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a b s t r a c t

Wet compression of a fuel aerosol has been proposed as a means of creating gas-phase mixtures of involatile
diesel-representative fuels and oxidizer + diluent gases for rapid compression machine (RCM) experiments.
The use of high concentration aerosols (e.g.,�0.1 mLfuel/Lgas,�1 � 109 droplets/Lgas for stoichiometric fuel
loading at ambient conditions) can result in droplet–droplet interactions which lead to significant gas-
phase fuel saturation and evaporative cooling during the volumetric compression process. In addition,
localized stratification (i.e., on the droplet scale) of the fuel vapor and of temperature can lead to non-
homogeneous reaction and heat release processes – features which could prevent adequate segregation
of the underlying chemical kinetic rates from rates of physical transport. These characteristics are
dependent on many factors including physical parameters such as overall fuel loading and initial droplet
size relative to the compression rate, as well as fuel and diluent properties such as the boiling curve, vapor-
ization enthalpy, heat capacity, and mass and thermal diffusivities. This study investigates the physical
issues, especially fuel saturation and evaporative cooling effects, using a spherically-symmetric, single-
droplet wet compression model. n-Dodecane is used as the fuel with the gas containing 21% O2 and 79%
N2. An overall compression time and compression ratio of 15.3 ms and 13.4 are used, respectively. It is found
that smaller droplets (d0 � 2–3 lm) are more affected by ‘far-field’ saturation and cooling effects, while
larger droplets (d0 � 14 lm) result in greater localized stratification of the gas-phase due to the larger
diffusion distances for heat and mass transport. Vaporization of larger droplets is more affected by the
volumetric compression process since evaporation requires more time to be completed even at the same
overall fuel loading. All of the cases explored here yield greater compositional stratification than thermal
stratification due to the high Lewis numbers of the fuel–air mixtures (Leg � 3.8).

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Wet compression is the process whereby vaporization is
achieved via compression heating of the gas-phase of a droplet
laden aerosol. This phenomenon has received increasing attention
in the power generation field in recent years with applications to
advanced combustion processes and alternative fuel formulations
in internal combustion engines [1–7], and to continuous cooling
configurations using water aerosols in gas turbine engines [8–10].
In shock tubes (STs) and rapid compression machines (RCMs) wet
compression has also been proposed as a means of preparing test
ion Institute. Published by Elsevier

oldsborough).
gases for high molecular weight, involatile liquid fuels relevant to
the transportation industry. Traditional charge preparation tech-
niques for these laboratory apparatuses generally use external mix-
ing protocols based on partial pressure methodologies [11,12].
Diesel-representative fuels however, have very low vapor pressures
at standard conditions (e.g., Psat < 1 Torr) which make this option
difficult or impossible. Heating the mixing tanks and test apparatus
can lead to better fuel vaporization but this is still limited in RCMs
due to seal degradation issues, and there is concern for pre-test
reactivity during the mixture preparation process. Aerosols of sus-
pended fuel droplets (dmean � 8–18 lm) have been used to deliver
liquid fuels to the devices where subsequent volumetric compres-
sion of the surrounding gas-phase leads to evaporation of the liquid
fuel droplets [13,14]. In shock tubes where test temperatures gen-
erally range from 900 to 2000 K the gas-phase compression event
is achieved via a rapidly traveling shock wave (Dtcomp � 30 ls;
Tcomp � 600–700 K); the passing of the initial wave not only
Inc. All rights reserved.
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Nomenclature

Roman
cp specific heat at constant pressure
cv specific heat at constant volume
D mass diffusion coefficient
d diameter
h specific enthalpy
I specific internal energy
Kn Knudsen number (g/rs)
L heat of vaporization
Le Lewis number (j/D)
_m net evaporation rate

m00 net evaporation flux
�m non-dimensional evaporation rate, _m/4pqgDgrs

N total number of species in the mixture
P pressure
r radial direction
R ideal gas constant
t time
�t non-dimensional time,

R
ĵdt=r2

s
T temperature
u radial velocity
V volume
X mass fraction, liquid-phase
Y mass fraction, vapor phase
z compressibility factor

Greek
a thermal conductivity
c ratio of specific heats, cp/cv

f thickness of free-molecular flow region
g mean free path
u equivalence ratio
j heat diffusivity
k second viscosity coefficient
l dynamic viscosity
q density
t specific volume
/ fugacity coefficient

Subscripts
a air
f fuel
g gas-phase
ii iith cell
j jth species
k kth species
l liquid-phase
s droplet surface
0 initial value
1 ‘far-field’ value

Fig. 1. Schematic of the wet compression model illustrating liquid- and gas-phase
domains and the location of the ‘far-field’ boundary.
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increases the pressure and temperature of the surrounding bath
gases but it fragments the initial droplets and results in high con-
vective velocities near the droplet surface (which enhances vapor-
ization). The subsequent reflected wave compresses the evaporated
fuel + oxidizer + diluent mixture to the test conditions. In RCMs,
where test temperatures range from 600 to 1100 K, the compres-
sion event is much slower (e.g., Dtcomp � 15–60 ms) and bulk gas
(i.e., on the scale of the reaction chamber) fluid dynamics are often
suppressed in order to minimize unwanted heat loss during the test
period [15]. Droplet evaporation is therefore much slower and is
generally constrained by the initial droplet size and ensuing gas-
phase diffusion processes. Evaporation must also be achieved at
lower temperatures than in STs (e.g., by �500 K to precede low
temperature chemical reactivity).

The design and operation of aerosol RCMs which can effectively
utilize the wet compression process for involatile diesel-representa-
tive fuels requires a fundamental understanding of droplet evapora-
tion including both near-droplet and ‘far-field’ processes. This study
builds upon previous work to develop an integrated simulation tool
and investigates important issues for aerosol RCM applications. In a
previous study using an isolated droplet (i.e., u � 0.0) we found that
shorter compression times can lead to greater gas-phase stratifica-
tion, in both composition and temperature due to the non-linear rate
of temperature, and thus saturation pressure rise with volumetric
compression (as seen shortly in Fig. 2), and the relatively slower dif-
fusion of mass from and heat to the droplet. In addition, it was found
that lower gas pressures can enhance evaporation during wet com-
pression because the gas-phase fuel mass fraction at the droplet sur-
face is higher and this increases the rate of diffusive transport of fuel
away from the droplet.

The use of high aerosol concentrations (e.g., �0.1 mLfuel/Lgas,
corresponding to �1 � 109 droplets/Lgas), is necessary to achieve
desired fuel loadings in order to investigate engine relevant chem-
istry (e.g., u = 0.5–2.0, 5–21% O2, Pcomp = 10–50 bar). This condition
can result however in droplet–droplet interactions such that signif-
icant gas-phase fuel saturation and evaporative cooling occurs dur-
ing the piston compression process. This can alter the rate of
evaporation and the extent of volumetric compression required
to achieve complete vaporization. In addition, localized stratifica-
tion (i.e., on the droplet scale) of the fuel vapor and of temperature
can occur due to insufficient rates of transport; this could lead to
non-homogeneous reaction and heat release processes – features
which may not enable an adequate segregation of the chemical ki-
netic rates from rates of physical transport. These characteristics
are dependent on many factors including physical parameters such
as overall fuel loading and initial droplet size relative to the com-
pression rate, as well as fuel and diluent properties including the
fuel’s boiling curve, vaporization enthalpy, heat capacity, molar
densities, and mass and thermal diffusivities.

The objective of this study is to investigate the physical param-
eters in order to better understand the factors which influence wet
compression; this information can then be used towards the design



Fig. 2. Representative volume, compression ratio, temperature and pressure
histories used in this study where the volume data is typical of rapid compression
machines described in the literature. The temperature and pressure trajectories are
computed assuming an adiabatic compression process from T0 = 350 K and
P0 = 0.44 bar, respectively, with u = 1.0 using a fully pre-vaporized/pre-mixed
charge. Non-reacting and reacting temperature profiles are shown where the
reacting case is computed based on the detailed kinetic mechanism of Westbrook
et al. [27].

Table 1
Geometric constraints of the computational mesh used
to specify fuel loadings for n-dodecane and air mix-
tures at T0 = 350 K, P0 = 1 bar and ql,0 = 0.734 g/cm3.

u r1,0/rs,0

0.0 460
0.5 28.2
1.0 22.5
2.0 17.7
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of successful aerosol RCMs. A spherically-symmetric, single-drop-
let wet compression model is used in this study where n-dodecane
is considered as the fuel while the gas-phase is considered to be air
(21% O2, 79% N2). A range of initial droplet diameters from d0 = 2 to
14 lm is covered with fuel loadings from u = 0.5 to 2.0. A compres-
sion time and extent of compression (i.e., maximum compression
ratio, CRmax = V0/Vmin) that are representative of typical RCMs are
used. The remainder of this paper is organized as follows. First,
an overview of the wet compression model is presented along with
a brief discussion of modifications undertaken for this study. Sim-
ulation results are then presented covering the range of initial
droplets sizes and various fuel loadings. Differences in the evapo-
ration behavior and the gas-phase transport for the different cases
are highlighted and discussed. Finally, issues regarding successful
design and operation of an aerosol RCM are discussed.
2. Model

This study utilizes the wet compression model described previ-
ously by Johnson et al. [16]. The model integrates a fully transient
evaporation model developed by Aggarwal and co-workers [17–
19] with a gas-phase volumetric compression model. The evapora-
tion sub-model employs a continuum formulation with phase and
thermal equilibria prescribed at the liquid–vapor interface. This
prescription can lead to errors in the predicted evaporation times
for the droplets investigated here due to gas kinetic effects at small
droplet diameters (e.g., d0 < 5 lm). However, these errors appear to
be modest (�5–15%) and the trends in the modeling results using
the interface equilibria prescription appear to be comparable to
those observed with a refined modeling approach where gas kinetic
effects are taken into account (e.g., see Appendix A, as well as Refs.
[20–23]). The droplet and surrounding gas-phase are assumed to be
spherically-symmetric, and thermal and concentration gradients
within the droplet are taken into account. Absorption of the oxi-
dizer and diluent gas into the liquid-phase is also considered. The
droplet sizes used in this study are small enough, however, so that
no internal stratification is seen. No bulk gas velocity is used (i.e.,
the Reynolds number is assumed to be zero), as this provides a use-
ful lower bound for the rate of transport of fuel and energy to and
from the ‘far-field’, and the resulting localized compositional and
thermal stratification. Spatial variations in pressure are taken into
account in the model, as are variations in the liquid- and gas-phase
properties due to the large changes in temperature and pressure
experienced under some conditions. (For all of the cases explored
in this study however, the pressure is found to be spatially
uniform.) Real gas equations of state (e.g., Peng-Robinson) are
facilitated in the software, although the compressibility factors
(z = P/qRT) for all of the cases explored here are found to be nearly
1.0 so that the ideal gas model could be reasonably used. A mesh
compression operation is integrated with the evaporation model
in order to simulate the gas-phase compression heating process.
This sub-model accounts for the induced convective radial flow
towards the droplet due to volumetric compression. The evapora-
tion sub-model has been detailed previously in Refs. [17–19] where
predictions are validated against a range of experimental data.
Application of the integrated model to study wet compression of
an isolated droplet has been described in Ref. [16]; however there
is currently a lack of experimental data for validation of the
integrated wet compression model. In Ref. [16] other approaches
for modeling wet compression are reviewed and compared. It was
demonstrated in that work that simplified models, such as quasi-
steady formulations, result in significant discrepancies (e.g., +50%
in total evaporation time) compared to the results predicted with
the fully transient formulation used here.

The wet compression model is modified from Ref. [16] in order
to investigate droplet–droplet interactions, especially fuel satura-
tion and evaporative cooling effects under RCM conditions. Figure
1 illustrates the configuration implemented in the model for this
study. A single droplet is used to represent the fuel loaded into
the RCM for an experiment while the gas-phase domain is con-
strained in order to represent the finite volume of the RCM device.
It is assumed that the aerosol is mono-dispersed and uniformly
distributed throughout the reaction chamber volume. No-flux
(i.e., no-gradient) boundary conditions are applied at the edge of
the gas-phase domain (i.e., the ‘far-field’) to ensure that
mass, momentum, energy and species cannot enter or leave the
reaction chamber volume (i.e., oqk,1/or = 0, oq1/or = 0, u1 = 0, and
oT1/or = 0 at r = r1). The overall fuel–air ratio for the simulation is
specified according to the equivalence ratio definition

u ¼ ðmf =maÞ
ðmf =msÞstoich

¼ 1
0:067

qf ;0r3
d;0

qa;0ðr0
1;0 � r3

d;0Þ
ð1Þ

where the subscripts ‘f’ and ‘a’ refer to fuel and air, respectively, and
the subscript ‘0’ indicates the initial conditions. The value of 0.067
in this expression represents the stoichiometric fuel–air ratio for
n-dodecane ((mf/ma)stoich). The initial densities of the fuel and air
are dependent on the initial temperature and pressure during the
experiment; once these are specified along with the initial droplet
diameter, the initial ‘far-field’ boundary used in the simulation is
located. Table 1 lists the geometric parameters used in this study
where a range of equivalence ratios typical for RCM experiments
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is covered. It can be seen here that larger values of u require smaller
gas volumes for the same droplet size, while large droplet sizes re-
quire greater ‘far-field’ distances for the same fuel loading.

The time-varying location of the ‘far-field’ boundary, which
governs the rate of compression heating, is dependent on the vol-
umetric history of the RCM. This is expressed using the time-vary-
ing compression ratio as expressed in

CRðtÞ ¼ V0

VðtÞ ¼
r3
1;0

r3
1ðtÞ

ð2Þ

For this work we have used CR(t) as an input table where the
time history is representative of the operational characteristics of
RCMs currently utilized for chemical kinetic studies [14,15,24,25].

More details of the wet compression model, including the gov-
erning equations, a summary of the thermo-physical models used
for this study, and issues associated with thermodynamic non-
equilibrium at the droplet surface can be found in Appendix A.
While this study is focused on features important for successful
aerosol RCM operation, the model has applicability to broader top-
ics such as those listed in the previous section.
3. Model results

The results presented here are for an n-dodecane droplet evap-
orating into air; the air is assumed to be composed of 79% nitrogen
and 21% oxygen. n-Dodecane is a very low volatility (Psat < 1 Torr,
Tboil = 488 K @ STP) normal alkane that has been used as a single
component surrogate to represent the fundamental features of die-
sel fuel ignition. It has also been used as a test component for the
design and validation of the aerosol ST concept [13]. It was selected
for this study in order to better understand the features of wet
compression as it might be applied within an aerosol RCM. A com-
panion study [26] investigates fuels with different boiling curve
and transport characteristics, as well as diluent gases which have
different thermo-physical properties from nitrogen. Experimental
data for q, cp, etc. for n-dodecane has been reviewed in Ref. [16]
where these data are compared to the thermo-physical models
used in this study; excellent agreement is seen across all of the
experimental data. Additionally, in a previous study, the computa-
tional model has been extensively validated for the transient evap-
oration of an n-heptane droplet under high pressure conditions
[17]. For most of the simulations conducted here the droplet and
gas-phase are assumed to be initially in thermal and mechanical
equilibrium (i.e., uniform temperature and pressure throughout),
with the liquid-phase containing only n-dodecane and the
gas-phase only air. For select runs presented in Figs. 5 and 6 the
simulations are initialized using a saturated condition, meaning
the gas-phase is assumed to contain n-dodecane uniformly distrib-
uted at its saturation pressure. The starting temperature and pres-
sure for these cases are determined based on the extent of
evaporative cooling that would occur to achieve this level of vapor-
ization. This may be a more realistic starting condition for an aer-
osol that is generated upstream of the RCM where there would be
sufficient residence time within the delivery manifold that some
pre-compression evaporation occurs.

A piston trajectory for a typical RCM is used to specify the time-
varying volume of the gas-phase computational mesh. The trajec-
tory is representative of designs discussed in recent literature with
compression times on the order of 15–25 ms and compression
ratios ranging from 11 to 25 [14,15,24,25]. The piston trajectory
has been normalized so that any maximum compression ratio,
CRmax = V0/Vmin, can be prescribed along with a desired compres-
sion time; for the simulation results presented here CRmax has been
set to 13.4 and Dtcomp fixed at 15.3 ms. It should be noted that for
all of the cases studied here the evaporation process is completed
before the maximum compression ratio, or overall compression
time is reached. These parameters are important however because
they affect the trajectory of the compression process, and thus vol-
ume history which regulates the droplet vaporization. The volume
trace employed for this study is illustrated in Fig. 2 along with rep-
resentative curves for the temperature and pressure as well as the
instantaneous compression ratio. For this example an initial tem-
perature and pressure of T0 = 350 K and P0 = 0.44 bar, respectively,
are used with a pre-vaporized mixture of n-dodecane and air at an
overall equivalence ratio of u = 1.0. Under conditions of no chem-
ical reaction a compressed temperature and pressure near
Tcomp = 790 K and Pcomp = 13.3 bar, respectively, results for this case.
For a chemically reacting case, ignition is predicted using the de-
tailed kinetic mechanism of Westbrook et al. [27] (2115 species,
8157 reactions). Here it can be seen that significant low tempera-
ture heat release (LTHR) occurs just before maximum compression
is reached, with the second-stage heat release occurring shortly
after this. It is apparent that during aerosol RCM tests using simi-
larly reactive fuels where the charge is prepared in situ, fuel vapor-
ization and diffusive mixing must be completed well in advance of
conditions where chemical reactivity becomes sufficiently rapid.
Evident in Fig. 2 is that the pressure rise during compression is
most significant during the later stage of the compression process;
the rise in temperature follows a similar non-linear trend, however
this curvature is not as steep. These features significantly affect the
evaporation process for some fuels and operating conditions where
substantial volumetric compression is required to achieve com-
plete fuel evaporation (e.g., u = 2.0). For such conditions there is
a large corresponding reduction in the reaction chamber volume
which can lead to high ratios of surface area to volume and thus
high levels of heat loss from the test gases. In addition, flows of
the aerosol into the piston’s machined crevice regions or ringpack
can become significant at high CR and this can alter the thermody-
namic state of the compressed charge, as well as contaminate the
surfaces of, or gap into the crevice volume. The non-linearity of
the temperature rise can also affect gas-phase stratification during
aerosol operation, as the time available for heat and mass transport
to and from the droplet, respectively, becomes shorter for succes-
sive increments in compression heating. These issues will be dis-
cussed shortly.

The following results illustrate the influence of initial droplet
size and overall fuel loading on the evaporation characteristics of
the fuel aerosols. The fuel loadings are specified according to Table
1 where the ratios of initial ‘far-field’ radius to the droplet radius
are listed. These are prescribed for the conditions of T0 = 350 K
and P0 = 1.0 bar, and an initial liquid-phase density of ql =
0.734 g/cm3. The initial temperature was selected because it is
within the range of a heated RCM (e.g., Tlimit � 375 K due to seal
degradation issues). The initial pressure of 1.0 bar yields a
compressed pressure near 28 bar which is useful for acquiring data
relevant to combustion engine operating regimes.
3.1. Initial droplet size

Figures 3–6 present results for a series of runs where the initial
droplet diameter is varied from d0 = 2 to 14 lm. The smallest drop-
let has a Knudsen number of Kn0 � 0.03, while the largest has
Kn0 � 0.004, based on droplet radius. This is within the lower
bounds of the Knudsen transition region (0.01 < Kn < 10). Based
on the results of Sazhin et al. [21] and a non-equilibrium evapora-
tion model (see Appendix A) however, it is expected that only
modest errors (�5–15%) will result due to the use of the interface
equilibria model. Two equivalence ratios are shown in these fig-
ures including u = 0.0 and 1.0; the u = 0.0 condition represents
an isolated droplet case for comparison.



Fig. 6. Gas-phase temperatures at the droplet surface and at the ‘far-field’ as a
function of non-dimensional surface area for a range of initial droplet sizes at an
overall stoichiometric ratio (u = 1.0). Simulation results using initially saturated
gas-phase conditions are also presented for two droplet sizes, d0 = 8 and 14 lm.

Fig. 3. Non-dimensional droplet surface areas as a function of time for various sized
droplets of n-dodecane in air at an initial temperature and pressure of T0 = 350 K
and P0 = 1 bar, respectively, at two fuel loadings.

Fig. 4. Non-dimensional evaporation rates as a function of non-dimensional time
for various sized droplets of n-dodecane in air using an initial temperature and
pressure of T0 = 350 K and P0 = 1 bar, respectively, at two fuel loadings.

Fig. 5. Gas-phase fuel mass fractions at the droplet surface and at the ‘far-field’ as a
function of non-dimensional surface area for a range of initial droplet sizes at an
overall stoichiometric ratio (u = 1.0). Simulation results using initially saturated
gas-phase conditions are also presented for three droplet sizes, d0 = 3, 8 and 14 lm.
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In Fig. 3 the non-dimensional surface area, (d/d0)2, is plotted as a
function of time. For the smallest droplet at the u = 0.0 condition it
can be seen that there is almost no effect of the volumetric com-
pression process on the evaporation of the droplet. Typical d2-
law behavior is seen with a slight positive concavity due to the ini-
tial droplet cooling that results from the initialization conditions
considered in this study [16]. The mostly, linear behavior results
because the evaporation process is fast enough so that the droplet
is consumed before the piston-driven reaction chamber volume is
noticeably changed. For the larger (isolated) droplets however
there is a substantial departure from linear d2-law behavior due
to the compression heating process; this feature is discussed in de-
tail in Ref. [16]. The evaporation times for these cases are substan-
tially shortened due to the significant increase in droplet
temperature and corresponding saturation pressure caused by
compression. It should be stressed here that these evaporation
simulations are different from typical droplet studies where cool
droplets are introduced into elevated temperature environments,
such as in a diesel engine or continuous flow vaporization rig
[28], where the droplets undergo initial heating and sometimes
volumetric expansion to their respective boiling points. For the
stoichiometric cases, all of the evaporation times are longer
relative to the u = 0.0 condition. This is due to the effects of
droplet–droplet interactions where gas-phase fuel saturation and
evaporative cooling results. The smallest droplet is most noticeably
affected with the evaporation time increased by +350%; the largest
droplet experiences an increase in evaporation time by only +9%.
Thus the fuel saturation and evaporative cooling effects render
the evaporation process less size dependent. To better understand
this behavior Figs. 4–6 are presented.

In Fig. 4 the non-dimensional mass flow rates, defined as
�m ¼ _m=4pqgDgrs, are plotted as a function of non-dimensional
time, defined as �t ¼

R
ĵl dt=r2

s , for all of the cases shown in Fig. 3.
Here _m is the mass flow rate from the droplet (i.e., the evaporation
rate), qg the gas-phase density, Dg the mass diffusion coefficient in
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the gas-phase, rs the instantaneous radius of the droplet surface, ĵl

the average liquid-phase thermal diffusivity and t the time.
Changes in qg, Dg and ĵl with time (i.e., T, P) are included in the cal-
culation of �m where these effects are most noticeable at long times
and for the largest droplets; the trends though, are found to be the
same if constant property values are used. In Fig. 4 the effect of ini-
tial droplet cooling is highlighted where the vaporization rates are
slightly reduced during the initial portion of the process. For the
u = 0.0 condition the trajectory of the d0 = 2 lm droplet is fairly
constant throughout its lifetime again illustrating that there is no
effect of gas-phase compression on its evaporation process. The
larger droplets however experience increasing rates of evaporation
as the near-droplet temperature and corresponding saturation
pressure are increased. For the u = 1.0 condition saturation effects
are noticeable. At this fuel loading the trajectories of the smaller
droplets (e.g., d0 < 8 lm) depart significantly from the isolated
droplet cases because gas-phase saturation causes the rates of
evaporation to decrease. This effect is most severe for the
d0 = 2 lm droplet because the ‘far-field’ boundary is much closer
to the droplet surface and therefore the fuel can diffuse to it more
quickly. As the volumetric compression process begins the rates of
evaporation are then increased and this causes the droplets to
vaporize more quickly.

Figure 5 illustrates the issue of ‘far-field’ fuel saturation for the
u = 1.0 condition. In this figure the fuel mass fractions at the drop-
let surface and at the ‘far-field’ are plotted as a function of non-
dimensional surface area for the six droplet sizes shown in Fig. 3.
First, it can be seen in this figure that the trajectories of the ‘far-
field’ concentrations are very similar for all of the cases with the
final concentration near Yfuel � 0.062. This is the overall mass frac-
tion of fuel specified by the u = 1.0 condition. This result indicates
that for all of the cases there is a fair degree of fuel distribution
within the gas-phase by the time the evaporation process is com-
plete. The behavior of the fuel concentration at the droplet surface
however is quite different for the six droplet sizes shown here. This
feature is due to the effects of gas-phase volumetric compression
heating where, for example, the smallest droplet experiences evap-
oration and gas-phase transport that are rapid enough so that the
gas-phase almost completely saturates by the time the compres-
sion heating process begins. Conversely, for the largest droplet
(d0 = 14 lm) there is not much fuel evaporation, and therefore
surface area reduction, before the compression process begins to
significantly heat the droplet and correspondingly increase its sat-
uration pressure. The compression heating results in higher levels
of Yfuel at the droplet surface. The largest droplet experiences the
greatest increase in temperature throughout its lifetime, and there-
fore the fuel mass fraction at the droplet surface is the highest for
this case. From these trajectories it can be inferred that there is a
substantial level of fuel stratification near the droplet surface by
the end of the evaporation process.

To investigate the effect of the initialization scheme used for
these simulations (i.e., no fuel in the gas-phase, volumetric com-
pression beginning near t = 1 ms, etc.) on the extent of fuel strati-
fication, three additional cases are simulated with d0 = 3, 8 and
14 lm where the gas-phase is instead assumed to be initially sat-
urated with fuel. The initial temperature and pressure for these
runs are T0 = 345.5 K and P0 = 0.988 bar, respectively; these are
the conditions that result if the fuel droplets are allowed to sit
for a long period of time before the gas-phase is compressed. This
may be a more realistic starting condition for droplets in an aerosol
that is generated upstream of the RCM where there is sufficient
residence time within the delivery manifold so that some pre-com-
pression evaporation occurs. The fuel concentration at this condi-
tion is Yfuel = 0.033. The initial droplet diameters are adjusted so
that the overall equivalence ratio is 1.0; based on the values listed
above this is when (d/d0)2 = 0.622. The same piston position versus
time trajectory is used to specify the volumetric compression
profile.

The results for these three cases are also presented in Fig. 5
where the fuel mass fraction at the droplet surface is plotted; these
are labeled as ‘droplet surface, sat.’ in the figure legend. The fuel
concentrations at the ‘far-field’ are indistinguishable from the
other runs and therefore these are not included. The results of
these additional simulations indicate that while the overall evapo-
ration times are reduced relative to the previous initialization
scheme, there is only a small effect on the extent of near-droplet
fuel stratification that ensues. Large droplets are still predicted to
result in substantial levels of fuel stratification at the droplet sur-
face. This issue could be problematic during RCM experiments be-
cause the reaction progress may be altered by locally high
concentrations; the fuel would need to diffusively mix across the
gas-phase by the time chemical reactions become significant. At
temperatures near 600–750 K, which is in the NTC (negative tem-
perature coefficient) region, ignition times can be reduced by fac-
tors of two to ten for fuel-rich mixtures (e.g., u > 2.0) relative to
stoichiometric ones [29]. Localized fuel stratification could consid-
erably complicate interpretation of aerosol RCM ignition data.
Though it is not indicated here, the stratification shown in Fig. 5 re-
quires approximately 100–300 ls after the end of evaporation to
completely dissipate.

Figure 6 next presents an indication of the thermal stratification
that develops during the wet compression process; this is for the
droplet sizes shown in Fig. 5; for clarity the results for the d0 = 3
and 5 lm cases are not included here. The temperatures at the
droplet surface and at the ‘far-field’ are plotted as a function of
non-dimensional surface area; the d0 = 8 and 14 lm cases using
the saturated initial conditions are also shown here. As with fuel
concentration, it can be seen that the thermal stratification is more
significant for the largest droplets; there is also significant stratifi-
cation that develops for the saturated initial cases. An interesting
feature when comparing Figs. 5 and 6 is that the compositional
stratification is much more substantial than the thermal stratifica-
tion. This is due to the high Lewis numbers of these mixtures
(Leg = jg/Dg � 3.8) where thermal diffusion is more rapid than mass
diffusion. Similarly high Lewis numbers exist for fuel–air mixtures
of other large hydrocarbon and transportation-relevant fuels. In
Ref. [26], comparisons are made with water droplets where the
Lewis number is significantly different, e.g., Leg � 0.9; in those
cases thermal stratification is more significant than compositional
stratification.

3.2. Fuel loading

Figures 7–9 present results for a series of runs where the fuel
loadings are varied from u = 0.0 to 2.0; this range is typical for
RCM experiments [12,25]. In Fig. 7 the non-dimensional surface
areas are plotted as a function of time for four fuel loadings where
an initial diameter of d0 = 3 lm is used. The effect of increasing
gas-phase saturation on the evaporation rate becomes increasingly
visible for the higher levels of fuel loading; greater extents of com-
pression heating are required in order to completely evaporate the
droplets. This should be expected as the overall vaporization en-
thalpy increases for higher fuel loadings.

Figure 8 illustrates the fuel mass fraction at the droplet surface
and at the ‘far-field’ for these four cases. Similar behavior is seen as
with Fig. 5. For the lowest fuel loading case (i.e., the isolated drop-
let), there is almost no change in the surface fuel concentration
throughout the lifetime of the droplet; this is due primarily to
the short evaporation time as well as the lack of ‘far-field’ satura-
tion. However, for the highest fuel loading case (i.e., u = 2.0) the
‘far-field’ quickly saturates, and significant compression heating
is required in order to vaporize all of the fuel. It is interesting to



Fig. 7. Non-dimensional droplet surface areas as a function of time for d0 = 3 lm
droplets in air at initial temperature and pressure of T0 = 350 K and P0 = 1 bar,
respectively, at various fuel loadings.

Fig. 8. Gas-phase fuel mass fractions at the droplet surface and at the ‘far-field’
presented as a function of non-dimensional surface area for d0 = 3 lm droplets at
various fuel loadings.

Fig. 9. Gas-phase temperatures at the droplet surface and at the ‘far-field’ as a
function of non-dimensional surface area for d0 = 3 lm droplets at various fuel
loadings.

Fig. 10. Gas-phase temperatures at the droplet surface and at the ‘far-field’ as a
function of compression ratio for various droplet sizes and at various fuel loadings.
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note that the extent of fuel stratification (i.e., us � u1) for the
three fuel loadings (u = 0.5, 1.0 and 2.0) is very similar.

Figure 9 next illustrates the temperatures at the droplet surface
and at the ‘far-field’ for the four cases from Fig. 8. Here it can be
seen that there is a slight increase in the temperature of the ‘far-
field’ for the isolated droplet case, while a larger temperature rise
(�50 K) is experienced for the highest fuel loading; this indicates
the extent of compression heating required to overcome the satu-
ration limit of the fuel. As with Figs. 5 and 6, it can be seen when
comparing Figs. 8 and 9 that the compositional stratification is
more substantial than the thermal stratification for all of the fuel
loadings, with this again due to the high Le for these mixtures.

Figure 10 next illustrates the level of evaporative cooling that
results from fuel evaporation during wet compression. The droplet
surface and ‘far-field’ temperatures are plotted as a function of
instantaneous compression ratio for three fuel loadings, u = 2.0,
1.0, and 0, respectively. The complete consumption points for each
of the droplets are indicated. Again noticeable in this figure is the
temperature difference between the droplet surface and the ‘far-
field’; the larger droplets experience greater temperature increases
and greater levels of stratification. In addition, the extent of evap-
orative cooling is highlighted for the d0 = 14 lm, u = 2.0 case
where the ‘far-field’ experiences a drop in temperature of nearly
20%, while the u = 1.0 case results in a temperature drop at the
‘far-field’ of only �7%. Also observable in this figure is that because
the larger droplets and higher fuel loadings experience greater ex-
tents of compression heating, the corresponding compression ratio
and thus volume change of the reaction chamber is greater. This
feature can lead to a number of difficulties concerning practical
implementation of wet compression in an aerosol RCM, especially
at high u. These include: (i) ensuring that the localized stratifica-
tion is minimized/eliminated before the RCM test conditions are
reached (which could be difficult at high CR where relative times
to reach the test conditions (e.g., CRmax) are shorter, (ii) ensuring
that the fuel droplets within the aerosol have limited interaction
with the walls of the chamber during the long stroke of the RCM’s
piston, and (iii) preventing significant flow of the fuel droplets into
the piston’s machined crevice volume at high CR.



Fig. 11. Predicted ‘operating map’ for an aerosol RCM fueled with n-dodecane + air
where the compression ratio, peak gas-phase temperature and peak equivalence
ratio at the end of the vaporization process are indicated for a range of initial
droplet diameters at various fuel loadings. The shaded region will yield complete
fuel evaporation before the low temperature chemistry limit (�500 K) is reached.

64 S.S. Goldsborough et al. / Combustion and Flame 158 (2011) 57–68
An ‘operating map’ is last presented in Fig. 11 to summarize the
findings of this study where the extents of compression heating re-
quired and levels of fuel stratification that develop in the gas-phase
are indicated for a range of initial droplet sizes at various fuel load-
ings; the initial temperature and pressure are set to T0 = 350 K and
P0 = 1 bar for this figure. Iso-pleths are drawn for the compression
ratio, peak gas-phase temperature and peak fuel equivalence ratio
at the end of the evaporation process; as seen in Figs. 5 and 6, the
peak gas-phase temperature occurs at the ‘far-field’ boundary
while the peak equivalence ratio is at the droplet surface. In this
figure it is observed that the highest volumetric compression is re-
quired for the largest droplets at the highest fuel loadings, as
should be expected. Also observed is that Tevap and uevap are fairly
constant for a particular droplet size over a range of fuel loadings.
This is due primarily to the increasing level of evaporative cooling
that occurs with higher fuel loadings, as indicated in Fig. 10. Also
shown in Fig. 11 is the range of conditions (the shaded region)
where the wet compression process is predicted to complete be-
fore Tevap � 500 K; this again, is considered as a low temperature
chemistry limit. The localized gas-phase fuel stratification that
develops during the wet compression process should be expected
to quickly dissipate so that locally homogenous chemical reactions
will occur during the RCM test.
4. Summary

A spherically-symmetric, diffusion-limited, transient wet com-
pression model has been used to investigate the evaporation
behavior of fuel aerosols subjected to rapid gas-phase compression
(i.e., wet compression). Droplet–droplet interaction under rapid
compression machine (RCM) conditions can result in significant
gas-phase fuel saturation and evaporative cooling, especially under
high concentration aerosols (e.g., �0.1 mLfuel/Lgas (�1 � 109 drops/
Lgas) for stoichiometric fuel loading at ambient conditions). These
effects are studied where the initial droplet size and overall fuel
loading are varied. n-Dodecane is used as the fuel with the gas con-
taining air (21% O2 and 79% N2). An overall compression time and
compression ratio of 15.3 ms and 13.4, respectively, are used.
Through this study we have found that smaller droplets (d0 � 2–
3 lm) are more affected by ‘far-field’ saturation and evaporative
cooling effects, while larger initial droplets (d0 � 14 lm) result in
a greater degree of compositional and thermal stratification in
the gas-phase due to longer diffusion distances. Consequently, for
larger droplets, the interpretation of the resulting ignition data
may be problematic. Larger droplets are also more affected by
the volumetric compression process under RCM conditions since
they require more time for vaporization to complete. All of the
cases explored here yield a greater degree of fuel stratification than
thermal stratification due to the high Lewis numbers for the fuel–
air mixtures (Leg � 3.8).

Based on the results of this study it appears that the aerosol
RCM concept is feasible for investigating the low temperature igni-
tion behavior of transportation-relevant, involtile fuels. However,
aerosol generation systems which can deliver high concentrations
of very small droplets (e.g., d0 < 3–5 lm, �0.1 mLfuel/Lgas) should be
utilized in order to minimize localized (i.e., on the droplet scale)
stratification issues and achieve vaporization at lower compression
ratios. Systems which can tailor the machine’s compression time
and compression ratio, as well as the diluent gas composition for
a range of fuels could prove versatile for such investigations. A
companion study [26] investigates the effects of fuel boiling and
transport characteristics as well as diluent gas thermo-physical
properties to support future machine design efforts.
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Appendix A

The wet compression model employed in this study is summa-
rized here. The model integrates a transient droplet evaporation
sub-model with a gas-phase volumetric compression step. The
evaporation sub-model is based on the work of Aggarwal and
co-workers [17–19] and utilizes a continuum formulation for a
spherically-symmetric droplet taking into account thermal and
concentration gradients within the droplet, variations in liquid-
and gas-phase properties with temperature and pressure, and real
gas behavior. The model is modified for this study in order to uti-
lize no-flux (i.e., no-gradient) boundary conditions at the ‘far-field’
and to incorporate a thermodynamic non-equilibrium condition at
the droplet surface. The no-flux boundary enables various levels of
fuel loading (i.e., equivalence ratio, u) to be simulated by adjusting
the initial size of the computational mesh, i.e., the location of the
‘far-field’ boundary. The non-equilibrium condition enables an
assessment of the importance of gas kinetic effects near the droplet
surface. For the droplets investigated in this work gas kinetic
effects are found to be modest (i.e., +5–10% error in total evapora-
tion times).

The transient two-phase governing equations are written in
spherical coordinates with appropriate interface conditions pre-
scribed at the droplet surface. Radiation and second-order effects,
such as Soret and Dufour effects, are assumed to be negligible.
The model considers mass, species, momentum and energy conser-
vation throughout the gas-phase domain and it considers absorp-
tion of gas into the liquid-phase, while resolving species diffusion
processes within the droplet. Within the computational frame-
work, both the gas- and liquid-phase properties are considered to
be functions of species, temperature and pressure, and an adaptive
grid is used to account for the surface regression. An operator
splitting technique is incorporated to physically compress the



Fig. A1. Schematic of the two-zone non-equilibrium model illustrating the contin-
uum and free-molecular regions. The scale of f is exaggerated in this figure; it is on
the order of �5–15% of the droplet diameter during most of the droplets’ lifetime.

S.S. Goldsborough et al. / Combustion and Flame 158 (2011) 57–68 65
computational mesh at each time step to account for compression
heating of the gas-phase. The governing equations and the inter-
phase conditions at the droplet surface are reviewed next.

A.1. Governing equations

For the gas-phase region r > rs(t), the governing equations in-
clude the conservation equations for mass, species, momentum,
energy and the equation of state (EOS):
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In Eqs. (A1)–(A5), t and r refer to temporal and spatial variables,
respectively, and qgk, Dgk, Yk, and hgk represent the gas-phase den-
sity, diffusion coefficient, mass fraction and specific enthalpy of the
kth species, respectively, with N the total number of species. The
parameters ag, lg, and kg are the gas-phase thermal conductivity,
viscosity, and second viscosity coefficient, respectively. In addition,
u is radial velocity, Tg temperature, P pressure and I mass-specific
internal energy. Eq. (A5) is a P–q–T relation for the fluid mixture,
such as the ideal gas or Peng-Robinson EOS. For the conditions
explored in this study the PR-EOR is utilized, though the ideal
gas EOS could be used with negligible error.

For the liquid-phase region, r < rs(t), the governing equations
include only species and energy diffusion
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In these expressions the subscript ‘l’ denotes the liquid-phase,
and cp is the specific heat at constant pressure; Xk is the mass frac-
tion of species k in the liquid-phase.

A.2. Boundary conditions

The boundary conditions at the droplet center (r = 0) are: oTl/
or = 0 and oqk/or = 0; for the ‘far-field’ (i.e., r = r1) no-gradient
and no-velocity boundary conditions are applied to ensure that
mass, momentum, energy and species cannot enter or leave the
computational domain, i.e., the reaction chamber volume: oqk,1/
or = 0, oq1/or = 0, u1 = 0, and oT1/or = 0. At the liquid–vapor inter-
face, r = rs(t), two different approaches are used, including thermo-
dynamic equilibrium and thermodynamic non-equilibrium.
A.2.1. Liquid–vapor equilibrium at the droplet surface
Under thermo-mechanical equilibrium conditions mass and en-

ergy conservation can be expressed as
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where m00 is the net vaporization flux from the droplet, and Xks and
Yks represent, respectively, the liquid- and gas-phase mole fractions
of these species at the droplet surface. The latent heat of vaporiza-
tion of species k is Lk. In addition, the temperature, pressure and
fugacity of each species in the gas-phase is specified to be equal
to the corresponding property of the same species in the liquid-
phase. The equality of the fugacity of species k is expressed as

/g
kYk ¼ /l

kXk ðA10Þ

where uk is the fugacity coefficient of the kth species, which is a
function of pressure, temperature and composition. It is given in
terms of the volumetric properties of the mixture by the following
thermodynamic relation
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where nj is the mole number of the jth species and z is the com-
pressibility factor, z = PU/RT. R is the gas constant and U the specific
volume of the mixture.

A.2.2. Thermodynamic non-equilibrium at the droplet surface
To investigate effects of non-equilibrium at the droplet surface,

which are important for small droplet sizes where the Knudsen
number (Kn = g/rs) is close to unity, the equilibrium expressions
are modified as follows. A two-zone model is implemented at the
surface of the droplet where an inner zone accounts for free-
molecular flow while the outer zone considers continuum
behavior. A schematic of this is illustrated in Fig. A1. In the free-
molecular region the rate of collisions of gas particles with the
droplet surface is the rate-limiting factor. In this region it is
assumed that most of the particles do not collide with other parti-
cles before they collide with the droplet, or move into the contin-
uum zone. The free-molecular zone is assumed to meet the
continuum zone at a distance f from the droplet surface where f
is considered to be on the order of the mean free path of the
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molecules, g. At the zonal interface the rates of mass and heat
transport are set equal to the transport rates at the droplet surface.

Using this model the fugacity coefficient from Eq. (A10), applied
at the zonal interface can be adjusted such that
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P
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where ul�
k represents the liquid-phase fugacity coefficient of the kth

species under phase equilibrium conditions (i.e., as determined
from Eq. (A11)). The second term of this expression is sometimes re-
ferred to as the Hertz-Knudsen correction and can be expressed as
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Here dm
k is the mass accommodation, or evaporation coefficient

of the kth species where this has a range from 0.0 to 1.0. P is the
total pressure at the liquid–vapor interface.

The energy transport at the droplet surface is reformulated as
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where the first term on the right hand side is the energy transferred
to the liquid-phase due to gas-phase particles that strike the droplet
and rebound. In this expression Tf is the temperature at the inter-
face between the free-molecular and continuum zones while Tl;r�s
represents the surface temperature of the droplet. The thermal
accommodation coefficient, dT , is defined as

dT ¼ Tf � T 0

Tf � Tl;r�s

ðA15Þ

with T0 representing the temperature of the particles after they re-
bound from the droplet surface. In Eq. (A14) cv,k is the specific heat
at constant volume of the kth species in the gas-phase while Yk is
the corrected, non-equilibrium gas-phase mass fraction of the kth
species.

The energy transport at the zonal interface can then be equated
to the transport at the droplet surface,
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These expressions along with Eqs. (A8)–(A11), provide a closed
system to determine the temperature and species mole fractions at
the droplet surface. It represents a system of tightly coupled, non-
linear algebraic equations that are solved iteratively at each time
step.

An improved modeling approach for thermodynamic non-equi-
librium behavior has recently been developed by Sazhin and co-
workers [21,23] where the kinetic zone prescribed around the
droplet is extended to 10 times g, and the dynamics of the mole-
cules within this inner zone, including both fuel vapor and oxi-
dizer + diluent, are described in terms of the more rigorous
Boltzmann equations. Both heat and mass fluxes across this zone
are taken into account, as is done here. Their approach is more
accurate and should probably be used for design-relevant calcula-
tions, especially if extremely small droplets will be utilized (e.g.,
d0 � 1 lm). For the current study however, the simpler model de-
scribed above is thought to be adequate for assessing the impacts
of thermodynamic non-equilibrium on the wet compression simu-
lation results.

To account for multiple components in the liquid-phase (e.g.,
fuel + oxidizer or diluent gas) the latent heat of vaporization of
each species is defined as the difference between the partial molar
enthalpy of that species in the vapor and liquid-phases. The follow-
ing expression then gives the partial molar enthalpy of the kth
species:

Lk ¼ hlk � h0
k ¼ �RT2 @

@T
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where the superscript ‘0’ denotes the property in the ideal gas state.

A.3. Gas-phase compression heating

The gas-phase compression process is computed by physically
compressing the mesh at each time step thereby increasing the
density of the computational cells and the associated internal en-
ergy. This process is assumed to occur adiabatically so that the
new cell specific internal energy can be determined based on en-
ergy conservation
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with ii indicating the iith computational cell. The PR-EOS is used in
conjunction with this expression to iteratively determine the result-
ing cell pressure and temperature. Momentum of each gas-phase
cell is also conserved during the compression operation, where this
is expressed as

ðqgu2r2Þnþ1
ii ¼ ðqgu2r2Þnii ðA19Þ
A.4. Solution procedure

An arbitrary Lagrangian–Eulerian numerical method with a
dynamically adaptive mesh is used to solve the governing equa-
tions. The solution procedure is as follows: (i) calculate explicitly
the contributions of the diffusion and source terms in the gas-
phase equations, (ii) calculate implicitly the terms associated with
the acoustic pressure in the gas-phase equations; (iii) compute a
new mesh distribution due to droplet surface regression using
the adaptive mesh method, and then the convective terms in the
gas-phase equations, (iv) based on the solutions of the above steps,
solve implicitly the gas-phase equations, along with the liquid-
phase equations and the droplet surface and liquid–vapor interface
equations, and (v) perform the gas-phase compression step.

An algorithm is employed in this study to adaptively resize the
gas-phase computational cells based on the magnitude of temper-
ature gradients across the domain; higher grid densities are used
near the droplet surface where higher gradients exist. A variable
time step is also utilized where this is automatically adjusted
depending on stability criteria of the explicit convection and diffu-
sion processes.

A.5. Thermo-physical models

The gas- and liquid-phase thermo-physical properties are con-
sidered to be functions of pressure, temperature and composition
where the activity coefficient is set to 1 (i.e., the ideal solution
model). The method suggested by Chung et al. [30] is employed



Fig. A2. Non-dimensional droplet surface areas as a function of time for various
mass and thermal accommodation coefficients for n-dodecane in air using an initial
temperature and pressure of T0 = 350 K and P0 = 1 bar at a droplet size of d0 = 3 lm.
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to calculate the viscosity of the gas mixture while the thermal con-
ductivity is based on the group contribution model of Roy and Tho-
dos [31,32]. The binary gas-phase mass diffusivity is calculated
using the empirical model of Fuller et al. [33] with corrections
for pressure effects using the Takahashi correlation [34]. For mul-
ti-component mixtures, the effective diffusivity is obtained using
the formula given by Bird et al. [35]. The gas density is calculated
directly from the PR-EOS [36], while the liquid–vapor equilibrium
condition, including /k and Lk, is also computed directly from the
PR-EOS (e.g., see Ref. [33]).

The enthalpy of the gas mixture is based on a molar weighting
of the pure component enthalpies obtained from the CHEMKIN
database (computed using the THERM software [37]). A general-
ized thermodynamic correlation based on a three-parameter corre-
sponding states method [38] is used to compute the enthalpy
correction for high-pressure effects. The specific internal energy
of the gas mixture in Eq. (A4) is given by

I ¼
XN

k¼1

YkhkðTÞ � Pt ðA20Þ

which relates the specific internal energy to the equation of state
through the gas temperature and pressure.

The liquid-phase properties are determined using the following.
The heat capacity of pure component is calculated based on the
group contribution model described by Rùzicka and Domalski
[39] and then extended to mixtures (for the absorbed oxygen + dil-
uent gases) using Filippov’s rule [40]. The thermal conductivity and
mass diffusivity are obtained using the correlations of Latini et al.
[33] and Nakanishi [41], respectively. The density is calculated
based on a fourth-order polynomial fit of experimental data [42],
with these recorded near 1 atm, along with the high pressure cor-
rection given by Thomson et al. [43]. The viscosity is computed
using a power law fit of experimental data near 1 atm [42].

A.6. Effects of thermodynamic non-equilibrium

To assess the influence of thermodynamic non-equilibrium
behavior on the wet compression process at the conditions of
interest for this study simulations are conducted where the sub-
model described in Appendix A.2.2 is implemented in the wet com-
pression software. n-Dodecane is used as the fuel with oxygen and
nitrogen as the gas-phase species. An initial temperature and
pressure of T0 = 350 K and P0 = 1 bar, respectively, are used at
two droplet sizes, d0 = 3 and 8 lm. In addition, a range of mass
and thermal accommodation coefficients is explored. The initial
Knudsen numbers are Kn0 = 0.02 and 0.007 for these two droplets.
Kn is computed here using g2 ¼ ð4Dgf Þ2=pv2

rms where vrms is the
root mean squared velocity of the vaporized fuel at the droplet sur-
face; this is taken to be proportional to

p
Tl,rs based on kinetic

theory.
The results for these simulations for d0 = 3 lm condition are

illustrated in Fig. A2. There is very little difference in overall evap-
oration behavior for the d0 = 8 lm condition, which is consistent
with other studies [21–23] which demonstrated that larger drop-
lets are less affected by thermodynamic non-equilibrium condi-
tions. In Fig. A2 the non-dimensional surface areas for the
droplets are plotted as a function of time. The thermodynamic
equilibrium results are compared to non-equilibrium conditions
covering values of dm = 0.1, 0.5 and 0.9, and dT = 0.1, 0.5 and 0.9.
It should be noted that accommodation coefficients are not well
established in the literature (e.g., see Refs. [44–49]), but the values
listed here cover the range found or utilized in most studies. In
Fig. A2 it can be seen that the evaporation times are slightly more
sensitive to values for dm than for dT, and that the influence of these
parameters is non-linear. Overall, the change in total evaporation
time is small, where this on the order of +5–10%; similar
differences are seen for heavier hydrocarbons (e.g., n-hexadecane)
while slightly greater discrepancies are seen for water droplets
(e.g., 10–15%), as discussed in Ref. [26]. The temperature jump
across the free-molecular region for the dT = 0.1 case is on the order
of 2–5 K through most of the droplet’s lifetime; the jump is �1 K
for the dT = 0.9 case.

Based on these results it is concluded that the assumption of
thermodynamic equilibrium at the droplet surface, for the pur-
poses of this study is reasonable. However, design-representative
calculations may benefit from the utilization of a non-equilibrium
sub-model.
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