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Wet compression of fuel aerosols has been proposed as a means of creating gas-phase mixtures of invol-
atile diesel-representative fuels and oxidizer + diluent gases for rapid compression machine (RCM) exper-
iments. The intent of this study is to investigate the effects of fuel and diluent gas properties on the wet
compression process, specifically to: (a) explore a range of fuels which could have applicability in aerosol
RCM experiments, and illustrate important limitations due to fuel properties, and (b) fundamentally
understand how fuel and diluent gas properties affect the wet compression process and assess which
ones are most important. Insight gained from this work can be utilized to aid the design and successful
operation of aerosol RCMs. A spherically-symmetric, single-droplet wet compression model is used
where n-heptane, n-dodecane, 2,2,4,4,6,8,8-heptamethylnonane (isocetane), n-hexadecane (cetane) and
n-eicosane are investigated as the diesel-representative fuels, while comparisons are made to water
droplets. Nitrogen, neon and argon are selected as the gas-phase diluents while the oxidizer is considered
to be oxygen at atmospheric concentrations. Initial droplet diameters of d0 = 3 and 8 lm are used based
on results of previous studies where the overall compression time is set to 15.3 ms with the maximum
volumetric compression ratio 13.4. An overall equivalence ratio of u = 1.0 is used.

It is shown that under these conditions, involatile fuels up to �n-hexadecane appear to be candidates
for aerosol RCM experiments. However, the use of small droplets (d0 < 5 lm) will be necessary in order to
ensure complete vaporization and adequate gas-phase mixing in advance of low temperature chemical
reactivity. Fuels with higher boiling points might not be useable unless extremely small droplets
(d0 < 1 lm) and low pressures (e.g., P0 < 0.5 bar) are employed along with longer compression times. In
addition, the boiling curve (i.e., saturation pressure) and Lf are found to be the dominant fuel properties
while the density-weighted mass diffusivity, qgDg, which controls the rate of gas phase mass diffusion,
and thus compositional stratification, generally plays a secondary role. The heat capacity and molar mass
are the dominant diluent properties that affect the near-droplet and ‘far-field’ conditions. The gas-phase
mixture Lewis number (Leg) contributes to either greater compositional (Leg > 1) or thermal (Leg < 1)
stratification. For large hydrocarbons and oxygenated hydrocarbons that are representative of diesel fuels
Leg � 3–5, and therefore compositional stratification could be significant; this characteristic has the
potential to complicate interpretation of ignition/oxidation data acquired from these machines.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Wet compression is the process whereby vaporization is
achieved via volumetric compression heating of the gas-phase of
a droplet laden aerosol. This phenomenon has received increasing
ll rights reserved.

: +1 414 288 7790.
oldsborough).
attention in the power generation field in recent years with appli-
cations to advanced combustion processes and alternative fuel for-
mulations 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 pre-
paring test gases for high molecular weight, involatile liquid fuels
relevant to the transportation industry. Fundamental ignition and
intermediate speciation data for such fuels are extremely scarce,
especially at engine-relevant conditions, but are necessary towards
the development and design of advanced combustion engines and
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Nomenclature

cp specific heat at constant pressure
cv specific heat at constant volume
D mass diffusion coefficient
d diameter
Kn Knudsen number (g/rs)
L heat of vaporization
Le Lewis number (j/D)
_m net evaporation rate
�m non-dimensional evaporation rate, _m/4pqgDgrs

M molar mass
P pressure
r radial direction
�t non-dimensional time,

R bjldt=r2
s

T temperature
u radial velocity
Y mass fraction, vapor phase

Greeks
a thermal conductivity
g mean free path
u equivalence ratio
j heat diffusivity
q density
/ fugacity coefficient

Subscripts
a ‘air’
comp compressed condition
f fuel
g gas-phase
k kth species
l liquid-phase
s droplet surface
w water
0 initial value
1 ‘far-field’ value
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novel fuel formulations. Traditional charge preparation techniques
for these laboratory apparatuses generally use external mixing
protocols based on partial pressure methodologies [11,12]. Die-
sel-representative fuels however, have extremely low vapor pres-
sures at standard conditions (e.g., Psat < 1 Torr) which make this
option very 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 con-
cern for pre-test chemical reactivity during the mixture prepara-
tion process. Aerosols of suspended fuel droplets (dmean � 8–
18 lm) have been used to deliver liquid fuels to a shock tube
and an RCM using flow-through techniques (i.e., inlet and outlet
valves located at opposite ends of the device), where subsequent
volumetric compression of the gas-phase results in evaporation
of the liquid fuel droplets [13–15]. In shock tubes where test tem-
peratures generally range from 900 to 2000 K the gas-phase com-
pression event is achieved via a rapidly traveling shock wave
(Dtcomp � 30 ls; Tcomp � 600–700 K); the passing of the initial com-
pression wave not only increases the pressure and temperature of
the surrounding bath gases but it fragments the initial droplets and
results in high convective velocities near the droplet surface. These
features result in very fast vaporization (e.g., Dtevap � 100 ls [13]).
The subsequent reflected wave compresses the evaporated
fuel + oxidizer + diluent mixture to the test conditions. In RCMs,
where test temperatures generally range from 600 to 1100 K, the
compression event is much slower (e.g., Dtcomp � 15–60 ms) and
bulk gas fluid dynamics (i.e., on the scale of the reaction chamber)
are often suppressed through the use of machined piston crevices
in order to minimize unwanted heat loss during the test period
[16]. As a result, droplet evaporation in aerosol RCMs will therefore
be much slower and 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-represen-
tative fuels requires a fundamental understanding of droplet evap-
oration including both near-droplet and ‘far-field’ processes (i.e.,
due to droplet–droplet interactions). It is very important to also as-
sess the limitations of the wet compression process and gauge to
what extent homogeneous gas-phase mixtures can be created for
various fuels and diluent gas mixtures. This study builds upon pre-
vious work where an integrated simulation tool was developed,
and here we investigate important issues for aerosol RCM applica-
tions. The use of high aerosol concentrations (e.g., �0.1 mLfuel/Lgas,
�1 � 109 droplets per liter of gas), which are necessary to achieve
desired fuel loadings for investigation of engine-relevant chemistry
(e.g., u = 0.5–2.0, 5–21%O2, Pcomp = 10–50 bar), can result in drop-
let–droplet interactions which lead to substantial gas-phase fuel
saturation and evaporative cooling during the piston compression
process. These conditions can alter the rate of evaporation and the
extent of volumetric compression required to achieve complete
vaporization. In addition, localized stratification (i.e., on the drop-
let scale) of the fuel vapor and of temperature can occur due to
insufficient rates of transport; this could lead to non-homogeneous
chemical reaction and heat release – features which may prevent
an adequate segregation of the chemical kinetic rates from rates
of physical transport. These operational characteristics are depen-
dent on many factors including fuel and diluent properties such as
the boiling curve (i.e., saturation pressure), vaporization enthalpy,
heat capacity, molar mass, and mass/thermal diffusivities, as well
as physical parameters such as overall fuel loading and initial drop-
let size relative to the compression rate.

The objective of this study is to investigate fuel and diluent gas
property effects in order to better understand dominant factors
during wet compression. Specifically, we: (a) explore a range of
fuels with potential applicability to aerosol RCM experiments and
illustrate important limitations due to fuel properties, and (b) iso-
late gas phase properties to fundamentally understand how these
affect the wet compression process, thereby determining which
ones are most important. The results of this work can be used to
aid the successful design and operation of aerosol RCMs. Previous
studies by our group have investigated effects of physical parame-
ters where n-dodecane, a relatively small involatile hydrocarbon,
was used as the fuel [17,18]. In those studies it was shown that
smaller droplets are more affected by gas-phase fuel stratification
and evaporative cooling while larger droplets result in greater gas-
phase compositional and thermal stratification. These effects are
due to the differences in diffusion distances across which the fuel
must travel from, and the heat to the droplet. It was also demon-
strated previously that shorter compression times can lead to
greater gas-phase stratification due to the non-linear rate of



456 S.S. Goldsborough et al. / Fuel 93 (2012) 454–467
temperature (and thus saturation pressure) rise, and the relatively
slower rates of diffusion of fuel from and heat to the droplet. Lower
gas pressures were found to enhance evaporation during wet com-
pression due to the higher fuel mass fraction at the droplet surface,
where this increases the rate of fuel transport across the gas phase.

In this work a spherically-symmetric, single-droplet wet com-
pression model is employed where five hydrocarbons with a range
boiling and transport characteristics are now considered including
n-heptane, n-dodecane, 2,2,4,4,6,8,8-heptamethylnonane (HMN, or
isocetane), n-hexadecane (cetane) and n-eicosane; comparisons
are also made to the wet compression behavior of water aerosols.
Three diluent gases including nitrogen, neon and argon are studied
while oxygen mole fractions of 21% are used as the balance of the
non-fuel gas. Initial droplet diameters of d0 = 3 and 8 lm are con-
sidered based on results of our previous studies [18]. These droplet
sizes are much smaller than typically produced by fuel injectors,
but could be created via an ultra-sonic nebulizing system or similar
device (e.g., see Refs. [13,15]). Compression times and extent of
compression (i.e., maximum compression ratio, CRmax = V0/Vmin)
representative of typical RCMs are used. The remainder of this pa-
per is organized as follows. First, an overview of the wet compres-
sion model is presented along with a brief discussion of
modifications undertaken for this study. Simulation results are
then discussed covering the various liquids and diluent gas mix-
tures at the two droplet sizes. For the various liquids two cases
are considered: one, where identical initial conditions are used in
order to highlight boiling curve effects, and a second, where the
initial temperatures are modified in order to highlight effects of
other properties including Lf and qgDg. Differences in the near-
droplet and far-field behavior are discussed for these cases. Finally,
issues concerning successful operation of an aerosol RCM are
discussed.
Fig. 1. Schematic of wet compression model illustrating liquid- and gas-phase
domains and the location of the ‘far-field’ boundary.
2. Model

This study utilizes the wet compression model described previ-
ously by Goldsborough and co-workers [17,18]. The model inte-
grates a fully transient evaporation sub-model developed by
Aggarwal and co-workers [19–21] with a gas-phase volumetric
compression sub-model. The evaporation sub-model has been
extensively validated and employs a continuum formulation with
phase and thermal equilibria prescribed at the liquid–vapor inter-
face. This prescription can lead to errors in the predicted evapora-
tion times for the droplets investigated here due to gas kinetic
effects at small droplet diameters (e.g., d0 < 5 lm). However, these
errors are generally modest (+5% to 15%) and the trends in the sim-
ulation results using the interface equilibria prescription are com-
parable to those observed with a refined modeling approach where
gas kinetic effects are taken into account (e.g., see Refs. [18,22–
25]). The droplet and surrounding gas-phase are assumed to be
spherically symmetric, and thermal and concentration gradients
within the droplet are taken into account through the application
of relevant conservation equations. Absorption of the oxidizer
and diluent gas into the liquid phase is also considered through
the use of the fugacity coefficient, however the effect of this here
is negligible. In addition, the droplet sizes used in this study are
small enough however so that no internal stratification is seen.
The evaporation model is diffusion-limited, meaning that the drop-
let Reynolds number (Red) is assumed to be zero. This is a reason-
able approximation since it is expected that the fuel aerosol will be
generated ex situ to the machine and delivered to it using a flow-
through technique (e.g., see Refs. [13,15]). Device-scale Reynolds
numbers (i.e., using the cylinder bore as the length scale) near
500 are expected to be used in order to prevent droplet settling
and wall impingement [26]; this can be converted to Red of 0.01
or less. While some residual fluid motion or turbulent behavior
resulting from the aerosol delivery process would aid the mixing
of the vapor phase fuel with the oxidizer + diluent, and improve
heat transport to the droplets, the use of a diffusion-limited model
provides a lower bound for the rates of these transport processes
and the resulting localized (i.e., on the droplet scale) 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 during evaporation. Real gas equations of state
(e.g., Peng–Robinson (PR-EOS) [27], as is used in this work) are
facilitated in the software, though the gas-phase compressibility
factors (z = P/qRT) for all of the cases investigated here are found
to be nearly 1.0 so that an ideal gas model could be reasonably
used instead. A mesh compression operation is integrated with
the evaporation model in order to simulate the gas-phase com-
pression heating process. This sub-model accounts for the induced
radial flow towards the droplet due to volumetric compression.
The evaporation sub-model has been detailed previously in Refs.
[19–21] where predictions are validated against a range of exper-
imental data. In addition, this sub-model has been extensively val-
idated for the transient evaporation of an n-heptane droplet under
high pressure conditions [19]. Application of the integrated model
to study wet compression of an isolated n-dodecane droplet (i.e.,
u � 0.0) has been described in Refs. [17,18]. While the droplet
evaporation model has been extensively validated, there is cur-
rently a lack of experimental data however for validation of the
integrated wet compression model. Thus there is some uncertainty
concerning the model performance. In Ref. [17] other approaches
for modeling wet compression have been reviewed and compared.
It was demonstrated in that work that simplified evaporation mod-
els, such as a quasi-steady formulation, can yield significant dis-
crepancies (e.g., +50% in total evaporation time) compared to
results predicted by a fully transient formulation, such as em-
ployed here.

The wet compression model is modified from Ref. [17] in order
to investigate fuel and diluent gas property effects near the droplet
and at the ‘far-field’ under RCM conditions. Fig. 1 illustrates the
configuration implemented 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 constrained in order to represent the finite
volume of the RCM apparatus. It is assumed that the aerosol is
mono-dispersed and uniformly distributed throughout the reac-
tion chamber. This approximation, while not quite representative
of an externally generated aerosol (e.g., see Ref. [13]), provides a
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useful approach for understanding the effects of gas phase satura-
tion and evaporative cooling. It can also yield insights regarding
limitations on maximum acceptable droplet size, for a range of
fuels and diluent gases.

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 heat loss from the reaction chamber mix-
ture is thus not taken into account in the current model. While this
can substantially influence the thermal and concentration homoge-
neity, as well as fuel evaporation during aerosol RCM experiments, it
is a device-scale phenomenon and thus not appropriate for investi-
gating using this single droplet model. A more suitable framework
for studying this is a multi-zone model that is currently under devel-
opment by the primary author (e.g., see Ref. [28]).

The overall fuel-air ratio for the simulation is specified accord-
ing to the equivalence ratio definition

u ¼ ðmf =maÞ
ðmf =maÞstoich

¼ 1
0:067

qf ;0r3
s;0

qa;0ðr3
1;0 � r3

s;0Þ
ð1Þ

where mf and ma refer to the mass of fuel and ‘air’ (or oxygen + dil-
uent), respectively. The subscript ‘stoich’ refers to the stoichiome-
tric condition while the subscript ‘0’ indicates the initial
conditions for the simulation. The value of 0.067 in this expression
is the stoichiometric fuel-air ratio for n-dodecane ((mf/ma)stoich);
stoichiometric ratios for the other hydrocarbons are provided in Ta-
ble 1. The initial densities of the fuel and ‘air’, qf,0 and qa,0, respec-
tively, are dependent on the initial temperature and pressure used
in a particular experiment; once these are specified along with
the initial droplet radius, rs,0, the initial ‘far-field’ boundary used
in the simulation, r1,0, can be located. Table 1 lists geometric
boundaries for the six liquids investigated in this study where an
overall equivalence ratio of u = 1.0 is prescribed; the initial temper-
ature and pressure conditions are discussed in the next section. It
can be seen here that larger droplet sizes require greater ‘far-field’
distances for the same fuel loading, while larger values of u require
smaller gas volumes for the same droplet size.

The time-varying location of the ‘far-field’ boundary which gov-
erns the rate of compression heating is dependent on the volumet-
ric history of the RCM. This is expressed using the time-varying
compression ratio

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 [16,29,30].
Table 1
Properties and initial conditions (for Section 3.1.2) for various fuels (and water) in ‘air’ usin
specified.

n-Heptane n-Dodecane H

Chemical formula C7H16 C12H26 C
Mf (g/mol) 100.21 170.34 2
(mf/ma)stoich 0.066 0.067 0
Psat @ 300 K (Torr)a 45.1 0.135 0
Tboil @ 1 atm (K)a 372 489 5
T0 (K)a 269 350 3
ql,0 (g/cm3)a 0.706 0.734 0
r1,0/rs,0 20.4 22.5 2
Lf,0 (J/g K)a 375 313 2
(qgDg)s,0 (cP)a 0.0083 0.0071 0
Les,0

a 2.64 3.75 4

a Based on thermophysical models discussed in Section 2.
More details of the wet compression model, including the
governing equations and issues associated with thermodynamic
non-equilibrium at the droplet surface can be found in Ref. [18].
A summary of the thermo-physical models important to this study
is presented next. The gas- and liquid-phase thermo-physical prop-
erties are considered to be functions of pressure, temperature and
composition with the activity coefficient equal to 1 (i.e., the ideal
solution model). The method suggested by Chung et al. [31] is em-
ployed to calculate the viscosity of the gas mixture while the ther-
mal conductivity is based on the group contribution model of Roy
and Thodos [32,33]. The binary gas-phase mass diffusivity is calcu-
lated using the empirical model of Poling et al. [34] with correc-
tions for pressure effects using the Takahashi correlation [35].
For multi-component mixtures, the effective diffusivity is obtained
using the formula given by Bird et al. [36]. The gas density is calcu-
lated directly from the PR-EOS as is the liquid–vapor equilibrium
condition, including /k and Lk, which are the fugacity coefficient
and vaporization enthalpy of species k, respectively. The enthalpy
of the gas mixture is based on a molar weighting of the pure com-
ponent enthalpies obtained from the CHEMKIN database [37]
(computed using the THERM software [38]). A generalized thermo-
dynamic correlation based on a three-parameter corresponding
states method [39] is used to compute the enthalpy correction
for high-pressure effects. For the conditions explored in this study
however, and those relevant to typical RCM experiments, zg � 1 so
that simplified thermo-physical models could reasonably be em-
ployed in analogous simulations, or data reduction calculations.

The liquid-phase properties are determined using two ap-
proaches. For the five hydrocarbons the following is used. The heat
capacity of pure components is calculated based on the group con-
tribution model described by Rùzicka and Domalski [40] and then
extended to mixtures (for the absorbed oxygen + diluent gases)
using Filippov’s rule [41]. The thermal conductivity and mass diffu-
sivity are obtained using the correlations of Poling et al. [34] and
Nakanishi [42], respectively. The density is calculated based on a
polynomial fit of experimental data [43–47], with these recorded
near 1 atm, along with the high pressure correction given by
Thomson et al. [48]. The viscosity is computed using a power law
fit of experimental data near 1 atm [46,47,49]. For water, the pure
component heat capacity, thermal conductivity, density and vis-
cosity are calculated using polynomial fits of experimental data
near 1 atm, with these extended to high pressures, and mixtures
with the absorbed gases using methods described above.

In addition to the results presented in the next section, results
for a sensitivity study of the wet compression model are discussed
in the Appendix where normalized sensitivity coefficients are com-
puted for various fuel and diluent gas properties. It is shown that
for n-dodecane at the conditions of this study, ql,f, Lf, Dg,f, /l

f , cpg,dil,
and ag,dil are the most sensitive parameters. This is consistent with
g an initial pressure of P0 = 1 bar and u = 1.0; the actual mass ratio of water to ‘air’ is

MN n-Hexadecane n-Eicosane Water

16H34 C16H34 C20H42 H2O
26.44 226.44 282.55 18.01
.067 0.067 0.067 0.066
.044 0.002 2x10-5 23.8
20 560 616 373
63 400 444 315
.749 0.702 0.688 0.975
2.8 23.2 23.8 24.0
48 288 272 2520
.0063 0.0068 0.0065 0.0290
.33 4.28 4.73 0.85
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the findings of the analyses presented in Section 3, and provides in-
sight into the phenomena influencing the wet compression
process.
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. [54].
3. Model results

The results presented in this section are for five hydrocarbons,
four of which have been employed previously as single-species,
or as constituents of multi-component diesel surrogates including
n-heptane, n-dodecane, HMN and n-hexadecane [50]. A range of
volatilities and other physical properties typical of diesel are cov-
ered with these surrogate fuels, a few of which are listed in Table 1.
n-Eicosane is utilized in this study to represent some of the most
involatile petro- or bio-diesel components where typical T90 distil-
lation points are near 600 K for petro- and near 670 K for bio-diesel
[51]. Only single-species fuel droplets are investigated in this work,
though the model could also be utilized to study effects of multi-
component fuel mixes. To investigate real fuel behavior however,
where many species are present including hundreds of isomers
[50] and a range of boiling and transport properties exist, requires
modifications to the model, as discussed in Ref. [52]. Investigation
of such complex blends is not often conducted in RCM experiments
however where two to three component mixes are generally more
typical. The investigation of preferential, or fractional distillation
and gas-phase diffusion for multi-component fuel mixes, while of
interest towards understanding and ensuring compositional
homogeneity during aerosol RCM experiments, is beyond the scope
of this study. Water is used in this study to illustrate the effects of
significantly different boiling and transport characteristics on the
wet compression process. Neon and argon are selected as diluents
in addition to nitrogen. Argon is often used in RCM experiments
due to its high specific heat ratio (i.e., cp/cv) which enables greater
compressed gas temperatures to be achieved for fixed compression
ratio configurations [12,30]. Argon has also been demonstrated to
have superior heat retention characteristics relative to lighter
monatomic diluent gases including helium and this minimizes
heat loss to the reaction chamber walls during the ignition delay
period [53]. These characteristics are due to argon’s lower heat dif-
fusivity, j. However, this behavior is unfavorable during the wet
compression process because it impedes the transport of heat to
and mass from the fuel droplets in the aerosol resulting in longer
evaporation times and greater thermal and/or compositional strat-
ification within the gas phase. Neon, due in part to its lower molar
mass and thus higher j values (nearly three times greater than Ar)
and higher fuel mass fractions, may have some benefit for aerosol
RCM experiments, especially for the most involatile liquids. This
feature will be discussed in Section 3.2.

For the simulations conducted in this study the droplet and gas-
phase are assumed to be initially in thermal and mechanical equi-
librium (i.e., uniform temperature and pressure throughout), with
the liquid-phase containing only fuel or water and the gas phase
only oxygen and diluent. Other initialization schemes, such as
assuming fuel saturation throughout the gas phase (e.g., at the sat-
uration pressure for the initial temperature), which may be a more
realistic representation of an operating aerosol RCM where some
fuel evaporation could be achieved during delivery of the aerosol
to the RCM, are discussed in Ref. [18]. A piston trajectory for a typ-
ical RCM [29] is used to specify the time-varying volume of the
gas-phase computational mesh. A maximum compression ratio of
CRmax = 13.4 is used with an overall compression time of
Dtcomp = 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. Specify-
ing these operational parameters is important however, especially
the compression time, because they affect the trajectory of the
compression process, and thus the volume history which regulates
droplet vaporization. The volume trace employed for this study is
illustrated in Fig. 2 along with representative curves for the tem-
perature and pressure as well as the instantaneous compression
ratio. For this example an initial temperature and pressure of
T0 = 350 K and P0 = 0.44 bar, respectively are used with a prevapor-
ized mixture of n-dodecane and ‘air’ (i.e., 21% O2, 79% N2) 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 here using the
detailed kinetic mechanism of Westbrook et al. [54] (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. While there is some uncertainty concerning the first
and second stage ignition timings predicted by the Westbrook
et al. mechanism, it is apparent from Fig. 2 that during aerosol
RCM tests using similarly reactive fuels where the gas-phase mix-
ture is prepared in situ, vaporization and diffusive mixing must be
completed well in advance of conditions where chemical reactivity
becomes sufficiently rapid i.e., near (after) maximum compression.
This issue is discussed shortly. 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 fea-
tures significantly affect the evaporation process for some fuels
and operating conditions where substantial volumetric compres-
sion can be required to achieve complete fuel evaporation (e.g.,
u = 2.0) [18]. 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 pis-
ton’s machined crevice regions or ringpack can become significant
at high CR [29] and this can alter the thermodynamic state of the
compressed charge, as well as contaminate the surfaces of, or
gap into the machined crevice volume. The non-linearity of the
temperature rise also affects gas-phase stratification during



S.S. Goldsborough et al. / Fuel 93 (2012) 454–467 459
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. This is particularly impor-
tant for fuels with very high boiling points such as n-eicosane, or
very large Lf, such as water.

3.1. Fuels and water

3.1.1. Identical initial conditions
The fuels and water considered in this study were chosen to

have significantly different boiling characteristics (see Table 1). Be-
cause of this, the n-heptane droplets, which have the highest vapor
pressure of this group, are able to evaporate and diffuse across the
gas phase much more rapidly than the other liquids included here,
when initiated from identical conditions. This feature can be seen
in Fig. 3 where non-dimensional surface areas, (d/d0)2, for d0 = 3
and 8 lm droplets of the six liquids in ‘air’ are plotted as a function
of time. An initial temperature and pressure of T0 = 350 K and
P0 = 1 bar, respectively, are used here with an overall equivalence
ratio of u = 1.0; an overall mass ratio of (mw/ma) = 0.066 is speci-
fied for the water–‘air’ case. A temperature of T0 = 350 K is selected
because it is within the heating limit of typical RCMs (e.g.,
Tlimit � 375 K due to seal degradation issues), while the initial pres-
sure of P0 = 1.0 bar results in compressed pressures near
Pcomp = 28 bar which are relevant to diesel engine operation. The
initial droplet sizes are based on previous investigations with the
wet compression model where it was found that complete vapor-
ization can be achieved for n-dodecane droplets from these initial
conditions before a low temperature chemistry limit, chosen as
T � 500 K, is reached by the gas phase [17,18]. This temperature
is considered to be a threshold above which fuel reactivity can be-
come significant on the time scale of the compression and evapo-
ration processes.

In Fig. 3 it is seen that typical d2-law behavior is not observed
for any of the droplets. This is due to various features which in-
clude evaporative cooling of the droplet and gas-phase fuel satura-
tion at the ‘far-field’, as well as the fact that the vaporization
process is long enough so that it is affected by the gas-phase com-
pression heating process, as discussed in detail in Refs. [17,18]. It
should be stressed that these evaporation simulations are different
from typical droplet studies where cool droplets are introduced
into elevated temperature environments, such as in an operating
engine or continuous flow vaporization rig [55], so that the drop-
Fig. 3. Non-dimensional droplet surface areas as a function of time for various fuels
and water in oxygen + nitrogen at an overall stoichiometric ratio (u = 1.0) for
droplet sizes of d0 = 3 and 8 lm.
lets undergo initial heating and sometimes volumetric expansion
to their respective boiling points. Among the five hydrocarbons
investigated here, n-eicosane, due to its extremely low saturation
pressure and corresponding high boiling temperature, takes the
longest time and thus the most volumetric compression to com-
pletely evaporate. The n-eicosane droplets, unlike the other liquids
used, initially experience an increase in surface area during wet
compression because of its low volatility where the liquid-phase
density decreases without a significant corresponding increase in
saturation pressure, i.e., evaporation rate. After sufficient compres-
sion heating is achieved the evaporation rates counteract the li-
quid-phase density effects and the volumes of the droplets
decrease. The water droplets, which have a high saturation pres-
sure but also a very high vaporization enthalpy require significant
extents of compression heating to overcome their L.

It should be noted that the initial Knudsen numbers (Kn0 =
g/rs,0) for all of the hydrocarbons at the two droplet sizes, d0 =
3 and 8 lm, are on the order of 0.02 and 0.007, respectively.
Knudsen numbers for the water droplets are slightly higher, near
0.08 and 0.03, respectively. (The mean free path is computed using
g2 = (4Dg,f)2/pv2

rms where vrms is the root mean squared velocity of
the vaporized fuel at the droplet surface; this is taken to be propor-
tional to

p
Tl,rs.) These values are close to the Knudsen transition re-

gime where gas kinetic effects become important (0.1 < Kn < 10),
however the prescription of thermodynamic equilibria at the drop-
let surface has been shown to yield only modest differences (+5% to
15%) in predicted evaporation times relative to more refined
modeling approaches which take these effects into account [18].

Issues of fuel reactivity that result from compression heating,
which are on the time scale of piston compression, are illustrated
in Fig. 4 where data from a rapid compression expansion machine
(RCEM) [56,57] using a mixture of prevaporized n-dodecane and
‘air’ is presented. (Note that in an RCEM the piston does not lock
at maximum compression but is free to expand the mixture.) In
this figure the adiabatic gas temperature of the mixture is plotted
as function of normalized inverse volume, or instantaneous effec-
tive compression ratio (CReff), which is defined as

CReff ðtÞ ¼
V0

VðtÞ
mðtÞ
m0

ð3Þ
Fig. 4. Comparison of RCEM adiabatic gas temperature for a pre-vaporized
n-dodecane + ‘air’ mixture with simulation results of the wet compression model
using an unvaporized n-hexadecane + ‘air’ mixture. The initial temperatures for
both cases are near T0 � 350 K with initial pressures of P0 = 1 bar. Also indicated
here is the adiabatic-core temperature for the n-dodecane + ‘air’ mixture (no heat
release). The extent of evaporative cooling that occurs during wet compression at
this fuel loading is indicated at �50–100 K.



Fig. 5b. Gas-phase temperatures as a function of radial position at the end of
evaporation for various fuels and water in oxygen + nitrogen at an overall
stoichiometric ratio (u = 1.0) for a droplet size of d0 = 8 lm.
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This definition accounts for mass transfer into the piston’s crevice/
ringpack volume. The fuel loading in ‘air’ for this experiment is
u � 0.16, which is fairly low due to challenges associated with fuel
saturation/condensation at the initial temperature and pressure of
T0 = 353 K and P0 = 1 bar, respectively. In the experimental record
the LTHR and second stage heat release are identified where it
can be seen that these occur during the compression stroke of the
piston, well before maximum compression is achieved. LTHR begins
near T � 740 K with the second stage near T � 975 K. In this exper-
iment the second stage heat release is not very rapid due to the low
fuel loading, and a slower ‘third-stage’ of reaction is also observed.
Similar ‘third-stages’ of ignition have been reported for other fuels
under analogous RCM conditions [58] and during HCCI engine oper-
ation [59,60]. For reactive mixtures such as this n-dodecane + ‘air’
charge, where low temperature chemistry and heat release are sig-
nificant, which is typical of high cetane number (CN) diesel compo-
nents and blends, it may not be possible to acquire conventional
RCM data sets (i.e., ignition delay time as a function of compressed
charge temperature at CRmax) at high pressure and high oxygen con-
centrations due to ‘pre-ignition’ issues (see also Ref. [12] for a dis-
cussion of this). However, an integrated analysis of time-resolved
pressure and volume data, as depicted here, could be utilized as a
validation target for chemical kinetic mechanism development
(e.g., see Refs. [56,57]) where discrepancies associated with LTHR
timing could be highlighted and mechanism improvements made.
The Supplementary material provided for this article reviews the
methodology employed for this figure. Evaporative cooling effects
due to wet compression could easily be taken into account with this
approach through the use of a physics-based sub-model for the
vaporization process and its associated mass and enthalpy transfer.
Alternatively, an effective volume expansion could be used to ac-
count for evaporative cooling, while a one-dimensional analysis,
similar to that developed in Ref. [28] could be used to assess issues
of compositional stratification due to condensation near the reac-
tion chamber walls. In any case, during aerosol fueling and in situ
gas-phase mixture formation it will be critical that the evaporation
and diffusive mixing processes are completed well before low tem-
perature chemical reaction becomes significant. In Fig. 4 simulation
results (using the wet compression model) for the d0 = 8 lm
n-hexadecane droplet (cf. Fig. 3) are also presented where the initial
temperature and pressure are T0 = 350 K and P0 = 1 bar, respec-
Fig. 5a. Gas-phase fuel equivalence ratios and normalized water mass fraction at
the end of evaporation as a function of radial position for various fuels and water in
oxygen + nitrogen at an overall stoichiometric ratio (u = 1.0) for a droplet size of
d0 = 8 lm.
tively, with u = 1.0. Computed surface and ‘far-field’ temperatures
are shown in this figure. Here it can be seen that for the conditions
utilized in this study (e.g., Dtcomp � 15 ms) this very involatile
hydrocarbon is predicted to evaporate by Tg � 550 K, with approxi-
mately 50 K of evaporative cooling realized.

This comparison is encouraging towards utilizing high molecu-
lar weight diesel-representative components in an aerosol RCM;
however, localized compositional and thermal stratification can
develop across the gas-phase. These features can be seen in
Figs. 5a and 5b where the local fuel equivalence ratios (and nor-
malized water mass fractions), and the temperatures at the end
of the evaporation process are plotted as a function of radial posi-
tion for the five fuels and water at the d0 = 8 lm size using the ini-
tial conditions from Fig. 3. The water mass fractions are normalized
in Fig. 5a against the overall water to ‘air’ mass fraction, e.g., 0.066.
For the least volatile fuels and water, the locations of ‘far-field’ at
the end of evaporation are closest to the origin (i.e., the droplet sur-
face) because these liquids require the most volumetric compres-
sion to achieve complete evaporation. These liquids also
experience the greatest degree of stratification, primarily composi-
tional, due in part to the non-linearity of the temperature rise dur-
ing compression where the time available for transport of fuel
from, and heat to the droplets is reduced relative to the time taken
for volumetric compression. Here it can be seen that, while most of
the gas phase is fairly uniform, extremely fuel-rich conditions exist
near the droplet surface for some of the hydrocarbons. For exam-
ple, us � 7 for n-hexadecane + ‘air’ and us � 11 for n-eico-
sane + ‘air’. This condition could be problematic during RCM
operation where fuel pyrolysis at the elevated temperatures and
pressures may lead to locally non-homogeneous or early ignition
behavior. Water exhibits substantially different behavior relative
to the hydrocarbons where there is a low degree of compositional
stratification across the gas phase but significant thermal stratifi-
cation exists, as can be seen in Fig. 5b. This is due to the difference
in Lewis numbers between the hydrocarbons and water, as well as
the more significant L required for the water evaporation. These is-
sues, and effects of other fuel and diluent properties on the devel-
opment of stratification during wet compression, are discussed in
more detail in the next section. Though not indicated in the previ-
ous figures, it should be noted that the stratification shown in
Figs. 5a and 5b is predicted to require approximately 0.1–0.5 ms
after the end of evaporation to completely dissipate. The diffusion,
primarily of fuel for the hydrocarbons, is relatively rapid compared
to the overall evaporation time and should yield a locally



Fig. 7. Non-dimensional evaporation rates as a function of non-dimensional time
for various fuels and water in oxygen + nitrogen at an overall stoichiometric ratio
(u = 1.0) for droplet sizes of d0 = 3 and 8 lm from the initial conditions listed in
Table 1, where different initial temperatures are used.
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homogeneous mixture by the time that the test conditions are
reached; however, it would be beneficial if such large gradients
can be avoided during the wet compression process.

3.1.2. Identical initial vaporization rates
It is evident from the previous section that the boiling curve of a

particular fuel is extremely important towards enabling its suc-
cessful utilization in an aerosol RCM experiment. It is also critical
however, to understand the influence of gas-phase diffusion and
the effects of fuel (and water) transport properties, on the gas-
phase stratification that can result during wet compression. These
features are isolated in this section. To conduct this investigation,
the initial temperatures of the droplets are adjusted so that the ini-
tial equilibrium concentrations of fuel and water at the droplet sur-
face at the start of the experiment, and the corresponding initial
evaporation rates are similar. Under these conditions mass trans-
port to the ‘far-field’ is dependent primarily on the density-
weighted mass diffusivity, qgDg. A value of Yf,s0 � 0.042 gf/gmix is
selected for these simulations because this value is the saturated
fuel mass fraction for n-dodecane in ‘air’ at T0 = 350 K and
P0 = 1.0 bar. (In the simulations the specified fuel concentrations
at the droplet surface are achieved shortly after the calculations
are initialized from the zero gas-phase fuel concentration
condition.)

Figs. 6–9 present select results for five of the liquids evaporating
into ‘air’ at the two droplet sizes from the initial conditions listed
in Table 1; n-eicosane is not used for these runs due to its poor per-
formance illustrated in Section 3.1.1, though its properties at the
conditions of this test are included in Table 1 for reference. Fig. 6
illustrates the behavior of the non-dimensional surface areas, (d/d0)2,
as a function of time, while Fig. 7 shows the non-dimensional
evaporation rates, defined as �m ¼ _m=4pqgDgrs, as a function of
non-dimensional time, which is defined as �t ¼

R bjldt=r2
s . Changes

in qg, Dg, and bjl with time (i.e., T, P) are included in the calculation
of �m where these effects are most noticeable at long times and for
the largest droplets, though the trends are identical if constant val-
ues for these properties are used. In Fig. 6 it is evident that under
these conditions, at both droplet sizes, the fastest evaporation is
achieved by the n-hexadecane droplets followed by HMN, n-dode-
cane, n-heptane, and then water. This shifted hierarchy is primarily
due to the differences in vaporization enthalpies and the resulting
evaporative cooling that occurs, where greater compression heat-
ing is required to overcome this. Water, which has L many times
Fig. 6. Non-dimensional droplet surface areas as a function of time for various fuels
and water in oxygen + nitrogen at an overall stoichiometric ratio (u = 1.0) for
droplet sizes of d0 = 3 and 8 lm from the initial conditions listed in Table 1, where
different initial temperatures are used.

Fig. 8. Gas-phase mass fractions of fuel (water) at the droplet surface and at the
‘far-field’ as a function of non-dimensional surface area for various fuels and water
in oxygen + nitrogen at an overall stoichiometric ratio (u = 1.0) for droplet sizes of
d0 = 3 and 8 lm from the initial conditions listed in Table 1, where different initial
temperatures are used.



Fig. 9. Gas-phase temperatures at the droplet surface and at the ‘far-field’ as a
function of non-dimensional surface area for various fuels and water in oxy-
gen + nitrogen at an overall stoichiometric ratio (u = 1.0) for droplet sizes of d0 = 3
and 8 lm from the initial conditions listed in Table 1, where different initial
temperatures are used.
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greater than the four hydrocarbons, requires significantly greater
volumetric compression in order to achieve complete vaporization
of the liquid droplets; this feature was also seen in Fig. 3. The
d0 = 8 lm water droplet in Fig. 6 in fact requires nearly the entire
compression stroke, to CR � 13.3, to evaporate. The difference in
evaporation times between n-hexadecane and HMN, where
n-hexadecane has Lf larger than HMN, is due to the slightly higher
value of qgDg, and slightly lower ql0 as indicated in Table 1, where
these enable the smaller amount of n-hexadecane to be evaporated
and transported away from the droplet more effectively. Issues of
evaporative cooling and ‘far-field’ saturation are illustrated in
Fig. 7. Due to the initial prescription of similar values for Yf,s0 for
all of the liquids, the initial non-dimensional evaporation rates
are observed to be very similar. In addition, it can be seen that as
the vaporization process progresses, all of the flow rates are seen
to decrease; this is due to the evaporative cooling that occurs at
the droplet surface, as discussed in Refs. [17,18]. None of these
droplets experience volumetric expansion, as observed with the
n-eicosane droplets in Fig. 3. In Fig. 7 it is evident that the greatest
decrease in evaporation rate (before �t � 7) is experienced by the
water droplets followed by n-heptane, n-dodecane, n-hexadecane
and finally HMN. This trend is due to the difference in L among
the droplets. In general, the relative decrease in initial evaporation
rates seen among the five liquids results in the difference in overall
evaporation times discussed in Fig. 6. Another feature that is evi-
dent in Fig. 7 is that the d0 = 3 lm droplets experience a greater de-
crease in �m, relative to the d0 = 8 lm droplets; this is due to ‘far-
field’ saturation effects. Smaller droplets at the same overall u
have shorter diffusion distances across which the fuels and water
must travel to reach the ‘far-field’; the ‘far-field’ therefore saturates
more quickly for smaller droplets and correspondingly slows their
vaporization rates [18]. This characteristic is responsible for the
differences in the evaporation trajectories seen between the two
droplet sizes in Figs. 5a and 5b for all of the liquids.

Figs. 8 and 9 illustrate the gas-phase fuel and water mass frac-
tions, and the temperatures, respectively, at the droplet surface
and at the ‘far-field’ as a function of non-dimensional surface area.
Again, there is no liquid-phase compositional or thermal stratifica-
tion due to the small sizes of the droplets utilized. In Fig. 8 the
approximate corresponding equivalence ratios for the fuels are la-
beled on the right vertical axis. In Fig. 8a the d0 = 3 lm cases are
shown while Fig. 8b presents the d0 = 8 lm cases. In both images
it can be seen that during the initial period of evaporation the mass
fractions at the droplet surface decrease; this is due to evaporative
cooling. The water droplets experience the most significant de-
crease in Yf,s because this liquid has the largest L. Also noticeable
in these two figures is that the smaller droplets have greater de-
grees of gas-phase saturation, meaning that the ‘far-field’ fuel and
water concentrations are much closer to the saturated conditions
at droplet surfaces. For the d0 = 3 lm water droplet in fact, it can
be seen that the gas-phase becomes completely saturated at (d/
d0)2 � 0.875; additional volumetric compression drives the mixture
beyond this point. Finally, in comparing all five liquids it can be
seen that water vaporization yields a much more compositionally
uniform gas phase than for the hydrocarbons. The stratification
for the fuels is most significant for HMN, followed by n-hexadecane,
n-dodecane and n-heptane. These features are due to the differ-
ences in magnitude of qgDg, as indicated in Table 1.

Fig. 9 illustrates the differences in thermal behavior of the gas
phase for the four fuels and water. Here issues of evaporative cool-
ing, compression heating and thermal stratification are visible.
While not specifically identified for all of the liquids in the figure,
the lower temperatures presented here are at the droplet surface
while the higher temperatures are at the ‘far-field’. As discussed al-
ready, the gas phase for the small droplets experiences a greater
decrease in temperature than for the larger droplets, where, similar
to fuel transport to the ‘far-field’, this is due to the shorter diffusion
distance that the heat must travel from the ‘far-field’ to reach the
droplets. The smaller droplets yield a lower degree of stratification
during the wet compression process than the larger ones. The
water droplets and surrounding gas experience the greatest de-
crease in temperature during vaporization due to its higher vapor-
ization enthalpy. The water droplets also experience a much
greater degree of thermal stratification than the hydrocarbons.
This is due to the lower Lewis number of the mixture (Leg =
jg/Dg < 1.0) and the very large vaporization enthalpy where the
evaporated water is transported away quickly from the droplet,
thereby facilitating the evaporation process, however the substan-
tial amount of required heat is not supplied as readily. This is espe-
cially significant for the d0 = 8 lm droplet which experiences a
thermal gradient of �150 K across the gas phase at the completion
of evaporation. The hydrocarbons, conversely, all have fairly small
degrees of thermal stratification while their compositional stratifi-
cation is much more significant. Either form of stratification is of
concern during RCM experiments, especially if this is not able to
dissipate before chemical reactivity becomes significant, as dis-
cussed in the previous section. Overall, for all of the liquids inves-
tigated, the smaller droplets result in gas-phase conditions that are
much more uniform, both compositionally and thermally; for aer-
osol RCM experiments this feature is extremely desirable.



Fig. 10. Gas-phase fuel equivalence ratios and normalized water mass fractions,
and temperatures at the end of evaporation as a function of radial position for
various fuels and water in oxygen + nitrogen at an overall stoichiometric ratio
(u = 1.0) for a droplet size of d0 = 8 lm from the initial conditions listed in Table 1,
where different initial temperatures are used.

Fig. 11. Predicted ‘operating maps’ for wet compression of (a) n-dodecane + oxy-
gen + nitrogen and (b) n-hexadecane + oxygen + nitrogen 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
overall fuel loadings.
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Fig. 10 illustrates the compositional and thermal stratification
that exists across the gas phase at the end of evaporation for the
d0 = 8 lm droplets from Figs. 8b and 9b. Here the equivalence ra-
tios for the four fuels are presented as a function of radial position
while water mass fractions, similar to Figs. 5a and 5b, are normal-
ized to (mw/ma) = 0.066; i.e., the overall mass ratio. As in Figs. 5a
and 5b it can be seen that most of the gas-phase is fairly uniform
with the largest fuel concentrations located close to the droplets.
For the water case there is significant thermal stratification across
the gas phase.

Fig. 11 summarizes the results of these fuel simulations. Here
‘operating maps’ are constructed for n-dodecane [18] and n-hexa-
decane; these ‘maps’ cover a wider range of initial droplet diame-
ters and overall fuel loadings than shown in the previous figures.
Contours are drawn which indicate the compression ratio, peak
gas-phase temperature and maximum local equivalence ratio at
the end of the evaporation process. Nitrogen is used as the diluent.
The operating regimes which have a peak temperature below
500 K are shaded, where this indicates the capability to completely
vaporize the fuel droplets before the low temperature chemistry
threshold is reached. Also shown on the n-hexadecane ‘map’ is
the regime where the maximum piston compression is reached
in the RCM, i.e., maximum CR, before vaporization is completed.
It should be highlighted that very large local equivalence ratios
can be experienced for the large droplet diameters, where this
can lead to premature fuel reactivity near the droplet surface, as al-
ready discussed.
Table 2
Initial properties for various mixtures of n-dodecane + oxygen + diluent at an initial
temperature and pressure of T0 = 350 K and P0 = 1 bar, respectively, with an overall
fuel loading of u = 1.0.

Nitrogen Neon Argon

Mg,0 (g/mol) 28.86 22.66 38.28
(mf/ma)stoich 0.067 0.086 0.050
r1,0/rs,0 22.5 22.5 22.5
qg,0 (g/cm3)a 0.0010 0.0008 0.0014
cpg,0 (J/g K)a 1.016 1.007 0.592
(cp/cv)g,0

a 1.40 1.58 1.58
(qgDg)s,0 (cP)a 0.0071 0.0070 0.0085
(ag)s,0 (cm2/s)a 0.298 0.553 0.278
Les,0

a 3.75 5.75 4.05

a Based on thermophysical models discussed in Section 2.
3.2. Diluent gases

It is important to understand the influence of diluent gas prop-
erties on the wet compression process, as there may be opportuni-
ties to tailor the gas-phase mixture composition for particular
fuels, e.g., to enhance evaporation of extremely involatile liquids
beyond �n-hexadecane, such as biodiesel. The diluent gases con-
sidered here have different heat capacities and transport character-
istics where representative properties are listed in Table 2. Argon is
often used as a monatomic diluent in ST and RCM experiments,
however neon may provide some benefit within wet compression
experiments due to its more favorable transport characteristics
which can enhance the wet compression process. Helium is not
considered in this study due to problems that have been high-
lighted concerning significant device-scale heat loss and thermal
stratification that develops across the reaction chamber during
the test period, as discussed in Ref. [53]. The initial temperature
and pressure conditions utilized for these simulations, as in Sec-
tion 3.1.1, are consistent for each oxygen + diluent gas mixture
where these are set to T0 = 350 K and P0 = 1.0 bar, with an overall
fuel loading of u = 1.0. n-Dodecane is used as the fuel while similar



Fig. 12. Non-dimensional droplet surface areas as a function of time for n-
dodecane + oxygen and various diluents at an overall stoichiometric ratio (u = 1.0)
for droplet sizes of d0 = 3 and 8 lm.
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trends are seen with the other hydrocarbons. Oxygen mole frac-
tions are maintained at 21% of the initial gas-phase composition
and droplet sizes of d0 = 3 and 8 lm are considered.

Fig. 12 presents the non-dimensional surface areas for these
cases plotted as a function of time. Under these conditions, it can
be seen that both monoatomic diluent gases yield more rapid rates
of evaporation, and thus shorter overall vaporization times. This
behavior is due primarily to their lower heat capacities (see Ta-
ble 2) and therefore greater increases in temperature that occur
upon volumetric compression. This feature is discussed more with
regard to Fig. 15. Also evident in Fig. 12 is that the neon mixtures
result in more rapid vaporization than the argon mixtures; evapo-
ration times are �12% faster. This characteristic is due to differ-
ences in the gas-phase transport of mass from and heat to the
droplet. Representative density-weighted mass diffusivities are
listed in Table 2, and although it can be seen that the argon mixture
has a greater value of qgDg than the neon mixture, the mass frac-
tion of fuel vapor at the droplet surface in the neon case is much
larger due to the lower molar mass of that diluent gas. This is evi-
dent in Fig. 13 where the fuel mass fractions at the droplet surface
and at the ‘far-field’ are plotted as a function of non-dimensional
Fig. 13. Gas-phase fuel mass fractions at the droplet surface and at the ‘far-field’ as
a function of non-dimensional surface area for n-dodecane + oxygen + various
diluents at an overall stoichiometric ratio (u = 1.0) for a droplet size of d0 = 3 lm.
surface area for the d0 = 3 lm droplet. The larger gradient of fuel
mass fraction across the gas phase for the neon mixture, due to
neon’s lower molar mass, enables more rapid diffusion of fuel away
from the droplet and to the ‘far-field’. Similarly, heat is able to dif-
fuse to the droplet more effectively in the neon case, as can be seen
in Figs. 14 and 15.

In Figs. 14 and 15 the effects of different heat transport and
storage characteristics on the wet compression process for the
three diluent gases are illustrated. Fig. 14 presents the tempera-
tures at the droplet surface and at the ‘far-field’ as a function of
non-dimensional surface area for the two droplet sizes. Here it
can be seen that the temperature of the neon mixture is the lowest
at the end of the evaporation process, with this followed by the
nitrogen and then the argon mixtures. This feature is due in part
to the greater thermal diffusivity of the neon mixture (which is
twice as high as the other two), and the more rapid rise in temper-
ature of the neon and argon mixtures relative to nitrogen. The
higher thermal diffusivity of the neon mixture enables more effec-
tive transport of the heat required for vaporization to be trans-
ported to the droplet; this also yields a lower level of thermal
stratification across the gas phase than is observed in the argon
mixture.

Fig. 15 illustrates the temperature history of the gas phase at
the droplet surface and at the ‘far-field’ as a function of instanta-
neous compression ratio. In this figure the trajectories are shifted
Fig. 14. Gas-phase temperatures at the droplet surface and at the ‘far-field’ as a
function of non-dimensional surface area for n-dodecane + oxygen + various dilu-
ents at an overall stoichiometric ratio (u = 1.0) for droplet sizes of d0 = 3 and 8 lm.



Fig. 15. Gas-phase temperatures at the droplet surface and at the ‘far-field’ as a
function of instantaneous compression ratio for n-dodecane + oxygen + various
diluents at an overall stoichiometric ratio (u = 1.0) for droplet sizes of d0 = 3 and
8 lm.
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for the neon (T + 40 K) and argon (T + 20 K) mixtures for effective
visualization. Here it is readily evident that the temperature rise
as a function of compressed volume is greater for the monoatomic
gases due to their lower heat capacities. This, in general results in
less required volumetric compression of the aerosol in order to
achieve droplet vaporization. This characteristic could be impor-
tant for large Lf fuels or conditions of high fuel loading (e.g., see
Ref. [18] and Fig. 12). In addition, during RCM operation this
feature is beneficial because, as discussed in Section 3.1.1, heat loss
is smaller if lower peak compression ratios can be used due to
lower surface area to volume ratios. There is also a lower potential
for unvaporized droplets of the aerosol to enter, and/or
contaminate the piston’s machined crevice regions or ringpack at
smaller CR.

Overall it can be seen that neon as a diluent gas species may of-
fer benefits relative to argon during aerosol RCM operation due to
its lower molar mass and thus higher heat and mass transport
characteristics. This is contrary to conventional RCM operation.
These properties enhance the wet compression process, and may
be especially favorable for extremely involatile, diesel-representa-
tive hydrocarbons and oxygenated hydrocarbons. Though not
presented here, an analogous simulation using a d0 = 8 lm, n-hexa-
decane droplet with T0 = 350 K and P0 = 1.0 bar indicates similar
trends for the higher boiling point hydrocarbons. The compression
ratio required for complete evaporation can be reduced from 4.3 to
2.4 if neon is utilized instead of nitrogen, and the resulting local-
ized fuel stratification is lower relative to the case where argon is
used as the diluent, e.g., us,Ne = 6.7 compared to us,Ar = 8.3 near
the end of evaporation. However, bulk scale transport of heat to
the cold reaction chamber walls could be enhanced with neon
[53] and the potential detrimental effects of this diluent character-
istic need to be investigated. This is particularly of interest because
it is expected that the aerosol delivery process (to the RCM’s
reaction chamber from an externally generated aerosol) will result
in substantial residual fluid dynamics in the reaction chamber
relative to a conventionally prepared RCM experiment, and this
could increase heat loss from the test gases.
4. Summary

An unsteady spherically-symmetric, single-droplet wet com-
pression model is used to investigate fuel and diluent property
effects during wet compression of a fuel aerosol under RCM condi-
tions. n-Heptane, n-dodecane, 2,2,4,4,6,8,8-heptamethylnonane
(isocetane), n-hexadecane (cetane) and n-eicosane are employed
as diesel-representative fuels, while comparisons are made to
water droplets. Nitrogen, neon and argon are selected as the gas-
phase diluents while the oxidizer is considered to be oxygen at
atmospheric concentrations. The compression time is set to
Dtcomp � 15 ms while the geometric compression ratio is fixed at
CR = 13.4. It is demonstrated in this study that under these condi-
tions involatile fuels up to �n-hexadecane appear to have potential
as candidates for aerosol RCM experiments. To achieve complete
vaporization and adequate dissipation of localized compositional
and thermal stratification in advance of significant low tempera-
ture chemical reactivity however, very small droplets (d0 < 5 lm)
and some pre-heating are expected to be required. Fuels with
much lower saturation pressures (e.g., n-eicosane) might not be
usable unless extremely small droplets (d0 < 1 lm), longer com-
pression times (e.g., Dtcomp � 30 ms) and/or lower overall pres-
sures (e.g., P0 � 0.5 bar), see Ref. [17], are employed to achieve
adequate vaporization and gas-phase uniformity. Such conditions
should be explored, especially towards utilizing soy or rapeseed
derived biodiesel components (e.g., methyl oleate) in RCMs. Also
determined through this work is that the boiling curve and Lf are
the dominant fuel and water properties while the density-
weighted mass diffusivity, qgDg, generally plays a secondary role.
The heat capacity and molar mass are the dominant diluent prop-
erties that affect the near-droplet and ‘far-field’ conditions. The
magnitude of the gas-phase mixture Lewis number contributes
to either greater compositional (Leg > 1) or thermal (Leg < 1) strati-
fication. For large hydrocarbons and oxygenated hydrocarbons that
are representative of diesel fuels, compositional stratification can
be large and will be considerably greater than thermal stratifica-
tion. This characteristic has the potential to undesirably alter the
ignition/oxidation data from aerosol RCMs because fuel pyroliza-
tion could occur at extremely fuel-rich conditions (us > 5) near
the droplet surface before vaporization is complete. Neon, due in
part to its lower molar mass and thus greater thermal and mass
transport capabilities, may have potential benefits over argon as
a diluent gas for aerosol RCM experiments, especially for larger Tboil

liquids. Faster evaporation could be achieved while localized com-
positional and thermal stratification are reduced. Issues of
increased device-scale heat loss however, need to be explored.
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Appendix

This appendix discusses a sensitivity analysis of the wet com-
pression model considering perturbations to various fuel and dilu-
ent gas properties. The intent is to understand the sensitivity of the
simulation results to errors associated with the thermo-physical
models, as well as to highlight which properties most influence
droplet evaporation times during wet compression. The analysis
is conducted by artificially modifying the thermo-physical proper-
ties, in a one-at-a-time fashion, and performing wet compression
simulations using two initial droplet diameters. n-Dodecane is
used as the fuel with nitrogen as the diluent and the initial temper-
ature and pressure set to T0 = 350 K and P0 = 1 bar, respectively; the



Fig. A1. Normalized sensitivity coefficients of various fuel and diluent gas
properties for n-dodecane + oxygen + nitrogen at an overall stoichiometric ratio
(u = 1.0) for droplet sizes of d0 = 3 and 8 lm.

466 S.S. Goldsborough et al. / Fuel 93 (2012) 454–467
overall fuel loading is maintained at u = 1.0. Other simulation con-
ditions are similar to those specified within the main text.

Fig. A1 presents the results of this analysis where normalized
sensitivity coefficients are provided for each of the properties
investigated. The sensitivity coefficients are computed using

S ¼ @FðxÞ
@x

x
FðxÞ �

Dtevapð1:15xÞ � Dtevapð0:85xÞ
1:15x� 0:85x

x
DtevapðxÞ

ðA1Þ

where x is the property investigated and F is a general function, in
this case taken as Dtevap, the time required to achieve complete fuel
evaporation. In this formulation positive sensitivity values indicate
that the property has a tendency to increase the evaporation time
(i.e., slow the process down), while negative sensitivity values indi-
cates a tendency to decrease the evaporation time (i.e., speed up the
process).

From this figure it can be seen that the most sensitive fuel prop-
erties are ql,f, Lf, Dg,f, /l

f , while cpg,dil and ag,dil are the most sensitive
diluent gas properties. The fuel density and vaporization enthalpy
have positive sensitivities along with the diluent gas heat capacity.
This is because as the liquid phase density increases more fuel
must be vaporized (since the droplet size is kept constant here);
as the vaporization enthalpy increases more heat, i.e., compression
work, must be supplied for vaporization; as the diluent gas heat
capacity increases the temperature achieved through volumetric
compression is reduced, while the thermal diffusivity of the gas
phase also decreases. The fuel diffusion and fugacity coefficients
have negative sensitivities along with the diluent gas thermal con-
ductivity. This is due to the fact that as the diffusion coefficient in-
creases the fuel can be transported more easily away from the
droplet; as the liquid phase fugacity coefficient increases the equi-
librium condition favors more fuel in the vapor phase at the drop-
let surface; as the diluent gas thermal conductivity increases heat
can more effectively be transported to the droplet surface. It should
be noted that for the small perturbations employed here (±15% of
the fuel or diluent gas property), the relative change in total evap-
oration times are on the order of ±6.5% (±0.4 ms) for the d0 = 3 lm
droplet, and ±3.5% (±0.3 ms) for the d0 = 8 lm droplet. The change
in evaporation time for the d0 = 3 lm droplet at the ±15% cpg,dil con-
ditions is a bit higher, ±30%.

It is interesting to note that al,f displays virtually no sensitivity
for the d0 = 3 or 8 lm droplets investigated here; for larger droplets
(e.g., d0 � 18 lm) the sensitivity is slightly positive (S = +0.003).
This positive value is due to the increase in heat transport away
from the droplet surface, i.e., to the droplet center, and thus a
reduction in the surface temperature (and corresponding satura-
tion pressure). This result seems to contradict the findings of Ref.
[14] where the authors of that paper concluded that increased fuel
droplet thermal conductivity (+3600%), due to the inclusion of alu-
minum nano-particles (2% by weight), leads to faster rates of fuel
vaporization and thus shorter ignition delay times, relative to un-
doped fuels in aerosol RCM experiments. Based on our sensitivity
analysis, it appears more probable that other factors, such as the
increased gas-phase thermal diffusivity (+30%) or perhaps en-
hanced chemical processes, are responsible for significant differ-
ences in measured ignition delay times between nano-particle
laden fuels and undoped ones under wet compression conditions.

Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fuel.2011.06.027.
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