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a b s t r a c t

The vaporization characteristics of a single fuel droplet subjected to rapid gas-phase compression (i.e.,
wet compression) are computationally investigated using two spherically-symmetric models: quasi-
steady (QS) and fully transient (TS). Features of the wet compression process under rapid compression
machine (RCM) conditions are discussed with these compared to simulations where the far-field condi-
tions are essentially invariant. It is observed that wet compression can significantly increase the rate of
evaporation primarily due to the increase in droplet temperature and corresponding saturation pressure
(fugacity); an increase in the density-weighted mass diffusivity is also beneficial in reducing the droplet
consumption times. The QS model predicts substantially longer rates of evaporation relative to the TS
model due to transient behavior associated with the initial evaporative cooling process, and the gas-
phase compression heating process. Increases in the rate of volumetric compression can lead to more
rapid droplet consumption, however there is a corresponding increase in spatial stratification in the
gas- and liquid-phases which may not be advantageous for RCM applications. An ‘operating map’ has
been developed based on parametric simulations of an n-dodecane droplet evaporating into nitrogen.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Wet compression is the process whereby droplet evaporation is
achieved through compression heating of the gas-phase of a drop-
let laden aerosol. This phenomenon has received increasing atten-
tion in recent years with applications to internal combustion (IC)
and gas turbine (GT) engines, as well as laboratory devices such
as aerosol shock tubes (STs) and rapid compression machines
(RCMs). In advanced IC engines non-conventional combustion
strategies are being investigated in order to reduce soot, NOx and
unburned hydrocarbon (UHC) emissions while maintaining high
energy conversion efficiencies [1–5]. In these, sometimes referred
to as low temperature combustion (LTC) schemes, the fuel can be
introduced very early in the compression stroke, in some cases
well in advance of maximum piston compression. Under such con-
ditions the in-cylinder gases are relatively cool, meaning they may
be at or below the fuel’s boiling point (e.g., Tb � 650 K). During the
piston’s compression stroke the liquid droplets are vaporized due
to the gas-phase volumetric compression, and the fuel vapor is
subsequently mixed with the gas-phase oxidizer. Droplet coales-
cence and wall wetting during compression, especially important

for highly involatile fuels or fuel components, can lead to extended
evaporation times and the formation of unwanted emissions [6].
Wet compression is also important in IC engines that utilize ‘‘wet”
ethanol, which is a minimally-processed ethanol-based fuel with
high water content [7]. In these engines much of the ethanol read-
ily evaporates during the induction stroke however, the water may
not completely vaporize until well into the compression stroke.

In GT engines wet compression of water aerosols has been used
to achieve ‘‘continuous cooling” in the compressor component of
the engine [8–13]. In engines employing this process, water drop-
lets with diameters on the order of �15 lm are injected into the
intake stream via fogging systems with high droplet output. The
pressure-driven injectors used in these systems achieve very high
relative droplet–air velocities and rapid mixing of the evolving
water vapor with the air. This can result in significantly increased
power densities along with cost and performance advantages rela-
tive to conventional inter-cooling units. However, it is only effec-
tive when the humidity ratio of the intake air is low and the
residence time in the compressor is adequate to achieve complete
evaporation.

In shock tubes (STs) and rapid compression machines (RCMs)
wet compression has been proposed as a means of preparing test
gases of high molecular weight (MW), involatile liquid fuels rele-
vant to the transportation industry. Traditional charge preparation
techniques use external mixing protocols based on partial pressure
methodologies [14,15]. Diesel-representative fuels for example,
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have very low vapor pressures at standard conditions (e.g., <1 Torr)
which make this option difficult or impossible. Heating the mixing
tanks and equipment can lead to better fuel vaporization but this
can result in seal degradation issues in RCMs, as well as concern
for pre-test reactivity during the preparation process. Aerosols of
suspended fuel droplets (Sauter mean diameter, Dsm � 8–18 lm)
have been used to deliver liquid fuels to the machines where sub-
sequent compression of the surrounding gas phase leads to evapo-
ration of the liquid fuel droplets [16,17]. In shock tubes where test
temperatures range from 900 to 2000 K the gas-phase compression
event is achieved via a rapidly traveling shock wave (compression
achieved in �30 ls to 600–700 K); the passing of the initial wave
not only increases the pressure and temperature of the surround-
ing bath gases but it fragments the initial droplets and results in
high convective velocities near the droplet surface (which en-
hances vaporization). The subsequent reflected wave compresses
the evaporated mixture to the test conditions. In RCMs where test
temperatures are generally between 600 and 1100 K the compres-
sion event is much slower (e.g., �15–60 ms) and the bulk gas mo-
tion is often suppressed in order to minimize unwanted heat loss
during the test period [17]. Droplet evaporation is much slower
and is mainly diffusion-limited. Evaporation must also be achieved
at lower temperatures, i.e., before the test temperature is reached.

2. Background

The design and operation of devices that can effectively utilize
the wet compression process requires a fundamental understand-
ing of droplet evaporation including vapor-phase mixing, diffusion,
and saturation phenomena, along with a reasonably accurate
means of simulating it with an integrated gas-phase compression
model. Droplet evaporation models have a long history of develop-
ment (e.g., see Refs. [18–20]) and include a number of approaches.
Some assume that the bulk gas is stagnate with the gas-phase

transport diffusion/Stefan flow limited (i.e., Re = 0), while others
assume a convective bulk gas flow with an associated Reynolds
number (Re). Both quasi-steady (QS) [21–24] and fully transient
(TS) [25–29] continuum models have been formulated, which gen-
erally utilize the assumption of liquid–vapor equilibria at the drop-
let–gas interface; other means of prescribing the interface
conditions are also possible however (e.g., see Ref. [30]). The qua-
si-steady approach assumes that the gas-phase transport of heat,
mass and momentum is sufficiently fast so that transients within
the gas-phase can be ignored relative to the transients associated
with the liquid-phase, including the rate of surface regression of
the droplet. The fully transient approach does not make this
assumption and has been demonstrated to be better suited to re-
solve evaporation within high pressure environments (e.g.,
P > 10 bar) where gas-phase heat and mass transport can be re-
duced relative to atmospheric conditions. Both approaches can
incorporate various levels of complexity including an accounting
of thermal gradients within the droplets, allowance of multiple
constituents within the liquid phase, the use of real gas models
for thermodynamic and transport properties, and the capability
to transition between sub- and supercritical evaporation, among
others.

The integration of droplet evaporation models with models for
the gas-phase compression process has been attempted in a num-
ber of ways. Work to date has focused primarily on GT engine
applications and has predominantly employed the quasi-steady
approach; examples can be found in Refs. [31–38]. In these inte-
grated models the droplets have been assumed to be uniform in
temperature and composition, and the far-field (‘‘mean-line”)
gas-phase temperature has been modeled as homogeneous but un-
steady. Effects of compression heating and bulk gas flow on droplet
evaporation rates have been investigated, as have effects of evapo-
ration on gas-phase cooling. Compressor operating maps account-
ing for ambient humidity and extent of liquid water injection have

Nomenclature

B mass transfer number
cp specific heat at constant pressure
cv specific heat at constant volume
D mass diffusion coefficient
d diameter
Dsm Sauter mean diameter
h specific enthalpy
H thermal energy supplied
I specific internal energy
L heat of vaporization
Le Lewis number (j/D)
_m mass flow rate
�m non-dimensional mass flow rate, _m/4pqgDgrg

N total number of species in the mixture
P pressure
r radial direction
�r non-dimensional radius, r/rs

R ideal gas constant
Re Reynolds number, quD/l
t time
�t non-dimensional time,

R
ĵldt=r2

s
T temperature
�T non-dimensional temperature, T/Tref

u velocity
V volume
X mass fraction, liquid phase
Y mass fraction, vapor phase
z compressibility factor

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

j heat diffusivity
k second viscosity coefficient
l dynamic viscosity
q density
t specific volume
/ fugacity coefficient

Subscripts
avg average
b boiling
c critical point property
f fuel
g gas-phase
i ith species
ii iith cell
inst instantaneous
j jth species
k kth species
l liquid-phase
s surface
0 initial condition
1 far-field condition
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been an outcome of these studies where increases in power density
and outlet temperature are predicted [38].

In addition to GT engine applications, Liu et al. [39] have studied
the wet compression process in reference to IC engine applications.
They employed a quasi-steady evaporation model assuming a uni-
form droplet temperature with constant properties and ideal gas
behavior. A realistic piston trajectory was used and they investi-
gated the effects of compression ratio, piston speed, initial ambient
fuel concentration and temperature on the droplet evaporation
characteristics. In that work the far-field temperature and compo-
sition were unaffected by the fuel evaporation; in other words, a
single droplet was modeled. Liu et al. concluded that opposing ef-
fects of increased pressure (i.e., reduced fuel concentration at the
droplet surface due to Rault’s law, Xf P ¼ Psat

f ðTsÞ) and increased
temperature (i.e., higher saturation pressure, Psat

f ðTsÞ) have roughly
cancelling effects during the evaporation process. In their calcula-
tions there was only slight deviation from d2-law behavior.

Sheu and Liou [40] also investigated wet compression consider-
ing a single liquid droplet exposed to a compressed gas phase.
They, however, employed a transient evaporation model, and as-
sumed adiabatic compression where this was specified as a linearly
increasing pressure/temperature function. This linear function is
not representative of turbine-, or piston-driven volumetric com-
pression where the pressure history is highly nonlinear (as seen
in Fig. 1). In addition, the pressure rise rate and total pressure in-
crease are large in operating engines and RCMs (e.g., �1000 atm/
s, DP � 10–20 bar for typical RCMs (see Fig. 1)), whereas Sheu
and Liou used values near 0.15 atm/s and DP � 2 bar, respectively.
In Ref. [40] thermal gradients within the droplets are taken into ac-
count, while the properties were assumed to be constant. Uniform
pressure was assumed throughout the domain and the ideal gas
equation of state (EOS) was used for the gas-phase; viscous trans-
port of heat was ignored in their model. In contrast to the Liu et al.
study [39], Sheu and Liou found that droplet evaporation times can
be significantly reduced with increasing values of dP/dt, while the
extent of reduction is dependent on the droplet and environment
conditions (e.g., initial size, temperature, far-field concentration,
etc.). They concluded that this is a result of increased saturation
pressure due to higher droplet temperatures that result from com-
pression heating.

The objectives of this study are to build upon previous efforts
to understand and simulate the wet compression process, and to

resolve discrepancies seen between earlier modeling studies.
While the model and methodology used are relevant to all of
the systems discussed above, the focus here is on RCM applica-
tions, and therefore RCM-relevant rates of compression are used.
Variations in liquid- and gas-phase properties are taken into ac-
count due to the large changes in temperature and pressure seen
in some of the simulations. Both quasi-steady and transient
evaporation models are used in this work in order to investigate
the effects of gas-phase transients on the evaporation process,
especially near the droplet. The remainder of this paper is orga-
nized as follows. First, an overview of the evaporation models is
presented along with a brief discussion of modifications under-
taken for this study. Simulation results are then presented which
cover a range of initial conditions including temperature, pres-
sure and droplet size, as well as rate of compression. Differences
between results of the QS and TS approaches are highlighted and
discussed. Finally, an operating map is drawn for an aerosol RCM
that summarizes the simulation results and indicates a window
for successful operation.

3. Methodology

The evaporation models used in this study are based on work
by Aggarwal and co-workers [21,28]. The software utilize a con-
tinuum formulation (i.e., phase equilibrium is prescribed at the
gas–liquid interface), assume a spherically symmetric droplet,
and account for thermal and concentration gradients within
the droplet. Pressure variations across the computational domain
are taken into account in the transient model. The QS model has
been modified in order to account for changes in the liquid-
phase properties due to compression heating; these changes al-
ter the calculations for temperature distribution within the drop-
let, and the surface regression rate. A mesh compression
operation has been incorporated into both QS and TS models
in order to simulate the gas-phase compression heating process.
The operation accounts for the induced convection flow towards
the droplet due to volumetric compression. This feature has not
been included in previous work, but for highly compressed con-
ditions this is found to be important. Both models assume that a
droplet is isolated, i.e., r1 � 400 * rs,0, so that effects of far-field
fuel saturation and evaporative cooling (which are important
for high aerosol density conditions (e.g., stoichiometric fuel:air
ratios)) are ignored. These effects will be investigated in a forth-
coming study. The base models have been detailed previously in
Refs. [21,22,24,26–29] where predictions have been validated
against a range of experimental data. The evaporation models
are summarized in Appendices A and B while the accompanying
thermo-physical models are discussed in Appendix C.

4. Simulation results

The results presented here are for n-dodecane droplets evap-
orating into nitrogen. n-dodecane is a very low volatility
(Psat < 1 Torr, Tb = 488 K @ STP) normal alkane that has been used
as a single component surrogate to represent the fundamental
features of diesel fuel ignition. 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. Experimental data
for q, cp, etc. for n-dodecane can be found in Appendix C where
these data are compared to the thermo-physical models used in
this work. For all of the simulations conducted the droplet and
surrounding gas 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 nitrogen.

Fig. 1. Representative volume, compression ratio, far-field temperature and
pressure histories used in this study where the volume data is typical of rapid
compression machines described in the literature, and the far-field temperature
and pressure are computed assuming an isentropic compression process from
T0 = 350 K and P0 = 1 bar, respectively.
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A piston trajectory for a typical RCM is used to specify the time-
varying volume of the computational mesh. The trajectory is repre-
sentative of designs discussed in recent literature where compres-
sion times are on the order of 15–25 ms with compression ratios
ranging from 11 to 35 [41–43]. For this study the 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 11.2 and tcomp nominally to 15.3 ms. The volume trace is
illustrated in Fig. 1 along with associated curves for the far-field
(i.e., isentropic) temperature and pressure and the instantaneous
compression ratio (CR = V0/Vinst). In this figure an initial tempera-
ture and pressure of 350 K and 0.5 bar, respectively are used where
a peak temperature and pressure of 860 K and 13.9 bar, respec-
tively, results. Evident here is that the pressure rise of the gas-
phase is most significant during the later stage of the compression
process; the rise in temperature follows a similar trend, however
this curve is not as steep. The ignition delay time for a stoichiom-
etric mixture of n-dodecane/air at the peak compressed conditions
is on the order of 2.5 ms, based on the detailed chemical kinetic
model of Westbrook et al. [44]. It should be noted that although
the TS model accounts for variations in P across the computational
domain, for all of the conditions explored here the pressure is
found to be uniform, and identical to the QS model.

Figs. 2–7 illustrate results from a series of simulations where
the modified QS and TS evaporation models have been used.
Fig. 2 presents droplet diameters plotted as a function of time for
four initial droplet diameters (1, 4, 11 and 18 lm) at an initial tem-
perature of 350 K and an initial pressure of 1 bar. In addition one
higher and one lower temperature, 300 and 380 K, respectively,
are used for the d0 = 4 lm droplet. For the smallest and the hottest
droplets the evaporation process is computed to be fast enough so
that there are no significant effects of the gas-phase compression
on the droplet evaporation, i.e., the droplets evaporate before the
gas-phase is substantially compressed. These droplets follow d2-
law behavior. For the largest and the coldest droplets however, it
can be seen that there are significant effects of gas-phase compres-
sion where the evaporation times are substantially reduced rela-
tive to uncompressed evaporation. This is due to the increase in
droplet temperature and corresponding saturation pressure
(fugacity) that result from the gas-phase compression heating; this

is discussed more in reference to the Figs. 3–7. Additionally bene-
ficial is the rise in the density-weighted mass diffusivity (i.e.,
qgDgk) which increases / T0.75 due to the compression heating;
the heat diffusivity jg however decreases / T�1.85 which is not
beneficial. Also shown in Fig. 2 are the effects that two of the mod-
ifications to the QS model have on the computed evaporation pro-
cess. These changes, which were mentioned in Section 3, include (i)
accounting for the variations in droplet thermo-physical properties
with temperature (i.e., the dq̂l=dt term in Eq. (A7)), and (ii) modi-
fying the computational grid during the gas-phase compression
step. To illustrate the effect of the second change the simulation
was conducted by employing Eqs. (A11) and (A12), but without
any remeshing of the computational grid. These two modifications
both result in decreases in evaporation times on the order of 8%
each for the 18 lm droplet. Finally, in this figure it can be seen that
for all of the cases the QS model predicts slower evaporation times
relative to the TS model; this finding is consistent with previous

Fig. 2. Droplet diameters as a function of time for various sized droplets at an initial
temperature and pressure of 350 K and 1 bar, respectively; diameter histories for
two droplets initially at d0 = 4 lm, P0 = 1 bar, and 310 K and 380 K are also shown.
Differences in predictions for the QS and TS evaporation models are visible, as are
the effects of accounting for droplet property transients and the mesh compression
operation in the modified quasi-steady model.

Fig. 3. Non-dimensional droplet surface areas as a function of normalized time for
various sized droplets at an initial temperature and pressure of 350 K and 1 bar,
respectively. Differences in predictions for the QS and TS evaporation models are
visible, as are the effects of gas-phase compression on the evaporation process.

Fig. 4. Non-dimensional evaporation rates as a function of non-dimensional time
for a range of initial droplet sizes. Initial temperature and pressure are 350 K and
1 bar, respectively. Differences in predictions for the QS and TS evaporation models
are visible, as are the effects of gas-phase compression on the evaporation process.
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studies where these two models have been used in simulations
with an invariant background gas, e.g., see Ref. [28]. The differ-
ences between the QS and TS models are explored more in Figs. 3–
5.

In Fig. 3 non-dimensional surface areas, (d/d0)2, are plotted as a
function of normalized time, t=d2

0, for the four T0 = 350 K, P0 = 1 bar
cases shown in Fig. 2; the QS and TS results are both shown. It can
be seen that the trajectories for the smallest droplet is nearly linear
during evaporation for both QS and TS models, consistent with d2-
law behavior. There is a slight curvature seen here, a positive con-
cavity, where this is a function of the initial droplet cooling caused
by evaporation. This behavior is due to the initial conditions used
in these simulations where the gas-phase is assumed to have the
same temperature as the droplet, but it is initialized as only con-
taining nitrogen. It should be noted that this behavior is different
from typical droplet evaporation studies where droplets are usu-
ally heated during their initial exposure to a higher temperature
surrounding gas; the non-dimensional surface area therefore in-
creases as a result. In Fig. 3 it can also be seen that for droplets
of greater initial diameter the departure from d2-law behavior is

more significant. This is due to two effects. One is the substantial
increase in the droplet temperature and corresponding saturation
pressure (fugacity) that results from the increasingly significant
gas-phase compression that the droplet experiences. The other is
the unsteady gas-phase boundary condition caused by gas-phase
volumetric compression.

The effects of gas-phase compression heating on the evapora-
tion rates and droplet temperatures are illustrated in Figs. 4 and
5. In Fig. 4 the non-dimensional mass flow rate, defined as
_m=4pqgDgrs, is plotted as a function of non-dimensional time,

which is defined as
R

ĵldt=r2
s , for the four cases shown in Fig. 3.

Again, results for both QS and TS models are displayed. For all of
the conditions and for both models the initial decrease in evapora-
tion rates due to evaporative cooling is evident. After the initial
drop in temperature the evaporation rate for the smallest droplet
(d0 = 1 lm) remains fairly constant, which is consistent with Figs. 2
and 3. The other droplets however experience an increase in their
evaporation rates, to varying degrees, depending upon the rise in
liquid-phase temperature for each. The d0 = 18 lm droplet sees
the largest increase in temperature during its lifetime because it
takes the longest to evaporate and this is reflected in its more sig-
nificant increase in surface flow rate. Also visible in this figure is
that the QS model initially predicts a faster evaporation rate rela-
tive to the TS model; this results in a more significant reduction
in droplet temperature. This feature is one contributing reason
for the extended evaporation times seen with the QS model in this
study. A second cause is discussed next with regard to Fig. 5.

In Fig. 5 select temperatures within the computational domain
are illustrated as a function of time for droplets where d0 = 18 lm,
T0 = 350 K and P0 = 1 bar; results for both the QS and TS models are
shown. Temperatures at the droplet surface, the droplet center, the
far-field, and at a location in the gas-phase near the near the drop-
let surface, i.e., r = 1.16rs, are included. The initial decrease in drop-
let temperature and corresponding near-droplet gas-phase
temperature due to evaporative cooling are visible, especially for
the QS model. Also noticeable here is that there is little thermal
stratification (�10 K) within the droplet (for both models), where
this droplet size is the largest explored in this study. This result
indicates that it may be possible to use a simplified liquid-phase
model under the conditions of interest for this study. Lastly, it
can be seen that after the droplet and near-droplet temperatures
begin to rise, both the gas- and liquid-phase temperatures for the

Fig. 5. Liquid- and gas-phase temperatures as a function of time at different spatial
locations for a droplet with d0 = 18 lm, and initial temperature and pressure of
350 K and 1 bar, respectively. Differences in predictions for the QS and TS
evaporation models are visible; the T1 trajectory is identical for both models.

Fig. 6. Droplet diameters as a function of time for droplets with d0 = 18 lm and
d0 = 11 lm illustrating effects of various initial pressures (P0 = 0.5, 1.0 and 1.5 bar)
and rates of compression (tcomp = 5, 15, 30 ms), respectively. An initial temperature
of 350 K is used for all six cases.

Fig. 7. Ratios of surface temperature to initial temperature, far-field temperature to
surface temperature, and interior temperature to surface temperature as a function
of non-dimensional droplet area for three compression times. Initial temperature
and pressure of 350 K and 1 bar, respectively, are used and the initial diameter is
d0 = 11 lm.

1104 M.V. Johnson et al. / International Journal of Heat and Mass Transfer 53 (2010) 1100–1111
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TS model rise more rapidly compared to the QS model. This more
rapid rise in temperature, in this case due to gas-phase transients
that are not included in the QS model, results in a higher relative
saturation pressure (fugacity) and thus a more rapid rate of evap-
oration in the TS model. To segregate the effects of gas-phase tran-
sients from the effect of initial evaporative cooling, additional
simulations were conducted (not presented here) where the gas-
phase computational domain was initialized as containing both
nitrogen and n-dodecane (at the saturated condition), thereby
eliminating the initial evaporative cooling process. For this modi-
fied initial condition the temperature rise rates for the TS model
were also more rapid than the QS model confirming the effects
of gas-phase transients on the evaporation predictions.

Figs. 6 and 7 next illustrate results investigating the influence of
initial pressure and of piston compression time on the evaporation
process; in these figures only results for the TS model are pre-
sented. For the variation in initial pressure, conditions of P0 = 0.5,
1.0 and 1.5 bar are used, with T0 = 350 K and d0 = 18 lm. The peak
compressed pressures for the three cases are 13.9, 27.8 and 41 bar,
respectively. The 18 lm droplet is used for these simulations in or-
der to explore possible effects of non-ideal gas behavior at the
higher pressures, where this has the potential to alter the fugacity
term in Eq. (B11) (i.e., /g

k) as well as the density-weighted mass dif-
fusivities in Eqs. (B2) and (B4) (i.e., qgDgk), and the thermal diffusiv-
ity in Eq. (B4) (i.e., jg = ag/qgcpg) especially near the droplet.
Throughout the droplets’ lifetimes however, zs remains close to
1.0 so that real gas effects are essentially non-existent. The differ-
ence in evaporation times seen in Fig. 6 between these three cases
is thus dominated by the difference in relative fuel concentration
near the droplet surface, with higher concentrations present at
the lower ambient pressures. For the highest initial pressure how-
ever, i.e., P0 = 1.5 bar, the droplet experiences a more significant in-
crease in temperature resulting from gas-phase compression, and
therefore the rate of liquid consumption near the end of evapora-
tion is noticeably quicker. This result confirms, as with the Liu
et al. study [39], that there is an opposing effect of pressure as tem-
perature and pressure are simultaneously increased due to volu-
metric compression. However, the latter effect dominates for the
conditions investigated here, a result somewhat different from that
reported in Ref. [39].

For the investigation of compression time effects, three condi-
tions are explored including tcomp=5, 15 and 30 ms, where the ini-
tial temperature and pressure are set to 350 K and 1 bar,
respectively, and an initial droplet diameter of d0 = 11 lm is used.
In Fig. 6 it is clear that more rapid rates of gas-phase compression
result in faster rates in overall evaporation. This is primarily due to
the more rapid rise in gas- and liquid-phase temperatures (and
corresponding fugacity); this is discussed next with regard to
Fig. 7 which presents three temperature ratios plotted as a function
of non-dimensional droplet surface area for the three cases shown
in Fig. 6. The ratios include the surface temperature to initial tem-
perature, the far-field temperature to surface temperature, and the
droplet’s center temperature to surface temperature. The Ts/T0 ra-
tio indicates how significantly the droplet surface temperature,
and thus fugacity change during the wet compression process.
The fastest compression time results in the most significant rise
in droplet temperature, while the slowest compression time allows
a greater fraction of the liquid to evaporate before the temperature
increases. The total temperature rise for the tcomp = 30 ms case is
much lower than the tcomp = 5 ms case. The T1/Ts ratio indicates
the extent of far-field temperature rise relative to the conditions
near the droplet. For the tcomp = 5 ms case significant stratification
near the droplet within the gas phase develops since there is not
adequate time for heat to diffuse to (and mass from) the droplet
during the compression process. For the tcomp = 30 ms case how-
ever, the stratification is less significant with more uniform condi-

tions seen across the gas-phase. The Tr=0/Ts ratio provides an
indication of the extent of thermal stratification within the droplet.
For the two slowest compression times the d0 = 11 lm droplet has
a fairly uniform temperature distribution; however, just as with
the gas-phase, the fastest compression condition leads to more sig-
nificant stratification within the droplet as there is not adequate
time for heat to diffuse to the center. For RCM applications it is
desirable to minimize local (and bulk) thermal and concentration
stratification as this can result in non-homogeneous chemical reac-
tions across the reaction chamber, and thus contaminated ignition
data sets. Slower compression times may therefore be more favor-
able to achieving uniform conditions.

Finally, Fig. 8 is presented to summarize the parametric results
of this study where the TS model is used covering T0 = 300–380 K,
d0 = 1–18 lm and p0 = 1 bar. The intent of this figure is to indicate
regions of acceptable operation for an RCM utilizing wet compres-
sion with n-dodecane as the fuel. In order for a wet compression
RCM experiment to be successful the liquid must completely
vaporize and diffuse throughout surrounding gas (i.e., the oxi-
dizer/diluent) before the gas-phase achieves conditions that are
favorable for chemical reaction. For n-dodecane and fuels with
similar low temperature reactivity, the target completion temper-
ature is 500 K; after this point significant fuel decomposition could
occur on time scales similar to the evaporation process [42]. Indi-
cated in this figure is an upper bound for droplet diameters based
on their initial temperatures which are predicted to evaporate be-
fore T1 = 500 K. Also shown are evaporation trajectories for two
individual droplets (T0 = 350 K, d0 = 4 lm and 11 lm) including
both the surface and far-field temperatures. The extent of thermal
(and by analogy compositional) stratification is visible, where this
is more significant for the d0 = 11 lm droplet. At initial pressures
greater or lower than 1 bar this ‘operating map’ will be shifted
due to reduced or increased (respectively) fuel concentrations at
the droplet surface, as discussed earlier with regard to Fig. 6. Also
drawn in Fig. 8 is an upper limit for the initial temperature
(T0 � 375 K) where this is estimated based on machine integrity is-
sues as discussed in Section 1. It should be noted however, that this
‘operating map’ does not take into account gas-phase evaporative
cooling or fuel saturation at the far-field which could be important
under high fuel loading (e.g., stoichiometric) conditions and which
could shift the bounds of the acceptable region. These effects are
explored in a forthcoming study.

Fig. 8. Droplet diameter as a function of temperature illustrating evaporation
trajectories (Ts and T1) for droplets with T0 = 350 K, P0 = 1 bar and d0 = 4, 11 lm, as
well as the maximum possible droplet size at a given initial temperature that will
ensure complete evaporation before the far-field reaches the low temperature
chemistry region. The heating limit of typical RCMs is highlighted.
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5. Summary

The evaporation characteristics of a single fuel droplet sub-
jected to gas-phase compression heating (i.e., wet compression)
is investigated using two spherically-symmetric models; one em-
ploys a quasi-steady approximation while the other accounts for
gas-phase transients, as well as viscous transport and pressure
variations across the computational domain. Temperature and
pressure dependent properties are utilized and the compression
history from a typical rapid compression machine is employed
to prescribe the rate of volumetric compression. n-Dodecane is
used as the fuel with the surrounding gas assumed to be initially
only nitrogen. A range of conditions is simulated with the two
models in order resolve discrepancies between previous studies
and to better understand the characteristics of the evaporation
process.

The simulations have verified that wet compression can signif-
icantly increase the rate of evaporation with this primarily due to
the increase in droplet temperature and corresponding saturation
pressure (fugacity). The increase in the density-weighted mass dif-
fusivity is also beneficial in reducing the droplet consumption
times, while the reduction in gas-phase heat diffusivity has an
opposing effect. The QS model is found to predict substantially
longer rates of evaporation relative to the TS model. These differ-
ences can be attributed to the fact that the time scales associated
with wet compression are of the same order of magnitude as those
associated with liquid-phase processes, and this results in two ef-
fects. First, the initial rates of evaporation for the QS model are fas-
ter and this leads to more evaporative cooling of the droplet which
reduces the saturation pressure (fugacity). Second, the gas-phase
transients associated with the compression process result in higher
temperatures near the droplet in the TS model and this leads to fas-
ter overall consumption times. Pressure effects under the condi-
tions explored here (i.e., zs � 1), are primarily associated with
changes to the fuel concentration at the droplet surface such that
the larger pressures result in longer consumption times. The effects
of simultaneous pressure and temperature increase for the condi-
tions investigated here are dominated by temperature effects.
The TS model predicts negligible pressure variations across the
computational domain for all of the conditions explored in this
study.

Finally, increasing rates of volumetric compression can lead to
faster evaporation times, however there is a corresponding in-
crease in spatial stratification, in both the gas and liquid phases,
and this many not be advantageous for RCM applications. An ‘oper-
ating map’ has been estimated for a single n-dodecane fuel droplet
evaporating into nitrogen at an initial pressure of 1 bar. This map
does not take into account far-field evaporative cooling or fuel sat-
uration that would be experienced in high fuel loading conditions;
however, it does provides an indication that droplets smaller than
those used in Refs. [16,17] may be required for successful RCM
operation with fuels having significant low temperature reactivity.
Effects of evaporative cooling and fuel saturation are important, as
are thermo-physical properties such as fugacity and mass diffusiv-
ity for other low vapor pressure fuels and these will be investigated
in a forthcoming study.
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Appendix A. Quasi-steady evaporation model

This appendix summarizes the quasi-steady (QS) evaporation
model used in this study. The model is based on work by Aggarwal
and co-workers [21,22,24] and utilizes a continuum formulation
for a spherically symmetric droplet. Modifications to the model
for this study include accounting of the time-varying (tempera-
ture-dependent) properties of the liquid-phase, and incorporating
a method to simulate compression heating of the gas-phase. Uni-
form pressure is assumed across the computational domain and
phase equilibrium is prescribed at the droplet surface; the sur-
rounding gas is not absorbed into the droplet. The gas-phase, li-
quid-phase and compression heating components of the model
are presented next.

A.1. Quasi-steady gas-phase model

A single isolated fuel droplet is assumed to evaporate in an
environment where the temperature and pressure are dynamically
elevated due to piston compression. The gas-phase transport pro-
cesses are considered to be quasi-steady, which implies that the
characteristic gas-phase time is much shorter compared to the li-
quid-phase transient time, including the time associated with the
surface regression. This formally requires that the ratio of gas den-
sity to liquid density be at least an order of magnitude smaller than
unity (i.e., qg/ql < 0.1). Other assumptions include spherical sym-
metry, phase-equilibrium at the droplet surface, and negligible
secondary diffusion and radiation. Using these approximations
the energy and fuel-vapor species conservation equations can
be simplified to a steady, one-dimensional form, as shown in
Ref. [19]

d
dr

r2qgucpgðTg � TsÞ � r2qgDgcpgLeg
dðTg � TsÞ

dr

� �
¼ 0 ðA1Þ

d
dr

r2qguY f � r2qgDg
dY f

dr

� �
¼ 0 ðA2Þ

Here r is the radial coordinate, u is the gas or Stefan flow velocity,
Leg is the gas-phase Lewis number (jg/Dg), and Yf is the mass frac-
tion of fuel vapor. In addition, Tg is the ambient temperature, Ts is
the droplet surface temperature, qg is the gas-phase density, cpg is
the gas-phase specific heat at constant pressure and Dg is the gas-
phase binary diffusion coefficient (for fuel into ambient gases). With
the boundary conditions such that Tg = T1 and Yf = Yf1 at r = r1 the
solution to these equations is

_m
4pqgDgLeg

1
rs
� 1

r1

� �
¼ ln 1þ cpgðT1 � TsÞ

H

� �
ðA3Þ

_m
4pqgDg

1
rs
� 1

r1

� �
¼ ln

1� Yf1

1� Y fs

� �
ðA4Þ

Here rs and r1 represent the radial locations at the droplet sur-
face and far away from the droplet, respectively, and H is the en-
ergy supplied to the droplet per unit mass of fuel vaporized, in
order to heat the droplet and to vaporize the fuel. Using this formu-
lation the natural log term in Eq. (A4) can be written as

1� Y f1

1� Y fs
¼ 1þ B ðA5Þ

where B is referred to as the mass transfer number [19]. Combining
Eqs. (A3), (A4), and (A5) an expression for H can be derived such
that
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H ¼ cpgðTs � T1Þ
1� ð1þ BÞ�Leg

ðA6Þ

With this formulation the rate of surface regression can be
determined by

dr2
s

dt
¼ �

_m
2prsq̂l

þ 2r2
s

3q̂l

dq̂l

dt
ðA7Þ

where q̂l is the volume-averaged liquid-phase density. The second
term on the right-hand side of this expression accounts for changes
in the liquid-phase density due to the compression heating process.
This contribution is found to be significant for droplets that experi-
ence large changes in temperature during wet compression with dif-
ferences in evaporation times on the order of�5–10% (e.g., see Fig. 2).

A.2. Liquid-phase diffusion-limit model

The heat and mass transport inside the droplet are assumed to
be governed by the transient heat and mass diffusion equations.
These equations involve a moving boundary and because of this
a transformation is used to cast the moving boundary (i.e., the
droplet surface) into a fixed one. The transformed equations can
be expressed as (e.g., see Ref. [19]),

@�T l

@�t
¼ 1

ĵlqlcpl�r2

@

@�r
al�r2 @

�T l

@�r

� �
� �r �m

qgDg

q̂lĵl

@�T l

@�r

� �T l
1
ql

@ql

@�t
þ 1

cpl
@cpl

@�t

� �

� �T l �r �m
qgDg

q̂lĵl
�

�r r2
s

3ĵl

1
q̂l

@q̂l

@t

� �
1
ql

@ql

@�r
þ 1

cpl

@cpl

@�r

� �

þ
�r r2

s

3ĵl

1
q̂l

@q̂l

@t
@�T l

@�r
ðA8Þ

where the first two terms on the right-hand side represent the tra-
ditional, constant-property formulation, while the other three ac-
count for changes in the liquid-phase properties due to droplet
heating. The temperature and thus property changes are large for
some of the cases considered here; however, the effects on temper-
ature distribution within the droplets are found to be small, so that
these terms could be neglected for the conditions explored here.

The initial and boundary conditions for Eq. (A8) are

�T l ¼ 0 at �t ¼ 0

@�T l

@�r
¼; 0 at �r ¼ 0

@�T l

@�r
¼ �m

qgDg

jl;sTref
ðH � LÞ at �r ¼ 1

ðA9Þ

where �T lð�r;�tÞ, �r, �t, and �m are the normalized liquid-phase tempera-
ture, radial location, temporal variable, and vaporization rate,
respectively. These normalized variables are given by

�T l ¼
T l

Tref

�r ¼ r=rs

�t ¼
Z t

0

ĵl

r2
s

dt

�m ¼
_m

4pqgDgrs

ðA10Þ

with Tref representing a reference temperature, rs the instantaneous
droplet radius, and ĵl the volume-average liquid-phase thermal dif-
fusivity. In addition, al is the liquid-phase thermal conductivity, cpl

is the liquid-phase specific heat at constant pressure, and L is the
heat of vaporization. A Crank–Nicolson implicit scheme with a var-
iable grid spacing is employed to solve the set of equations.

A.3. Gas-phase compression heating

The gas-phase compression process is implemented using an
operator splitting technique where this is simulated by physically
compressing the gas-phase computational mesh at each time step,
thereby increasing the density of the individual computational
cells and the associated internal energy (i.e., temperature). This ap-
proach accounts for the convective flow that occurs towards the
droplet as a result of wet compression. Using this methodology
the volumetric compression can be expressed as

qnþ1
g;ii ¼ qn

g;iiðV
n=Vnþ1Þ ðA11Þ

where n and n+1 represent the nth and n+1 time steps, and V is the
volume of a reaction chamber, such as the combustion chamber in
an IC engine, or the internal volume of an RCM. The gas-phase com-
pression is assumed to occur adiabatically (and reversibly) and thus
the compressed pressure can be expressed as,

Pnþ1 ¼ PnðVn=Vnþ1Þc ðA12Þ

where c is the isentropic expansion coefficient, which reduces to
the ratio of gas-phase specific heats, i.e., cpg/cvg, for ideal gas condi-
tions. P is pressure in this expression. The specific heat ratio is com-
puted using molar-weighted properties averaged over the gas-
phase domain. The new cell temperatures are determined using
the ideal gas equation of state.

A.4. Solution procedure

The solution procedure for the quasi-steady model involves first
a calculation of the phase-equilibrium at the droplet surface with
the surface temperature, Ts, used from the previous time step.
The average gas-phase temperature and species mass fractions
are then computed using Eq. (A11) and the thermo-physical and
transport properties of the gaseous mixture calculated with expres-
sions described previously. The volume-averaged liquid fuel prop-
erties including specific heat, thermal conductivity, and density
are then computed. The new Ts is next determined using the diffu-
sion-limit model discussed in Section A.2 and the droplet radius is
calculated from Eq. (A6). Finally, the compressed densities and
pressure of the gas-phase are computed using Eqs. (A11) and (A12).

Appendix B. Transient evaporation model

This appendix summarizes the transient evaporation model
used in this study. The model is based on work by Aggarwal and
co-workers [26–29] and utilizes a continuum formulation for a
spherically symmetric droplet. Modifications to the model for this
study are primarily to account for the compression heating of the
gas-phase, and to incorporate some thermo-physical models that
are consistent with the quasi-steady evaporation model.

The transient two-phase governing equations are written in a
spherical coordinate system with phase equilibrium prescribed at
the droplet surface. Radiation and second-order effects, such as the
Soret and Dufour effects, are assumed to be negligible. The model
considers mass, species, momentum and energy conservation
throughout the gas-phase domain and it considers absorption of
gas into the liquid phase, while resolving species diffusion process
within the droplet. 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 com-
press the computational mesh at each time step to account for com-
pression heating of the gas-phase. The governing equations and the
inter-phase conditions at the droplet surface are reviewed next.
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B.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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ðB4Þ

f1ðTg; P;qg1;qg2; . . . ;qgNÞ ¼ 0 ðB5Þ

In Eqs. (B1), (B2), (B3), (B4), (B5), t and r refer to temporal and
spatial variables, respectively, and qgk, Dgk, Yk, and hgk represent
the gas-phase density, diffusion coefficient, mass fraction and spe-
cific enthalpy of the kth species, respectively, with N the total num-
ber of species. The parameters ag, lg, and kg are the gas-phase
thermal conductivity, viscosity, and second viscosity coefficient,
respectively. In addition, u is velocity, Tg temperature, P pressure
and I mass-specific internal energy. Eq. (B5) is a P–q–T relation
for the fluid mixture, such as the ideal gas or Peng–Robinson EOS.

For the liquid-phase region, r < rs(t), the governing equations in-
clude only species and energy diffusion
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@r

� �
ðB6Þ
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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.

B.2. Boundary conditions

The boundary conditions at the droplet center (r = 0) are: oTl /
or = 0 and oqk/or = 0; for the far-field the standard boundary condi-
tions are applied: Tg ? T1, P ? P1, qgk ? qk1. On the droplet sur-
face, r=rs(t), the conditions of mass and energy conservation, and of
thermodynamic equilibrium can be expressed as

_mXk � qlkDlk
@Xk
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����
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ðB8Þ

�al
@T l

@r

����
r¼r�s

¼ �ag
@Tg

@r

����
r¼rþs

þ
XN

k¼1

_mYk � qgkDgk
@Yk

@r

� �����
r¼rþs

Lk

þ _m
u2

2
� u

drs

dt
�

2lg

q
@u
@r
þ kg

r2

@

@r
ður2Þ

� �
ðB9Þ

f2ðTs; Ps;X1s;X2s . . . XNs; Y1s; Y2s . . . YNsÞ ¼ 0 ðB10Þ

where _m is the droplet vaporization rate, and Xks and Yks represent
respectively, the liquid- and gas-phase mole fractions of the kth
species at the droplet surface. The latent heat of vaporization of spe-
cies k is Lk. The specific form of Eq. (B10) can be derived from the
condition of thermodynamic and mechanical equilibrium at the
droplet surface presented in the next section.

In supercritical environments (not seen for the conditions ex-
plored here) the droplet may experience a thermodynamic state
transition from sub-critical to supercritical. Eqs. (B8), (B9), and
(B10) are only applicable until the droplet surface reaches a critical
mixing point; at the critical mixing point, the droplet surface be-
comes indistinguishable from the gas-phase. The subsequent drop-
let regression is then characterized by the motion of the critical
surface which moves inward continuously, as discussed exten-
sively in Refs. [18,19]. These effects are taken into account in the
evaporation software.

B.3. Vapor–liquid equilibrium at the droplet surface

When the droplet surface is in mechanical and thermodynamic
equilibrium, the temperature, pressure and fugacity of each species
in the gas phase is 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 ðB11Þ

where /k is the fugacity coefficient of the kth species, and is a func-
tion of pressure, temperature and composition. It is given generally
in terms of the volumetric properties of the mixture by the follow-
ing thermodynamic relation:

RT lnð/kÞ ¼
Z 1

t

@P
@nk

� �
T;t;nj

� RT
t

" #
dt� RT ln z ðB12Þ

where nj is the mole number of the jth species and z is the com-
pressibility factor, z = Pt/RT. Eqs. (B11) and (B12) provide the basic
relations for vapor–liquid equilibrium calculation. These expres-
sions, along with Eqs. (B8) and (B9), provide a closed system to
determine the temperature and species mole fractions at the drop-
let surface. These represent a system of highly non-linear algebraic
equations that are solved iteratively at each time step.

For systems with multi-component mixtures 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 following thermodynamic relation then gives the par-
tial molar enthalpy of the kth species:

Lk ¼ hlk � h0
k ¼ �RT2 @

@T
ln /k ðB13Þ

where the superscript ‘0’ denotes the property in the ideal gas state.
This equation is solved iteratively along with Eqs. (B8), (B9) and
(B11), (B12).

B.4. Gas-phase compression heating

The gas-phase compression process is computed similarly as
with the quasi-steady model where the computational mesh is
physically compressed at each time step thereby increasing the
density of the computational cells (Eq. (A11)) and the associated
internal energy. The gas-phase compression is assumed to occur
adiabatically so that the new cell specific internal energy can be
determined based on energy conservation

Inþ1
ii ¼ In

ii �
Z tnþ1

ii

tn
ii

Piidt ðB14Þ
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The PR-EOS (Eqs. (B6)–(B10)) is used in conjunction with these
expressions to iteratively determine the resulting cell pressure
and temperature. Momentum of each gas-phase computational cell
is also conserved during the compression operation, where this is
expressed as

ðqguÞnþ1
ii ¼ ðqguÞnii ðB15Þ

B.5. Solution procedure

An arbitrary Lagrangian–Eulerian numerical method with a
dynamically adaptive mesh is used to solve the governing equa-
tions. The solution procedure, as discussed in Ref. [28] is as fol-
lows: (i) calculate explicitly the contributions of the diffusion
and source terms in the gas-phase equations, (ii) calculate implic-
itly 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 equilibrium 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.

Appendix C. Thermo-physical models

C.1. Quasi-steady evaporation model

The gas- and liquid-phase thermodynamic and transport
properties in the quasi-steady evaporation model are considered
to be primarily functions of temperature and composition. Pres-
sure effects are included in the calculation of gas-phase diffusiv-
ity, e.g., Dg / P�1Tg

1.75. The ideal gas equation of state is used for
the gas-phase where the density is computed via qg = P/RTg; the
density of the liquid-phase is computed based on a fourth-order
polynomial fit of experimental data [45]. The heat capacity of
the gas-phase is determined using a molar weighted summation
of component specific heats with these computed using fifth-or-
der polynomial fits of CHEMKIN data, derived from calculations
using THERM [46]. The liquid-phase heat capacity is computed
based on the group contribution model described via Rùzicka
and Domalski [47]. The thermal conductivity of the gas-phase
is based on a simple molar weighting with the species specific
values where these are estimated based on the group contribu-
tion model presented by Roy and Thodos [48,49]. Third-order
polynomial fits of the computed ai values are used in the simu-
lations to improve computational efficiency. The thermal con-
ductivity of the liquid-phase fuel is determined based on the
estimation method of Latini et al. [50]. The gas-phase fuel diffu-
sivity is computed using Fuller et al.’s atomic diffusion volume
empirical model [50]. The vapor–liquid equilibria at the droplet
surface is approximated by Raoult’s law, i.e., Xf P ¼ Psat

f ðTsÞ. The
saturation pressure and the heat of vaporization, L are deter-
mined using a three-parameter corresponding states model with
correlations developed by Lee and Kessler [51] and Poling et al.
[50], respectively.

The mean gas-phase mixture properties are computed using the
common ‘‘one-third rule” [52] where the properties are evaluated

at the droplet surface and at the far-field conditions, and then
weighted according to

Fmean ¼
1
3

Fg;s þ
2
3

Fg;1 ðC1Þ

In this expression F represents an arbitrary property (e.g., cp) and
the subscripts denote the surface conditions, s, and the far-field
conditions, 1. This approach enables the model to better capture
the physics near the droplet surface which govern the rate of evap-
oration, as opposed to a volumetric averaging which would be
weighted more significantly to the far-field conditions, especially
for large computational domains, i.e., r1 � rs.

C.2. Transient evaporation model

The gas- and liquid-phase thermo-physical properties for the
transient model are considered to be functions of pressure, tem-
perature and composition. Similar low pressure models are used
between this evaporation model and the quasi-steady one. The
method suggested by Chung et al. [53] is employed to calculate
the viscosity of the gas mixture while the thermal conductivity is
based on the group contribution model of Roy and Thodos
[48,50]. The binary gas-phase mass diffusivity is calculated using
the empirical model of Fuller et al. [50] with corrections for pres-
sure effects using the Takahashi correlation [54]. For multi-compo-
nent mixtures, the effective diffusivity is obtained using the
formula given by Bird et al. [55]. The gas density is calculated di-
rectly from the PR-EOS [56], while the saturation condition, includ-
ing /k and Lk, is also computed directly from the PR-EOS (e.g., see
ref. [50]).

The enthalpy of the gas mixture is based on pure component
enthalpies obtained from the CHEMKIN database (computed using
the THERM software [46]). A generalized thermodynamic correla-
tion based on a three-parameter corresponding states method
[57] is used to compute the enthalpy correction for high-pressure
effects. The specific internal energy of the gas mixture in Eq. (B4)
is given by

I ¼
XN

k¼1

YkhkðTÞ � Pt ðC2Þ

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

The heat capacity of pure liquid components is calculated based
on the group contribution model described by Rùzicka and Domal-
ski [47] and then extended to mixtures using Filippov’s rule [58].
The liquid-phase thermal conductivity and mass diffusivity are ob-
tained using the correlations of Latini et al. [50] and Nakanishi [59],
respectively. The liquid density is calculated based on a fourth-or-
der polynomial fit of experimental data, with these recorded near
1atm, along with the high pressure correction given by Thomson
et al. [60].

Under some conditions there could be differences in the simu-
lation results between the quasi-steady and transient evaporation
models due to the different EOS and thermo-physical models em-
ployed. However, for the cases explored here these effects are
found to be negligible in comparison to other effects, especially
gas-phase transients. A check was conducted however, where the
IG-EOS was substituted into the transient evaporation model and
the high pressure contributions to the properties were eliminated;
the results of this check were almost identical for all conditions.

C.3. Comparison with experimental data

Fig. C1 provides a comparison of the experimental data
and property models for density, heat capacity and thermal
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conductivity for liquid n-dodecane. The data of Cauldwell et al.
[45], Finke et al. [61], Benson et al. [62], Bessieres et al. [63], Kash-
iwagi et al. [64] and Tanaka et al. [65] are included. These are plot-
ted as a function of temperature with pressures near 1atm. It can
be seen that the models do an excellent job of replicating the
experimental data. However, the available data covers only a nar-
row range of temperatures. This is due to experimental difficulties
of handling n-dodecane at higher temperatures where thermally-
induced decomposition can be problematic. Some of the simulated
cases explored in this study indicate liquid-phase temperatures
upwards of 600K and this limitation in the data should be kept
in mind when reviewing the figures, e.g., Fig. 5.

In Fig. C2 the saturation pressure of n-dodecane is presented as
a function of temperature. Data collected by Maia de Oliveira et al.
[66], Morawaetz [67], Sasse et al. [68], and Smith et al. [69] are
plotted and the normal boiling point of 488 K is highlighted. Corre-
lations due to Lee and Kessler [51] and the Clausius–Clapyron
approximation are both drawn, where the normal boiling point is
chosen as the reference condition for the Clausius–Clapyron
expression. It can be seen that at room temperature, which is sig-

nificantly lower than the normal boiling point of n-dodecane, the
Clausius–Clapyron approximation results in a substantial under-
prediction of the saturation pressure. This error results in longer
computed evaporation times relative to a more accurate represen-
tation of Psat. The PR-EOS saturation curve is also shown in Fig. C2
where very good agreement is seen between the Lee and Kessler
correlation and the PR-EOS prediction. Vaporization enthalpies be-
tween the two models, though not shown here, also agree very
well.

The gas-phase heat capacity and thermal conductivity of
n-dodecane are presented in Fig. C3. The CHEMKIN data [44] and
the data due to Mustafaev [70] are included for reference. Excellent
agreement is also seen in this figure for the cp and a correlations
used in this work. Again noticeable is the limited range of available
experimental data.
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