of multi-component droplet evaporation. A major
drawback of DMC method, however, is that it would find itself powerless in the face
of droplet evaporation situation with significantly large amount components. With
the rapid development of computer technology and improvement of computational
algorithm, it is reasonable to believe that the DMC approach will play a greater and
greater role in the computing field of multi-component evaporation.

Both CMC and DMC approaches have advantages and disadvantages. Alternative
choice would combine DMC and CMC approaches to predict the physical properties
of fuels. Zhang and Kong [53] studied single droplet vaporization process using both
DMC and CMC models. Biodiesel, diesel-biodiesel and gasoline-ethanol are investi-
gated. The DMC model was used to represent biodiesel, which is divided into five ma-
jor components. The overall properties of biodiesel fuel are evaluated under reduced
temperature, pressure and volume. Hybrid of DMC and CMC metﬂod was used to
simulate the evaporation situation of gasoline-ethanol droplets because ethanol was
_considered as a pure single-component fuel while the components of gasoline were
described by a gamma distribution function.

In 2002, Burger et al. [8] introduced the Distillation Curve model (DC model),
which is more computationally effective to deal with multi-component droplet evap-
oration. DC model assumes an algebraic relationship between the vapor molecular
weight and the vaporized mass fraction, by which the propef{;ies of the vapor can be
determined [52].

The present study uses the discrete components approach to investigate the va-
porization behaviors of droplets containing several components under the operating
conditions of the diesel engine combustion. The droplet vaporization model is incorpo-
rated into the axisymmetric opposed stagnation flow as illustrated in Figure 1.1 [25].

This flow configuration was chosen for several reasons: it is well defined and has

10



been examined both experimentally and numerically; and it allows the decoupling
of droplet-droplet and droplet-gas interactions from calculation complications [10];
moreover, it can represent strain-rate effects in a very well defined flow field. Con-
tinillo and Sirignano showed that stagnation-flow similarity is valid for two-phase
situation with liquid fuel droplets [11]. Li [29] reported an elaborate explanation of
applications of stagnation flow in various spray structures. Although the opposed
stagnation-flow is ideal, it is very useful to study the effects of fluid mechanical strain
on flame behavior in practice [25] and the results can assist characterizing turbulent
spray combustion via laminar flamelet models.

The opposed stagnation flow with droplet vaporization has been studied both
experimentally and numerically. Chen and Gomez [10] experimentally investigated
the structure of counterflow diffusion flames. They measured the variation of the
droplet size, velocity and gas-phase temperature in different flames and studied the
effects of the strain rate on flame structure, and pointed out that for a mono-disperse
spray evaporation, the droplet size distribution will generally extend in width due
to the size-dependent evaporation rate. Continillo and Sirignano [11] developed the
counterflow spray combustion model and studied the influences of initial droplet di-
ameter, strain rate, mass fraction and temperature on the flame structure. Lentati
and Chelliah [28] used the numerical model to study flame-extinction characteristics
in opposed-flow flames with the assumption of quasi-steady mono-disperse spray con-
ditions. Kee et al. [21] generally followed the same approaches but with different
computational algorithm, and studied the effects of liquid-fuel thermophysical prop-
erties, carrier-gas composition, and pressure, on strained opposed-flow non-premixed
flames. The present study extends the computational algorithm reported in [21] to

consider the multi-component liquid-fuel droplets.
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CHAPTER 3
MODEL DEVELOPMENT

Figure 1.1 shows the geometric configuration of the axisymmetric opposed stag-
nation flow. It consists of two concentric, circular nozzles directed towards each other,
and produces an axisymmetric flow field with a stagnation plane between the noz-
zles. The location of the stagnation plane depends on the momentum balance of the
two streams. The liquid-fuel droplets are introduced at the left-hand side carried by
the air, and the air is injected at the right-hand nozzle. The opposed-flow geometry
makes an attractive experimental configuration since the two-dimensional flow can
be reduced to one dimension based upon similarity and assumption that the radial
velocity varies linearly in the radial direction. It leads to a simplification in which
the fluid properties are functions of the axial distance only.

This configuration was used to simulate the droplet spray vaporization in an in-
ternal combustion engine. In practical premixed combustion chamber of the diesel
engine, liquid fuel and air are injected into a mixer from feeder nose separately, and
then fuel-air mixture is sprayed into combustion chamber. The fuel-air mixture flow
in the combustion engine during a compression stroke may be described by droplet
spray in a stagnation flow configuration.

As the droplets approach to the stagnation plane, where the temperature is high
due to the impingement of opposed high temperature flowing air, droplets become
smaller and smaller because of vaporization. Depending upon flow conditions and
fuel characteristics, the droplets may be completely vaporized before entering the
stagnation plane. If the droplet diameter is large enough or droplets contains heavy
components which are not easy to vaporize, the droplet may go across the stagnation
plane and even vibrate around the stagnation plane before vaporizes completely. In

this case, it is expected that the droplet temperature increases very fast and mole
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fractions of gas-phase components of the droplet are higher than other position in
the flow field because most of the droplet vaporizes there. It is easy to understand
the reason for the expectation. Larger and less volatile droplet will survive to the
stagnation plane where blowing forces from both side keep the droplet relative equi-
librium there until the remaining part of the droplet vaporizes completely. Besides,
since a relatively large amount droplet vaporization in a small local position, the
mole fractions of gas-phase droplet components and the temperature of the droplet
near the stagnation plane are higher than other positions in the flow field. It should
also be noticed that, although droplet vaporization leads to an increase in gas-phase
droplet components, gas-phase droplet components are blown away at the same time.
An accumulation of vaporization near the stagnation plane for large and less volatile
droplets results in the highest mole fractions of droplet components.

To understand the droplet vaporization processes and its interaction with the
strained fluid flow, this study assumes that the liquid-fuel droplets issuing from the
nozzle have the same size. To reduce the mathematical complication, the slip ef-
fects are negligible based on the assumption that the fuel droplets are in dynamical
equilibrium with their host environment. The fuel droplets evaporates in an inert
environment and the droplet shape remains spherical during vaporization. It is also
assumed that the multicomponent fuel mixture within the droplet is well mixed dur-
ing the entire vaporization processes. The Euler approach is used to describe the
opposed stagnation flow, while the Lagrangian dynamic approach is used to repre-
sent the movement of the droplets within the flow field. This computational solution
method is implemented as an iterative algorithm between Eulerian gas-phase conser-
vation equations and Lagrangian droplet tracking [28]. The gas-phase conservation
equations incorporate source terms for droplet mass, momentum, energy, and species
mass that are associated with the droplet motion and vaporization. As the droplets

travel through the gas-phase flow, their behavior is directly influenced by the local
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gas phase composition.

3.1 Eulerian Gas-phase Conservation Equations

Using the similarity approximation, the governing equations for steady, laminar,
axisymmetric opposed flow [1, 19, 21, 25, 28, 31, 40] can be extended to incorporate

source terms associated with droplet motion and vaporization as follows:

d (pu) _
& + 2pV = Su, (31)
v d [ dV
pu—d; + pV = —Ar + E (/LE) + SV - VSMa (32)

K
dar d dr
p; U+Vk Y;ccpk; dZ E (AE)

K K
Z WWihig — Qrag + ST — Z hiSk, (3.3)
=1 e

dYr d{pYiVi
pu——=+ (o d; k) _ Wi + Sk — YiSur. (3.4)

In the optically thin limit, radiation transfer between gaseous species in the flame
and the environment can be approximated as 3],

Qrad = €0 (T* - Ty) , (3.5)
where o is the Stefan-Boltzmann constant and T, is the environment temperature.
The apparent emissivity is evaluated as € = 4, px(x where p; and (j are gas-
phase partial pressures (atm) and the Planck mean absorption coefficients (atm™!

m™'), respectively. Only H,O and CO, are considered here, and their Planck mean

absorption coefficients are evaluated as polynomials

5 n
G = Z Ck,n (%Q) : (3.6)
n=0

The coefficients ¢, are given in Table 3.1 [3].
The independent variable is the axial coordinate z. The dependent variables are
axial velocity w, scaled radial velocity V = v/r where v is the radial velocity and r

is the radial coordinate, temperature 7', and species mass fractions Y;. The pressure
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Table 3.1: Planck mean absorption coefficients

H20 CO2
co -0.23093 18.741
c1 1.12390 -121.310
c2 9.41530 273.500
c3 -2.99880 -194.050
cq 0.51382 56.310

cs -1.86840E-5 -5.8169

gradient term, A, = (1/7)(dp/dr), is an eigenvalue. The mass density is evaluated
with an ideal-gas equation of state. The diffusion velocities Vi depend upon gra-
dients of composition and temperature, representing both ordinary multicomponent
diffusion and thermal diffusion [25]. The molar production rates of species by chem-
ical reaction are represented as wg. Transport properties include mixture viscosity p
and thermal conductivity A. All properties and reaction rates are evaluated through
CHEMKIN interfaces [25]. Source terms for total mass Sy, mass for species Sk, radial
momentum Sy, and thermal energy St are associated with fuel droplets.

As illustrated in Figure 1.1, z = 0 is at the lower inlet manifold where the droplets
are introduced and the upper boundary is at z = L. Boundary conditions at both
manifolds are required. The velocity and temperature at z = 0 may be specified as,

u=Us, V=0 T=T. (3.7)

The species boundary condition is
mﬁék,o = ’ﬁ’LNYk + pYi Vi, (38)
where " = pUj, is the total mass flux and mass-flux fractions €; o are specified. The

boundary conditions for the opposing flow at z = L are analogous.

3.2 Lagrangian Droplets Dynamics

The droplet with multicomponent species is assumed to be well mixed such that
there does not exist temperature and composition gradients within the droplet. The

Lagrangian equations that track droplet motion and vaporization are summarized as

dz dr
d—td = ug, -éf- =rqVa, (3.9)
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dmd

T = g, (3.10)
dus  F,  dVy , F
ez —L = 3.11
dt mg’ dt Vi + marq’ (3.11)
o _ _da_ (3.12)
dt  mgcp,
dY; ™
—f = m—j (€k - Y:i,k) ) (3~13)
dF
a7 _ , 14
— 2FV, (3.14)

The independent variable is time . The dependent variables are the droplet’s axial
position z4, radial position rq, mass mgy, axial velocity wuq, scaled radial velocity
Va = vq/r4, temperature Ty, mass fractions Yy i, and the droplet flux-fraction function
% . The droplet’s mass and diameter d are related as mq = wpad®/6. The axial force
F, considers drag and thermophoresis. Because of similarity, the radial force F;
considers only drag. Heat transferfed from the gas to the droplet is ¢4 and droplet
heat capacity is cp,. The total mass vaporization rate is denoted as 7y, and the
fraction of the mass vaporization rate for k-th species is denoted as €x = 1hqk/mg.
Droplet behavior depends upon the local gas-phase environment, which is interpolated
from the gas-phase solution. Solution to the Lagrangian initial-value problem requires
initial values of all dependent variables at the droplet inlet (z = 0).

The droplet flux-fraction function % is defined as the ratio of the number of
droplets crossing a unit surface area perpendicular to the z-axis at time ¢ and the
number of droplets crossing an equivalent area at time ¢, [28]. Stagnation-flow simi-
larity requires that all the droplets crossing an inlet area Aj at time ¢, will also cross
a parallel area A; at time t. Thus, the function % may be equivalently defined as
F = Ap/A;. By definition, at the inlet manifold (initial condition) # = 1. Because

the droplets spread radially, & < 1.
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3.3 Droplet Vaporization

During the vaporization processes of a liquid droplet, the spatial domain can be
divided into three zones [33]. The first zone is the interior of the liquid droplet,
where heat and mass are transported due to the gradients of the temperature and
the species concentrations. Because the most volatile component vaporizes fast, the
droplet composition varies during droplet lifetime. The second one is the droplet
surface, where liquid and gas phase reach a equilibrium state governing by vapor
pressure equation. And the third one is the surrounding gas phase, where heat and
mass exchanges between the droplet and the environment occur.

There are three types of models with different levels of complexity for estimating
the droplet vaporization rate. The first one is called rapid-mixing model (RMM),
which assumes that the diffusion resistance within the droplet is zero. RMM is ap-
plied for slow evaporation processeé when droplet internal heat conduction and mass
diffusion has little effects on internal temperature and concentration. The second
one is called thin-skin model (TSM), which is also known as thin-film model. TSM
assumes a infinite diffusion resistance so that droplet temperature and concentrations
are unchanged during the vaporization process, and heat and mass transfer occur only
within a thin film on the droplet surface. The third one is called diffusion-limit model
(DLM). DLM resolves the temperature and concentration profiles inside the droplet.
Though DLM may be more accurate, it needs much more computational cost. In
this study, the thin-film assumption that considers transport through a vapor-phase
boundary layer surrounding a droplet is used to evaluate the droplet vaporization
rate and heat exchange with the droplet environment [1, 19, 40, 41].

In calculating the total mass evaporation rate of the multicomponent droplet, g,
the mixture of the vapor species is lumped as a single vapor species, and its mass

fraction on the droplet surface and in the environment is defined as

Yos = Youn (3.15)
k
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}/V’g = Z K’lg)k (3'16)
k

where Y, sx and Y, . are the mass fractions of the vapor species mixture on the
droplet surface and in the gas far from the droplet, respectively, and the summation
is over all the vapor species only.
Droplet evaporation rate is calculated using a modified Sherwood number Sh; as
g = —mdpe D, ¢Sh} In (1 + B,), (3.17)
where pg is the film density and D, s is the vapor diffusion coefficient within the film.
The modified Sherwood number Sh} = 24 (Sho—2)/F(B,) considers the change of the
film thickness due to Stefan flow using the function F(B,) = (1+ B,)*" In(1+ B,)/B,,

where B, is the overall Spalding mass-transfer number defined as,
Yos — Y,

B, === . 3.18
— (3.18)

For non-evaporating droplets
Shy = 2 + 0.552Re%/*Sc!/3, (3.19)

where the Schmidt number is Sc = p¢/(prDy ) and pg is the viscosity of the film
mixture. The droplet Reynolds number is defined as

Req = pe|v — vald/ps, (3.20)
where v and vy are the local gas-phase and droplet velocities, respectively.

Droplet vaporization is assumed to be sufficiently fast that the vapor concentration
at the droplet surface is saturated. Thus, the mole fractions of the vapor on the
droplet surface can be calculated as,

Xvsk = XarPvr/P, (3.21)
where p, j is the saturation vapor pressure of the k-th pure species at the droplet
temperature of Ty, Xqx is the mole fraction of k-th species of the liquid-phase mixture
of the droplet, and p is the local gas pressure.

The vaporization rate of individual species 7hq x is estimated using the mass frac-

tion of the vaporizing species € as mq , = Mq€k, while the mass fraction ¢ is calcu-
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lated based on the definition of the Spalding mass transfer number for each individual
species By as,
er = Yosk + (Yosk — Yogr) /Br (3.22)
The Spalding mass transfer number for each individual species By may be estimated
based on B, as 35, 46],
By =(1+ B,)™ — 1. (3.23)

where n = Dy ¢/ Dy s.

3.3.1 Droplet Heat Transfer

Heat transferred from the gas into the droplet is estimated as

Ga = —1hg | 22— (gT_ To) _ Ly|, (3.24)

where Br is the Spalding heat-transfer number, and is related to Spalding mass-

transfer number B, as

Br=(1+B,)% -1, (3.25)

where
= G Sty 1 3.26
0= Cp f Nu* Le¢ ( ' )

The mean latent heat L, of vaporization can be represented as
L, = Z ex L (Ta) (3.27)
k
where Ly (T4) is the latent heat of vaporization of the k-th species at the droplet
temperature Ty. ¢, is the film mixture heat capacity. The heat capacity of the vapor
mixture in the film ¢,y is calculated as
Cpv = Z €kCp,v k- (328)
k
Nu* is a modified Nusselt number (analogous to Sh}), and Les is the Lewis number
within the film. The film Lewis number is defined as Le; = o/ Dy ¢, where s is the
thermal diffusivity of the gas in the film and D, is the mixture-averaged diffusion

coefficient of the vapor species in the film. Establishing consistent values of g, By
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and Br, and thus evaluating ¢q, is an iterative process [1].

3.3.2 Droplet Momentum

Droplet-momentum conservation is written as

51(—";;"—“‘) = rhqvq + F. (3.29)

Relevant forces include shear drag Fp and thermophoresis Fr. The drag force Fp is

expressed in terms of the drag coefficient as

1
Fp = EprDAdIV = vq| (v —vq). (3.30)
where Aq = d?/4 is the droplet projected area. The drag coefficient Cp is [1],
Op = 2 |14 B (3.31)
® "~ Req 6 '

The thermophoretic force due to the gas-phase temperature gradient can be rep-

resented as [43, 51]
B 3rdu K vT

Fr=
' Pt T

(3.32)

where the thermophoretic coefficient Kt depends on the properties of both the gas-

phase mixture and the droplet, and may be expressed as [43],
2Cs [(At/Aa) + CyKn]
Kt = .
(14 3CmKn) [1 4+ 2(A¢/Ag) + CyKn]

Here, A4 is the thermal conductivity of the droplet. The order-unity constants Cs, C,

(3.33)

and Cy, are the thermal creep, temperature jump, and velocity jump coefficients due
to the noncontinuum effects at the droplet-gas interface, respectively, have values of
Cs = 1.147, C; = 2.20, and C,, = 1.146 [4]. The Knudsen number Kn is defined as
the ratio of the gas-phase mean free path length ¢; to the droplet radius, Kn = 2¢;/d.
The mean free path length ¢ can be calculated as ¢ = ps/dprcg, where the mean
molecular speed ¢, is estimated as ¢, = 1/8RT/7W, and the dimensionless parameter
¢ = 0.491 is adopted from Allen and Raabe [2]. Because radial temperature gradients

vanish (similarity assumption), the thermophoretic force is only axial.
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Figure 3.1: Illustration of evaporating droplet motion, crossing the Eulerian mesh
boundaries.

3.3.3 Gas-phase Source Terms

The interaction between the gas-phase and the droplets is represented in terms
of mass, momentum, and energy sources Sy, Sy and St in Egs. 3.1-3.4. Sources for

individual droplets are represented as _
SM mgq

_ Sk _ dek
s = s | = Vs + E. /g , (3.34)
ST e Y €khak + da

where the right-hand sides are evaluated from solutions of the Lagrangian droplet
dynamics. The liquid-phase specific enthalpy of the droplet species is evaluated as
har = hgr — Ly, where hgy is the specific enthalpy of the vapor phase. This
formulation assures self consistency between the liquid and gas-phase thermodynamics
and the latent heat.

Figure 3.1 shows that for any computational control volume Az; a droplet may
cross its boundaries several times or may be completely vaporized within the volume.
Assume that the trajectory of each droplet is divided into intervals [t,,t, + At,],

where At, is the time interval that a droplet spends in control volume Az;. The

source terms (per unit volume) within the control volume Az; can be evaluated
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as [28]
. Ni ptatAtn
S(z) = —— / sFdt 3.35
="y | , (335)
n=1 n

where .4 is the number of times for a droplet entering the control volume Az; before
it is completely vaporized. Certainly, .#; can be zero if a droplet never enters the
control volume Az;. Lentati and Chelliah [28] showed that this formulation avoids
a singularity associated with droplets crossing the stagnation plane and reversing
direction. This formulation also assures mass, momentum, and energy conservation

betweén the gas and liquid phases.

3.4 Gas-phase Kinetics

The results in this thesis only consider the droplet vaporization performance, so
that gas-phase kinetics are not included in the model. It should be noticed that,
however, gas-phase chemical kinetics need to be included when droplet combustion

happened and proper reaction mechanism is necessary for the model.

3.5 Numerical Algorithm

Although the liquid and gas phases are highly coupled, the solution algorithm
iterates between solving the gas-phase problem on an Eulerian mesh and Lagrangian
droplet dynamics. Each iteration of the gas-phase problem is solved using droplet
source terms that were evaluated based upon velocity, temperature, composition pro-
files from a previous gas-phase solution. Upon convergence of the gas-phase problem
(with fixed droplet source terms), the Lagrangian droplet-tracking problem is solved
to produce new source terms. The process continues until the changes between iter-
ations becomes sufficiently small.

The gas-phase equations are solved using a modification of OPPDIF [30], which
has been extended to incorporate droplet source terms. A hybrid Newton method is

implemented with TWOPNT [18, 25], which includes adaptive meshing. The droplet
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equations are solved using LIMEX [13]. Each Lagrangian droplet solution must ter-
minate as the droplet vanishes (i.e., becomes extremely small). Because the droplet
equations depend upon the surrounding gas phase, the local solution is interpolated
from the Eulerian mesh as a function of droplet position. Because of the possibil-
ity that the iteration can approach a limit cycle between the gas-phase and droplet
solutions, a damping strategy is implemented in which the Eulerian solution that is
presented to the Lagrangian droplet problem is averaged between two prior solutions.
Further implementation details can be found in Kee et al. [21], where smart methods
were applied.

The solution process begins either by solving a purely gas-phase that is expected to
produce a solution that resembles the droplet-fueled vaporization field or by restart-
ing from a previously computed droplet vaporization solution with similar operating
conditions. The Lagrangian droplet-tracking problem (Egs. 3.9-3.14) is solved using
the gas-phase profiles from the related problem, thus producing a new set of gas-phase
source terms (Eq. 3.35). The Eulerian gas-phase problem (Egs. 3.1-3.4) is then solved
newly computed source-term profiles, thus producing new gas-phase profiles.

Because it is necessary to determine very accurately the times at which droplets
enter and exit each mesh interval ( Figure 3.1), a costly root-finding algorithm is
needed. Interestingly, even though the Lagrangian problem appears to be a small
system of ordinary differential equations, the computational cost can be greater than
the Eulerian boundary-value problem. Consequently, the algorithm is written to allow
the adaptive meshing in OPPDIF to proceed, but using fixed source-term profiles. As
the mesh is refined, the source profiles must be interpolated onto successively finer
mesh intervals.

The adaptive-mesh algorithm causes the number of mesh intervals and mesh sizes
to vary, which complicates the interpolation of the droplet source-term profiles. Be-

cause a simple interpolation of the source profiles does not guarantee mass, momen-
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tum, and energy conservation, the following algorithm is developed. Upon adaptive
regridding, assume that the total number of new mesh points is N’ and the new
mesh-point locations are at 2, (i = 1,---,N’). The source terms S (2;) on the new
mesh points 2} must be interpolated from the source terms S (z;) on the previous
mesh points z;. The interpolation involves a function G(z) that is defined to be
an accumulation of the source terms along the z-axis. On the previous mesh z; the

function G(z) is defined as
J
G(z) =Y _S(z)Az. (3.36)
=0

The source terms on the new mesh 2] are evaluated as
G (2)) — G (%_
S(Zz,)= (z) (zl),

! !
%~ R

(3.37)

where G (z]) are evaluated using linear interpolation of the function values. G(z) at
the previous mesh points z;.

Once the Eulerian solution is solved on a sufficiently resolved mesh, the source
terms need to be re-evaluated from the droplet-tacking problem. With new source
terms in hand, the gas-phase problem is solved once again. However, because the
droplet source terms are based upon a previous gas-phase solution, the adaptive-
mesh algorithm may have added mesh points where they are no longer needed. Thus,
between iterations the re-gridding algorithm in OPPDIF is used to remove some mesh
points.

Especially at high strain rates and with small droplets, the iteration can approach
a limit cycle between the gas-phase and droplet solutions. This problem is avoided
with a damping strategy in which the Eulerian solution is based upon source terms

that are averaged between two prior Lagrangian droplet solutions.
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Figure 3.2: Physical properties of liquid heptane, dodecane, tetradecane and diesel.

3.6 Liquid Fuel Properties

Liquid fuels, such as gasoline, diesel, n-alkanes are the major components. Petroleum-
derived diesel fuel is a mixture of hydrocarbons with carbon atoms between 8 and
21 per molecule; Commercial gasoline is a mixture of hydrocarbons with carbons
chains of 5 to 12 carbon atoms; Jet fuel is a mixture of volatile hydrocarbons with
shorter carbon chains of carbbn numbers predominantly between 4 and 12. The main
component for diesel is n-dodecane, and the main component for gasoline jet fuel is

n-octane [9)].
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The present study considers the fuel mixtures of n-heptane, n-dodecane n-tetradecane,

diesel and ethanol to simulate the commercial fuels. Figure 3.2 compares the
physical properties: latent heat, vapor pressure, density and specific heat of the
liquid fuel components: n-heptane, n-dodecane n-tetradecane and diesel [37]. Fig-
ure 3.3 compares the physical properties of n-heptane, methanol and ethanol. The
methanol and heptane properties are taken from the NIST Webbook [16] and the
ethanol properties are evaluated from Dillon and Penoncello [14]. All liquid proper-
ties are fit, usually as high-order polynomials, for evaluation within the modeling
software. The ethanol properties span —23 °C<7T<240 °C, and heptane proper-
ties span —90 °C<T'<265 °C. Gas-phase properties are evaluated from CHEMKIN
databases [22-24]. Here, the gas-phase properties of n-hexadecane is used for the
diesel. But it should be noticed that in the droplet vaporization model, a mixture of
dodecane, tetradecane, and hexadecane was used to represent diesel.

As illustrated in Figure 3.2 and Figure 3.3, the latent heats of droplet components
will decrease as temperature increases. Heavier components generally have higher la-
tent heats. Vapor pressure will significantly increase with the increase of temperature.
For hydrocarbon of methane series, the heavier the hydrocarbon, the lower the va-
por pressure at a specific température. Alcohols have higher vapor pressure than
n-alkane. Density of liquid hydrocarbons will decrease with the increase of tempera-
ture and heavier hydrocarbon has higher density. Specific heat of the hydrocarbons
used will increase with the increase of temperature and lighter alkane generally has
higher specific heat. Alcohols have higher specific heat than alkanes.

The physical properties of the liquid-fuel components shown in Figure 3.2 and Fig-
ure 3.3 affect directly the droplet vaporization rate to various certain extents. Gen-
erally speaking, higher latent heat and density tend to slow down the droplet vapor-
ization rate; higher vapor pressure and specific heat will lead to a faster vaporization

rate. Therefore, the vaporization rates of heptane, dodecane, tetradecane and hex-
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Figure 3.3: Physical properties of liquid heptane, methanol and ethanol.

adecane are in the decrease order under the same circumstance. Alcohols have slow

vaporization rate than heptane because their high latent heat, heat capacity, and

density.
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CHAPTER 4
RESULTS AND DISCUSSION

The present studies use the mathematical models to investigate the vaporization
performance of multicomponent liquid fuels, considering interactions of the strained
flow field with the vaporizing droplets over a wide range of inlet parameters and
operating conditions. As illustrated in Figure 4.1, the separation distance between
inlet manifolds of the opposed-stagnation flow is set to be L = 2 cm. The gas
compositions of both inlets are considered to be air. Three gas temperatures: 47, 500,
and 700 °C, and two gas-phase pressure: 1 and 10 atm, are considered. Table 4.1 lists
the liquid fuel compositions of the droplet at the inlet. Three liquid fuel mixtures are
considered: 1). ethanol-heptane; 2). heptane-dodecane-tetradecane; 3). dodecane-
tetradecane-hexadecane, with equal mole percentage for each liquid fuel component.
Four droplet diameters: 10, 20, 30 and 50 pm are considered. Six global characteristic
parameters are used to compare the vaporization performance of the multicomponent
liquid fuels: droplet life time, droplet temperature, droplet component mole fractions,
local gas-phase equivalence ratio, gas-phase temperature, and gas-phase component
mole fractions. By varying the operating conditions, the droplet loading is adjusted

such that the inlet fuel/air equivalence ratio ¢ is always set to be one.

4.1 Initial Equivalence Ratio and Droplet Loading

The initial droplet loading (i.e., at the left-hand boundary, Figure 1.1) is adjusted

such that the inlet flow achieves a specified fuel/air equivalence ratio ¢. That is

quel/ ']02
é = : 4.1
(quel/']Oz )stoich ( )

were J is a molar flux. The oxygen flux is evaluated as Jo, = puXo,/W, where p

and u are the gas-phase mass density and axial velocity, respectively, and W is mean

molecular weight. Xo, is the mole fraction of oxygen within the gas-phase mixtures,
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Table 4.1: Droplet compositions at the inlet

CH3OH CZHSOH C71_116 CI2H26 Cl4H30 CIGH34

Et+C7 085  0.15
C7+C12+C14 /3 1/3 1/3
C12+C14+C16 1/3 1/3 1/3

and is equal to 0.21 for air. For a specified equivalence ratio the fuel molar flux is
Jtuel = ¢J02 (quel/Joz)stoich (42)

The fuel mass flux is

mglel = queleuel; (43)
where Wiy is the molecular weight of the fuel. For a specified initial droplet diameter
dp, individual droplet mass mqy, = pramds/6, and droplet velocity ug,, the initial

droplet number density is

ng, = el (4.4)

4.2 Ethanol-heptane Liquid Fuels

Consider first the vaporization characteristics of the droplet with a binary liquid
fuel mixture: 85% C,HsOH and 15% C;H;6. Three droplet diameters are studied:
5, 10 and 40 pm. Air is injected at both injectors at the same velocity of 1.0 m/s
and temperature of 47 °C. The environment pressure is set to be 1 atm. The initial
droplet loading is set to achieve an equivalence ratio of ¢ = 1.

Figure 4.1 illustrates spatial solution profiles for the droplet with an initial di-
ameter of 5 ym. As shown in the top panel of Figure 4.1, the droplet diameter
decreases very fast from 5 pym at the inlet to about 3.5 um at the axial position of
0.5 cm, during which about two-third of the droplet mass is vaporized. It should also
be noted that the droplet mass decreases much faster than the diameter (the droplet

mass depends on droplet volume, and hence the diameter cubed). The bottom panel
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Figure 4.1: Solution profiles for 5 um droplets with a composition of 85% CsHsOH
and 15% C;Hi¢ carried in air, Uy, = 100 cm s~ 1, T}, = 47 °C, and p = 1 atm.

of Figure 4.1 shows that the gas-phase compositions increase rapidly at this region,
and the gas-phase temperature drops very fast from 47 °C to about 10 °C. For the
region of the axial position from 0.5 cm to 1.0 cm, Figure 4.1 shows that the varia-
tions of the droplet diameter, species compositions and temperatures are very small
because the vaporization rate of the droplet is very low at the relatively low gas and
droplet temperatures. At the stagnation position about 1.0 cm, the droplet meets the
hot gas flowing from the opposite injector, the droplet vaporizes very fast as indicated
in Figure 4.1 that the droplet diameter decreases on a nearly vertical asymptote near
the stagnation plane. The middle panel of Figure 4.1 shows that the mole fraction of
C2H5;0H decreases during the droplet vaporization processes while the mole fraction

of C7H;6 increases, which indicates that CoHsOH vaporizes faster than C7H;¢ does.
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Figure 4.2: Solution profiles for 10 um droplets with a composition of 85% C,HsOH
and 15% C;H;¢ carried in air, U, = 100 cm s~!, T}, = 47 °C, and p = 1 atm.

Figure 4.2 and Figure 4.3 illustrate spatial solution profiles for the initial diameter
of 10 and 40 pm, respectively. Compared with Figure 4.1 for the initial diameter of 5
pm, the smaller the initial droplet diameter is, the shorter the droplet lifetime is. An
interesting point is that, as the droplet diameter increases, the droplet would go across
the stagnation plane before completely vaporizing and even move back in reversing
direction if the droplet is l‘arge enough. Because of the momentum associated with the
droplets, the stagnation plane is at an axial position slightly greater than that of the
centerline between the inlet burner surfaces. As the droplet diameter increases, the
gas-phase mole fraction profiles show that the less liquid fuels are vaporized from the
droplets. However, it does not mean that the an individual larger droplet vaporizes

slower compared with the small droplet. In fact, Equation 3.17 shows the droplet
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vaporization rate is proportional to the droplet diameter. Since the initial equivalence
ratio is set to be one, therefore, the total amount of droplet loading is fixed during
the change of the droplet size. As the droplet diameter increases, the number density
of the droplet becomes much smaller. If all the other conditions are the same, the
total mass vaporization rate is inversely proportional to d2. Therefore, compared
with the 5 pm-diameter droplet, the 40 pm-diameter droplet does vaporize much
slower. Because of the slower vaporization rate at the larger droplet, the variation of
the gas-phase temperature becomes smaller at the large droplet, and larger droplet
generally lead to higher values of the minimum temperatures. The above figures also
show that the minimum gas-phase and droplet temperatures are spatially located just
upstream of the stagnation plane, where the relative cool gas and droplets are met
by the onrushing relatively warm air. And most of the vaporization process for the
large droplet takes place near the stagnation plane.

On the whole, Figure 4.1- Figure 4.3 also show that droplet diameter has little
effects on the spatial gas-phase velocity profiles. But the gas-phase mole fractions and
temperature can be affected largely by varying the inlet droplet diameter. Smaller
droplets will lead to relatively low gas-phase temperature, but higher gas-phase frac-
tions. And the large droplets could probably survive longer until the stagnation plane
where most parts of the droplet vaporize completely. CoHsOH vaporizes slightly faster
than C;H;g does.

4.3 Heptane-dodecane-tetradecane Liquid Fuels

Table 4.2 lists the operating parameters for a nominal case of the liquid fuel
mixtures of C;Hig, Ci12Hag, and Ci4Hzg. At the inlet, the mole percentages for all the
droplet fuel components are assumed to be the same (i.e., Xqx = 1/3). The inlet gas-
phase temperature is set to be 500 °C, and the inlet velocity is 200 cm/s. The inlet

velocity of the droplet is also set to be 200 cm/s, but the droplet inlet temperature
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Figure 4.3: Solution profiles for 40 ym droplets with a composition of 85% C,H;OH
and 15% C;H;¢ carried in air, Uy, = 100 cm s71, T;, = 47 °C, and p = 1 atm.

Table 4.2: Baseline inlet parameters

Droplet inlet Opposed inlet

Gas composition air air
Gas temperature, Ty (°C) 500 500
Gas velocity, Ui, (cm s™1) 200 200
Pressure, p (atm) 10 10
Droplet diameter, dp (pm) 50
Droplet temperature, Ty, (°C) 47
Droplet velocity (cm/s) 200 200
Equivalence ratio, ¢ 1

is set to be 47 °C. The droplet mass flow rate and number density is set such that
the inlet equivalence ratio is 1. The gas-phase pressure is taken to be 10 atm. These
operating conditions are used to simulate the vaporization processes within the diesel

engine.
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Figure 4.4: Solution profiles for 50 micron droplets with equal proportion of composi-
tion of heptane, dodecane, and tetradecane carried in air, U, = 200 cm s™}, T}, = 500
°C, and p = 10 atm.

Figure 4.4 illustrates the solution profiles. Since the inlet droplet temperature
is much lower than the gas-phase temperature, the middle panel of Figure 4.4 shows
that the droplet temperature increases steadily during the entire vaporization process.
Because of the relatively large droplet size, the droplet can cross 0§er the stagnation
plane and also slightly move back before the droplet gets fully vaporized. The varia-
tion of the droplet composition is also illustrated in the middle panel of Figure 4.4.
The gas-phase composition is illustrated in the bottom panel. At the region from the
inlet to the axial position about 0.25 cm, the mole fractions of fuel species within the
gas phase are very small, and the change of the liquid fuel mole fractions within the
droplet is also very small, therefore, the vaporization rates for all the species are very

small due to the relatively low droplet temperature. However, due to the increase of
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the droplet temperature from the axial position of 0.25 cm to the stagnation plane,
the mole fraction of the light species C;Hjg within the droplet decreases very fast
to zero at the stagnation plane, the mole fractions of heavy species C;4Hj3y increases
steadily to one at the stagnation plane, and the C;3Hs¢ mole fraction increase along
the axial position, but then decreases rapidly to zero near the stagnation plane. It
shows that C;He vaporize much faster from the droplet into the gas phase compared
with the other two hea{/ier species, and the vaporization rate of the heaviest species
C14H3g is slowest, therefore only C;4Hjq is left within the droplet near the droplet
lifetime. The comparison of the mole fractions profiles of the gas-phase species in the
bottom panel also demonstrates the different vaporization rates.

Figure 4.5 compares the solution profiles by varying the inlet droplet diameter at
the inlet gas-phase temperature of 500 °C. Four inlet droplet diameters are chosen: 10,
20, 30, and 50 pm. The left panels of Figure 4.5 compares the variations of the droplet
diameter, droplet temperature, and also the droplet compositions during the droplet
vaporization processes. The right panels shows the local gas-phase equivalence ratio,
gas-phase temperature and also the gas-phase compositions. As the inlet droplet
diameter decreases, Figure 4.5a shows that the droplets get fully vaporized earlier in
the flow field due to the much faster droplet temperature increase (i.e. Figure 4.5b),
which, in turn, results in much faster decrease of the gas-phase temperature (i.e.
Figure 4.5g). Figure 4.5¢,d,e illustrate the profiles of the droplet mole fractions. As
the inlet droplet diameter becomes smaller, the spatial change of droplet compositions
become stronger. However, the order of the vaporization rate for the liquid-fuel
species are the same: C;H;q > Ci3Hyg > Ci4Hjzg. Because the smaller droplet is
fully vaporized near the inlet, the profiles of the gas-phase mole fractions become flat
after the axial position of the full vaporization (i.e., Figure 4.5h,i,j). Figure 4.5h,i,j
also show that the flat mole fractions for all the species increase as the inlet droplet

diameter increases, but the flat region becomes smaller. Particularly, at the inlet
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Figure 4.5: Comparison of the solution profiles for the inlet droplet diameters: 10, 20,
30, and 50 pm. The liquid fuel mixture at the inlet is C;Hyg, C12Hgg and Cy4Hso with
equal mole percentage. The inlet drop temperature Ty, = 47 °C. The gas composition
at both injectors is air with Ui, = 200 cm s™!, Tj, = 500 °C, and p = 10 atm.

droplet diameter of 50 um, there is almost no flat region any more, and the droplet
is largely vaporized at the stagnation plane. It is also interesting to note that the

maximum of the local equivalence ratio becomes bigger when increasing the inlet

droplet diameter, and can even go beyond one at region of the the stagnation plane
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Figure 4.6: Comparison of the solution profiles for the inlet droplet diameters: 10, 20,
30, and 50 pm. The liquid fuel mixture at the inlet is C;Hyg, C12Hgg and Cy14Hjzg with
equal mole percentage. The inlet drop temperature Ty, = 47 °C. The gas composition
at both injectors is air with U;, = 200 cm s™1, T}, = 700 °C, and p = 10 atm.

for the inlet droplet diameter of 50 pm.
Figure 4.6 compares the solution profiles under the same operating conditions as
these in Figure 4.5 except that the inlet gas-phase temperature is increased to 700 °C.

Generally speaking, by increasing the inlet gas-phase temperature, the temperature
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gradient between the gas phase and the droplet also increases, therefore, more heat
is transferred into the droplet, resulting in higher droplet temperature. Because of
the relatively hotter droplet, the droplet is vaporized more faster. Nevertheless, the

general behaviors of the droplet vaporization are very similar.

4.4 Dodecane-tetradecane-hexadecane Liquid Fuels

Figure 4.7 compares the solution profiles using the liquid fuel mixture of C;2Hag,
Ci14Hsg, and CigH34 with equal initial mole fractions at the initial droplet diameter
of 10, 20, 30 and 50 pm. The inlet air temperature is 500 °C and the pressure is
10 atm. Here CigH34 is used to simulate the diesel fuel. Particularly the gas-phase
thermodynamic data of CigHzq is used in this simulation while the liquid properties
are based on the diesel fuel. Figure 4.8 illustrates the solution profiles for the inlet air
temperature of 700 °C.

Compared to Figure 4.5 and Figure 4.6 for the droplet fuel mixture of C;Hig,
Ci2Hog and Cy4H3g, the overall vaporization behaviors illustrated in Figure 4.7 and
Figure 4.8 are very similar: the lighter components vaporize faster, and heaviest
component is the last one to get fully vaporized at the droplet lifetime. However,
it takes longer time to vaporize the C12-C14-C16 droplet under the same operating
conditions.

The investigations of influence factors on droplet vaporization indicate some vital
points. It can be seen that decreasing droplet size, increasing gas-phase temperature,
and making droplet components lighter have similar effects on droplet vaporization
characteristics because all of these measures are to enhance droplet vaporization rate.

From the above parameter studies, general measures to enhance vaporization rates
can be concluded. Atomize the droplet to smaller size, heating the liquid droplet
fuel prior to injection, increasing the gas-phase temperature, decrease the operating

pressure, and changing the droplet components to lighter components are general
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Figure 4.7: Comparison of the solution profiles for the inlet droplet diameters: 10, 20,
30, and 50 um. The liquid fuel mixture at the inlet is C1oHog, C14H3g, and CiHas with
equal mole percentage. The inlet drop temperature T,, = 47 °C. The gas composition
at both injectors is air with U, = 200 cm s™4, Tj, = 500 °C, and p = 10 atm.

effective ways to enhance droplet vaporization rate. Moreover, changing the relative
velocity between droplet and gas phase also causes changes of vaporization rates, but

it only has relatively small effects compared with measures listed above. In practical

applications, combined methods could be adopted according to actual requirements.
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at both injectors is air with Ui, = 200 cm s71, T}, = 700 °C, and p = 10 atm.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

Droplet vaporization plays a critical role in many combustion technologies, with
liquid fuels usually being introduced as a multicomponent polydisperse spray into a
turbulent flow field. The purpose of the present study is to assist understanding of
these highly complex processes by developing and applying models of multicomponent
droplet vaporization in an idealized, but representative, opposed stagnation-flow con-
figuration. Because the configuration is far less complex than a practical combustor,
it is possible to consider extensive parameter studies with personal-computer compu-
tational resources. The droplet’s initial diameter, temperature, and composition are
of particular interest in the present study. Operating conditions of particular interest
include carrier-gas composition and temperature, inlet velocities (i.e., fluid mechanical
strain rate), pressure, and droplet loading density. The quantitative insights derived
from these fundamental studies can be used to assist practical combustor technology.

Liquid fuels are typically composed of multiple chemical components, each of
which has its own thermochemical properties (i.e., density, vapor pressure, heat ca-
pacity, and latent heat of vaporization). These properties affect directly the droplet
vaporization characteristics as well as the surrounding gas-phase flow field. This study
considered four fuel mixtures: ethanol-heptane, heptane-dodecane-tetradecane, and
dodecane-tetradecane-hexadecane.

The ethanol-heptane mixture is motivated by a need to understand how the per-
formance of direct-injection-spark-ignition (DISI) engines may be affected by changes
in fuel composition, especially alcohols. Currently, most DISI engines are designed for
homogeneous-charge combustion, where the in-cylinder fuel injection, vaporization,
and mixing is accomplished during the intake and early in the compression process.

Thus the temperature and pressure are low, compared to post-compression conditions.
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The heptane-dodecane-tetradecane and dodecane-tetradecane-hexadecane mixtures
are motivated by diesel applications. In this case, the fuel is introduced near the end
of the compression stroke where the temperature and pressure are relatively high.

The two-phase axisymmetric model is based upon an ideal opposed stagnation flow
field. Liquid droplets are carried in one air stream that is met by an opposed air flow.
Because of stagnation-flow similarity, the mathematical model can be represented
as a one-dimensional boundary-value problem. Results show significant differences
between different fuel mixtures, which have potentially important impacts on the
design and modification of fuel-injection systems.

Some general observations can be drawn from the studies, many of which can be
anticipated. Larger droplets vaporize more slowly than smaller droplets. Higher gas-
phase temperatures cause faster vaporization than lower temperatures. More volatile
components vaporize more readily than lower volatility components. The differen-
tial vaporization rates for multicomponent fuel blends affects the droplet composition
during its lifetime, with the droplet becoming richer in the lower-volatility compounds
late in its lifetime. Because the droplet composition changes during the droplet va-
porization process, the surrounding gas-phase composition also changes. Thus, the
local gas-phase fuel-air equivalence ratio varies. This variation, in turn, affects im-
portant combustion characteristics. Although many of the trends can be anticipated
qualitatively, the models provide systematic and quantitative results. The results
provided in this study could aid in further combustion research.

The present model provides significant new results and insights. Vaporization
characteristics of common hydrocarbons are investigated, which can aid in the com-
bustion research of these fuels. Nevertheless, some major enhancements can be envis-
aged in future research. The present model assumes that the composition is spatially
uniform - within the droplet. Depending on droﬁlet size and liquid-phase diffusion

coeflicients, there could be compositional gradients within droplets. In this case, the
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model could be extended by solving multicomponent diffusion equations within the
vaporizing droplets.

The present model considers a monodispersed array of droplets. However, prac-
tical sprays are composed of polydispersed arrays of droplet sizes. Using approaches
such as sectional methods, the model can be extended to consider polydispersion, but
still retain stagnation-flow similarity.

The present model considers the thermodynamics of the gas phase and the vapor-
pressure relationships to be ideal. For pressure up to around 10 atm, this assumption
is reasonable. However, in a diesel engine after combustion is initiated, much higher
pressures are encountered. In this case, non-ideal equations of state and thermody-
namic relationship are needed.

The present model considers droplet vaporization, but does not incorporate the
subsequent combustion. The model can be extended to include the coupled effects
of gas-phase combustion kinetics and droplet vaporization. Such models have been
previously developed for monodispersed droplets, where detailed chemistry and flame
structure is considered. Beyond extending polydispersed droplets, the model should
also be extended to include increasingly large and complex chemical kinetics mech-
anisms for higher hydrocarbons and practical logistics fuels (including aromatics).
Although there are no principle problems to incorporating practical fuel chemistry,
there are some important challenges to be overcome. On one hand, the large detailed
reaction mechanisms for practical fuels must be developed and available. Because the
reactions mechanisms can become very large (i.e., hundreds of species and thousands
of reactions), the computational algorithms in the present models may need to be
changed. For example, the direct solution of linear systems within the outer New-
ton iteration may need to be replaced by an iterative solution (e.g., preconditioned

conjugate gradient) of the linear systems.
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