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Abstract 

This work examines the importance of preferential evaporation and liquid species diffusion on the ignition 

of multicomponent surrogate fuels in homogeneous mixtures. To this end, a model is developed that consid- 
ers the evaporation of a monodisperse droplet cloud in a homogeneous and isobaric gas-phase environment. 
The mathematical model accounts for physico-chemical relevant processes, involving (i) species diffusion in 

the liquid phase, (ii) two-phase thermodynamic equilibrium and (iii) gas-phase chemistry. After evaluating 
the accuracy of individual model components against available experimental data, the model is applied to 

investigate the ignition of a surrogate mixture for a Jet-A fuel (POSF 4658) at conditions of interest to gas 
turbine engines. A parametric study is performed to examine effects on the interaction between multicom- 
ponent evaporation and ignition. It is found that the maximum reactivity occurs for conditions at which the 
ignition time in the gas phase is comparable to the evaporation time. At these conditions, the mixture com- 
position is significantly affected by preferential evaporation, which in turn affects the reactivity of the gas 
phase. It is shown that intradroplet diffusion plays a major role on the radial droplet composition, thereby 
conditioning the evaporation rates of single species. A comparison with a zero-diffusivity model for the treat- 
ment of droplet internal diffusion emphasizes the importance of liquid diffusion on the autoignition time, 
and confirms the need for properly accounting for a detailed description of multicomponent evaporation 

effects. 
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. Introduction 

The use of surrogates to emulate the characteris-
ic behavior of real fuels is an established methodol-
gy [1,2] . However, main topics of discussion have
een on the selection of the set of species consti-
uting the surrogate and the specific properties to
e matched by a particular surrogate mixture. Ide-
lly, physical (density, molecular weight, H/C ratio,
iscosity, etc.) and chemical (ignition delay, flame
ropagation, soot formation, etc.) targets should
e modeled to provide a comprehensive surrogate
escription. While few studies [3,4] have focused
n both target properties, the main emphasis has
een attributed to the description of the gas-phase
ehavior [5,6] . In fact, one of the main complexi-
ies in emulating real-fuel properties arises from the
trong interaction between the liquid and the gas
hase. 

Constraining the surrogate formulation to meet
pecific targets does not imply a complete knowl-
dge of its behavior. Combustion devices operate
ver a wide range of conditions, and the consid-
ration of conditions that affect the two-phase in-
eraction in combustion, such as temperature, pres-
ure or droplet diameter, introduce a substantial
egree of complexity if included in the fuel for-
ulation. For instance, it is widely acknowledged

7] that the ignition delay time is one of the key
roperties to be reproduced by surrogate fuels. This
roperty is usually contained in frameworks for the
urrogate formulation through experimental mea-
urements of the Derived Cetane Number (DCN)
8] . These measurements are carried out through
 standardized procedure [9] at specific operating
onditions, without providing direct control over
pecific droplet size distribution or local equiva-
ence ratio. For these cases, an analysis of the in-
uence of different parameters on the ignition de-

ay time can be of primary importance to possibly
urther constrain a surrogate description. 

Recently, particular attention has been devoted
o the parametric analysis of the two-phase igni-
ion behavior of different fuels. These studies have
een carried out by considering idealized systems,
uch as spherical droplets in the absence of gravity
o isolate chemical processes from other phenom-
na affecting combustion in real devices, as well as
o make the problem computationally tractable us-
ng detailed kinetic mechanisms. While experimen-
al [10] and computational [11–15] studies have fo-
used on the ignition behavior of single-component
roplets, less attention has been devoted to the in-
estigation of multicomponent fuels. The descrip-
ion of multicomponent fuels requires the consid-
ration of liquid-phase diffusion, non-ideal phase
quilibrium, and extended chemical mechanisms
or the description of multicomponent gas-phase
hemistry. Although the importance of multicom-
onent evaporation on ignition has been recog-
ized in automotive applications [16–18] , the im-
Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
portance for aviation fuels at gas-turbine-relevant
conditions has not been considered so far. This is
the subject of this work. Specifically, the objective
of this study is to investigate effects of multicom-
ponent diffusion and preferential evaporation on
the ignition of fuel mixtures. To isolate these ef-
fects from the intricate coupling with the gas phase
transport, arising in two-phase flow combustion,
this study considers an idealized configuration in
which the gas phase is represented by a semi-batch
reactor. A numerical model is developed to repre-
sent the spatial evolution of the liquid phase in-
side monodispersed droplets, as well as the tempo-
ral evolution of the homogeneous gaseous phase.
The model formulation is presented in Section 2 ,
where each component of the model is validated.
In Section 3 , the model is applied to the analysis of 
the autoignition of the 2nd-generation surrogate of 
the POSF 4658 Jet-A fuel [8] . A parametric study
of effects of droplet diameter and global equiva-
lence ratio on evaporation and ignition is carried
out, and the relevance of multicomponent evap-
oration is quantified through a comparison with
a zero-diffusivity model. The manuscript finishes
with conclusions. 

2. Mathematical model 

The mathematical model considers the evapora-
tion and ignition of a monodispersed spray cloud
in a homogeneous gas phase. To isolate the effect
of preferential evaporation from transport in the
gaseous mixture we consider the droplet evapora-
tion into a homogeneous gas phase. Indeed, pre-
vious numerical studies showed that (i) in non-
premixed systems, for low to moderate strain rates,
ignition evolves in a manner comparable to that
of homogeneous systems, but with slower dynam-
ics because of diffusive losses [19] ; and (ii) that in
droplet cloud systems, compared to what is ana-
lyzed in this work, the ignition process tends to be-
have in a homogeneous way with decreasing droplet
diameters [12] . Since our simulations consider both
evaporation and gas-phase chemistry, ignition was
considered either during evaporation or after evap-
oration is completed. 

The following assumptions in the model formu-
lation are made: 

• Spherically symmetric and monodisperse
droplets; 

• Absence of chemical reactions in the liquid
phase; 

• Dynamic equilibrium with the underlying
gas phase (no slip velocity); 

• Constant pressure; 
• Equilibrium conditions at the liquid/gas in-

terface. 

In the following subsections, the main model
components are described. 
referential evaporation on the ignition of multi- 
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2.1. Two-phase model 

Conservation of species, energy and velocity in
the droplet is solved by considering a spherically
symmetric droplet [11] : 

ρL 

(
∂Y L,i 

∂t 
+ v L 

∂Y L,i 

∂r 

)
= − 1 

r 2 
∂ 

∂r 

(
r 2 j L,i 

)
, (1)

ρL c L 

(
∂T L 

∂t 
+ v L 

∂T L 

∂r 

)
= 

1 
r 2 

∂ 

∂r 

(
r 2 k L 

∂T L 

∂r 

)

−
∑ 

i 

j L,i c L,i 
∂T L 

∂r 
, (2)

∂ρL 

∂t 
+ 

1 
r 2 

∂ 

∂r 

(
r 2 ρL v L 

) = 0 , (3)

where the subscript L refers to liquid-phase prop-
erties. ρ is the density, v is the convective veloc-
ity, Y i is the mass fraction of the i th species, r is
the radial coordinate, j is the diffusion flux, k is
the thermal conductivity. c L, i and c L are, respec-
tively, the heat capacity of the i th species and of the
mixture. The diffusion fluxes are described through
Stefan–Maxwell theory [20] . For this purpose, the
activity coefficients are evaluated using the UNI-
FAC formulation [21] . Diffusion coefficients in the
limit of infinite dilution are estimated through
the Siddiqi–Lucas correlation [22] and binary dif-
fusivities are estimated following Wesselingh and
Krishna [20] . 

Due to spherical symmetry, boundary condi-
tions at the droplet center require zero velocity for
the liquid, and homogeneous Neumann conditions
are prescribed for temperature and mass fractions.
Interface properties are calculated from thermody-
namic equilibrium, where the fugacity is evaluated
through the Peng–Robinson equation of state, and
mass and energy flux continuity. The resulting set
of equations is discretized using an adaptive grid,
with local adaptation near the droplet interface. In
this work, 30 grid points were used to discretize the
liquid phase, and previous work [11,14] shows that
further grid refinement does not yield significant
changes in the results. 

The two-way coupling of the droplet with the
0D gas phase is based on an equilibrium law using
the Spalding mass-transfer model [23] . The evap-
oration flux of species i and the heat flux at the
droplet surface are evaluated following Bellan and
Harstad [24] , whose validity is supported by exten-
sive benchmark cases [25] : 

φs,i = 

˙ m ev ,i 

4 πr 2 d 

= − 1 
4 πr 2 d 

Sh i m d 

3 Sc i τd 
ln ( 1 + B M ,i ) , (4)

φs,T = 

˙ T 

4 πr 2 d 

= 

1 
4 πr 2 d 

[
Nu c p,G f 2 
3 Pr c L τd 

(T G − T s,L ) 

+ 

∑ N 
i=1 ˙ m ev,i l v,i 
m d c L 

] 

, (5)
Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
where the subscript s refers to the droplet surface 
conditions. m d is the droplet mass and Sh i , Sc i and 

B M, i are the Sherwood number, the Schmidt num- 
ber and the mass Spalding number of species i . The 
relaxation time of the droplet is τd = ρ̄L d 2 L / ( 18 μ) 
with ρ̄L being the average droplet density, d L is the 
droplet diameter and μ is the dynamic gas viscosity. 
Nu is the Nusselt number, Pr is the Prandtl number 
and l v, i is the latent heat of evaporation of species 
i. f 2 is a correction factor to account for the Stefan 

flux in the interface heat balance. 
The 0D semi-batch reactor equations for the 

gaseous species mass fractions and temperature are 
coupled to the liquid phase through the droplet 
number density n L : 

∂ρG Y G,i 

∂t 
= ˙ ω i + n L δi{ f } ˙ m ev,i (6) 

∂ρG c p,G T G 

∂t 
= ˙ ω T + n L 

[ 

c L m d ˙ T 

+ 

∑ 

i∈{ f } 

(
c p,G,i T L,s ˙ m ev,i + l v,i ˙ m ev,i 

)] 

(7) 

where δi { f} is the Kronecker delta function equal 
to 1 if i belongs to the liquid species ensemble 
{ f} and zero otherwise, ˙ ω i is the chemical source 
term of species i , ˙ ω T = −∑ 

i h i ̇  ω i is the heat re- 
lease rate with h i the enthalpy of species i and c p, i is 
the constant-pressure specific heat of species i . The 
droplet number density n L is related to the overall 
equivalence ratio 	 and the initial droplet diameter 
d L , 0 using n L = 	ρair s/m d, 0 with s the stoichiomet- 
ric fuel-air ratio. 

2.2. Surrogate formulation 

This study focuses on the conventional Jet-A 

POSF 4658 fuel blend, for which an extensive set 
of experimental data is available. A comprehen- 
sive approach for the formulation of the surro- 
gate representation for transportation fuels was 
developed by Dooley et al. [8] . This approach 

is based on matching four combustion property 
targets of the corresponding real fuel: molecular 
weight, H/C ratio, Threshold Sooting Index (TSI), 
and DCN. Four species were selected as candidate 
components, namely n -dodecane, iso-octane, 1,3,5- 
trimethylbenzene and n -propylbenzene, represen- 
tative of the three main classes of hydrocarbons 
present in a Jet-A fuel. Dooley et al. [8] found that 
the four target properties were matched by a mix- 
ture 40.4/29.5/7.3/22.8 (in molar fractions) of the 
mentioned species, which was then recommended 

as 2nd-generation fuel surrogate for POSF 4658. 
This surrogate representation was validated against 
a large set of experimental data, and is used as ref- 
erence composition for the purposes of this work. 
referential evaporation on the ignition of multi- 
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Fig. 1. Ignition delay times for the stoichiometric POSF 

4658 fuel [7] and the 2nd-generation surrogate [8] , com- 
pared to predictions obtained from the POLIMI mecha- 
nisms (P = 20 atm) [26,29] . 
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.3. Kinetic mechanism 

The kinetic mechanism used for the descrip-
ion of the gas-phase chemistry is derived from the
umped model by Ranzi et al. [26] , describing the
yrolysis, partial oxidation and combustion of hy-
rocarbons up to C 16 and oxygenated fuels. To ac-
elerate the calculations, the complete mechanism
nderwent a skeletal reduction procedure [27,28] ,

ollowing the numerical algorithm implemented in
octorSMOKE++ [29] . For each surrogate compo-
ent, a subset of important species was found by
ampling a three-dimensional range of operating
onditions ( T = 500 – 1700 K, P = 22.1 atm, 	
 0.25 – 2) through adiabatic, constant-pressure
atch reactors. A maximum error for the ignition
elay time below 10% was set for each species, and
 final mechanism of 181 species and 4089 reac-
ions was obtained after merging the four subsets of 
omponent mechanisms (this mechanism is avail-
ble as supplementary material). 

Both detailed and skeletal mechanisms were uti-
ized for predicting the ignition delay of the fully
revaporized 2nd-generation surrogate. Stoichio-
etric conditions were investigated [7,8] through

hock tube and rapid compression machine ex-
eriments for both POSF 4658 fuel and the 2nd-
eneration surrogate. A constant-volume batch re-
ctor was used to model the autoignition without
ressure correction. Numerically, ignition was de-
ned as the time when the maximum OH mass frac-
ion occurred, and results are shown in Fig. 1 . Con-
idering the experimental uncertainty, as reported
y Dooley et al. [8] , and considering the ideal con-
itions of the 0D ignition model, good agreement
etween models and experiments is found. More-
ver, these differences are coherent with results ob-
ained by Vasu et al. [30] between shock tube exper-
Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
iments for n -dodecane and the early mechanism by
Ranzi et al. [26] . As a matter of fact, n -dodecane is
the most abundant component of the surrogate, as
well as the most reactive. 

2.4. Thermodynamic and transport properties 

Fuel descriptions usually contain compounds
for which physical properties are not present in
the existing literature. To describe the thermody-
namic and transport properties of the liquid phase,
a general method based on group contribution
analysis [31] was proposed. In this method, criti-
cal conditions for pressure, temperature and vol-
ume, and acentric factors are calculated using func-
tions which depend on linear contributions from
each functional group. The evaluation of thermo-
dynamic properties such as specific heat capacity,
molar specific volume and latent heat of vapor-
ization is then carried out by adding a second or-
der correction, accounting for linear contributions
from interactions between functional groups. To
account for pressure and temperature dependen-
cies, corrections are applied [21] considering the
Peng–Robinson equation of state for gas and liquid
density, Thodos correction for latent heat of vapor-
ization, Wilke–Lee for low pressure vapor diffusion
coefficients, Lee–Kesler correction for saturated va-
por pressure, and the UNIFAC approach to esti-
mate species activities. 

Liquid properties are validated for POSF 4658
in idealized systems. The variation of the droplet
diameter during evaporation is numerically repro-
duced and compared to experiments in Fig. 2 a. The
initial increase in diameter is due to a decrease in
density with comparatively lower evaporation rate.
Subsequently, the droplet diameter decreases ac-
cording to the d 2 -law. A good agreement between
experimental data and simulations for POSF 4658
fuel can be observed. The 2nd-generation surrogate
mixture slightly underpredicts the total evapora-
tion time. The distillation curve is then calculated,
and data from advanced distillation measurements
were used [32] . The experimental trend is bounded
between the two asymptotic limits, i.e., flash and
fractional distillation curves. These two limits are
calculated using both real fuel mixture and surro-
gate, and comparisons are shown in Fig. 2 b. Good
agreement is obtained by the surrogate mixture,
with the related flash curve being reasonably close
to the one obtained from the full fuel description. 

2.5. Implementation 

The resulting large and stiff differential-
algebraic (DAE) system is implemented by rely-
ing on the OpenSMOKE++ framework [34] for
the liquid-grid discretization and the man-
agement of gas-phase kinetics, the BzzDAE
library [35] for the DAE system solution and the
referential evaporation on the ignition of multi- 
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a

b

Fig. 2. (a) Comparison between experiments [33] and 
computed results for the evaporation of an isolated 
droplet. (b) Comparison between advanced distilla- 
tion curve measurements [32] and predictions obtained 
through flash and fractional distillation calculations for 
POSF 4658 fuel and surrogate. 

a b

Fig. 3. Species profiles in a single droplet ( d L , 0 = 20 μm, 	 = 1
radial profile of n-dodecane and iso-octane over time, (c) center 
over time. 

Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
GroupContribution library [36] for the evalua- 
tion of liquid-phase thermodynamic and transport 
properties. 

3. Autoignition of surrogate droplets in standard 
conditions 

Using conditions for temperature and pressure 
prescribed in the DCN standard [9] ( T = 833 K, 
P = 22.1 atm), the ignition delay time was calcu- 
lated as a function of initial droplet diameter d L , 0 
(10–100 μm) and global equivalence ratio 	 (0.5–
2), i.e. in conditions usually found in gas turbine 
applications [37] . As an example of the temporal 
evolution of the droplet, the evolution of different 
species within the droplets is shown in Fig. 3 for 
the case with d L , 0 = 20 μm and 	 = 1. A signifi- 
cant difference can be observed between the com- 
position at the center and at the interface, which 

is coherent with the relative volatility of the dif- 
ferent species. For the conditions considered, the 
least volatile species is n -dodecane, whose evapo- 
ration rate is low at the beginning ( Fig. 3 a), in 

spite of being the most abundant species of the sur- 
rogate. The evaporation rate increases only when 

the mass fraction of n -dodecane approaches the 
value of unity near the surface. In contrast, iso- 
octane, i.e., the most volatile compound, evaporates 
at a significantly higher rate, eventually reaching a 
lower mass fraction than n -propylbenzene, which is 
present at a lower concentration. As a result, the 
gas-phase composition significantly changes over 
time. In these conditions, n -dodecane requires half 
of the droplet lifetime to become the prevailing fuel 
species in the gas phase despite being the control- 
ling species for the ignition initiation. 

The complete set of results is shown in the form 

of a contour map in Fig. 4 , where ignition delay 
time τ ign is considered as the time at which the tem- 
perature in the phase reaches its maximum slope. 
c

 ). (a) total liquid species mass over time, (b) normalized 
(dashed line) vs. interface (continuous line) mass fraction 

referential evaporation on the ignition of multi- 
Proceedings of the Combustion Institute (2016), 

http://dx.doi.org/10.1016/j.proci.2016.06.052


6 A. Stagni et al. / Proceedings of the Combustion Institute 000 (2016) 1–9 

ARTICLE IN PRESS 

JID: PROCI [m; June 22, 2016;20:23 ] 

Fig. 4. Ignition delay times τ ign [s] with finite diffusion for 
the 2nd-generation surrogate of POSF 4658. 
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The most reactive region is characterized by
mall droplet diameters and low equivalence ratios,
nd a minimum ignition delay is observed around
 L , 0 = 20 μm and 	 = 0.8. This minimum results
rom the non-monotonic behavior of both param-
ters under investigation. These trends are quali-
atively similar to the results observed by Moriue
t al. [12] for the autoignition of isolated droplets
f n -heptane, and in simulations where both liquid
nd gaseous phase were spatially discretized. This
ndicates that the model proposed here is able to re-
roduce essential physical mechanisms to describe
he competition between evaporation and ignition

ime scales. 

a b

ig. 5. (a) Ignition delay times of fully prevaporized mixture co
ransfer by evaporation (gray full line). Evaporation time withou
) ( τ evap / τ ign ) ratios, where τ ign was calculated with a constant-fu

Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
In the present model, the droplet ignition delay
is controlled by two main parameters: the availabil-
ity of fuel and the gas temperature. Both are related
to the evaporation process and thus influenced by
the droplet size and number density (i.e., equiva-
lence ratio). The classical picture proposed in the
literature [38] is to consider that the ignition de-
lay of the droplet cloud results from successive pro-
cesses of evaporation and gaseous auto-ignition, so
that the total ignition time can be approximated
as τign = τevap + τpv,ign where τ evap and τ pv, ign are the
evaporation and autoignition time of the prevapor-
ized mixture, respectively. For small droplet diam-
eters where τ evap � τ pv, ign , this assumption holds
and τ ign is found to mainly depend on the equiva-
lence ratio (region (i) in Fig. 5 a). Indeed, for pre-
vaporized mixtures, the heat extracted from the gas
phase to achieve evaporation is directly propor-
tional to the equivalence ratio. Due to the exponen-
tial dependance of τ pv, ign with temperature ( Fig. 1 )
a comparable exponential increase of τ ign with 	
is observed. This effect is shown in Fig. 5 a, where
the difference between prevaporized ignition delay
with and without heat losses by evaporation pro-
gressively increases from a factor two to two orders
of magnitude with increasing 	. For larger initial
droplet diameters ( d L , 0 > 40 μm), τ ign is limited by
the fuel availability: with increasing equivalence ra-
tio the ignition delay monotonically decreases as a
result of the higher total evaporation rate. In this
case, τ ign can no longer be represented as the sum of 
evaporation and auto-ignition time of the gaseous
mixture. At low equivalence ratios (region (iii) in
Fig. 5 a), its value is higher because of the low re-
activity of the initially lean mixture. On the other
hand, this trend is opposite at higher equivalence
ratios (region ii), where the higher fuel availability
allows for an earlier ignition. 

Figure 5 b shows that at the boundary between
regions (i) and (ii) ignition is up to 100 times faster
than the sum of τ evap and τ pv, ign . Here, the sub-
c

nsidering cooling effect (black full line) and without heat 
t combustion (dashed line). (b) 

(
τevap + τpv,ign 

)
/τign and 

el composition (zero-diffusivity model). 
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Fig. 6. Map of the ratio between droplet autoignition 
times, as calculated from finite diffusion model ( Fig. 4 ) 
and zero-diffusivity model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

stantial equality between τ evap and τ ign , shown in
Fig. 5 c, makes this region more sensitive to prefer-
ential evaporation, which determines the composi-
tion of the evaporating mixture, and thus changes
τ ign . To further examine the importance of this
composition, a comparison with a zero-diffusivity
model is carried out. Because of the assumed zero
diffusivity in the liquid phase, the composition of 
the evaporated mixture remains constant over the
course of the evaporation. In numerical terms, this
was approximated by multiplying all diffusion co-
efficients by a factor 0.001. The ratio between the
autoignition times for the case with finite diffusion
and the zero-diffusivity model is presented in Fig. 6 .
As predicted by the previous analysis, for large di-
ameters no significant effects can be noticed. In
contrast, important differences are evident in the
left part of region (ii): here, the zero-diffusivity
a b

Fig. 7. Temporal evolution for d L, 0 = 20 μm and 	 = 1 ( P = 

for the ternary prevaporized mixture (color scale), and trajectori
by simulation time. Finite- (triangles) vs zero-diffusion (circles) m
gas-phase, as obtained with finite- (continuous lines) and zero-di

Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
model significantly underpredicts the autoignition 

time, and the ratio varies by a factor of two or more. 
To better understand the variation of the ig- 

nition delay time in the zero-diffusion limit, the 
compositional variation of the surrogate mixture 
during the ignition process is evaluated. This 
is compared with the ignition delay of the cor- 
responding prevaporized mixture for an initial 
condition of T 0 = 833 K and P = 22.1 atm. For 
the sake of clarity, the least abundant species 
(1,3,5-trimethylbenz ene and n -propylbenz ene) are 
combined. The result is shown in Fig. 7 a for a 
mixture at 833 K, 22.1 atm and an overall equiv- 
alence ratio 	 = 1 . The vertices and edges of the 
triangle represent the pure compounds and binary 
mixtures, respectively. The n -dodecane is found 

to dominate the ignition behavior for most of the 
ternary mixtures. The trajectories superimposed 

on the gaseous composition space correspond 

to d L, 0 = 20 μm and 	 = 1.0, conditions for the 
finite-diffusion (triangle) and zero-diffusion (circle) 
cases. The trajectories are colored by the simula- 
tion time in order to highlight the time difference 
between both cases. The zero-diffusion limit is 
found to induce a significantly faster evaporation 

and higher content of n -dodecane resulting in a 
faster ignition. The subsequent rapid consumption 

of n -dodecane indicates that the ignition is driven 

by the high reactivity of the n -dodecane. 
The corresponding temporal evolution of the 

gas phase is illustrated in Fig. 7 b and c. Here, the 
different diffusion models give rise to a particu- 
larly interesting reactivity behavior: specifically, at 
the zero-diffusivity limit, the higher concentration 

of n -dodecane leads to an earlier low-temperature 
ignition. The evolution of the n -dodecane mole 
fraction results from the competition between ox- 
idation and evaporation. The first maximum in 

n -dodecane (0.9 ms) is due to the initiation of 
the low-temperature ignition. Subsequently, since 
n -dodecane is affected by a Negative Tempera- 
ture Coefficient (NTC) behavior (cfr. Fig. 1 ), its 
reactivity slows down and its concentration in- 
c

22.1 atm. T 0 = 833 K). (a) Map of ignition delay time 
es of gas-phase composition during evaporation colored 

odels. (b) Species mole fractions and (c) temperature in 
ffusion models (dashed lines). 

referential evaporation on the ignition of multi- 
Proceedings of the Combustion Institute (2016), 

http://dx.doi.org/10.1016/j.proci.2016.06.052


8 A. Stagni et al. / Proceedings of the Combustion Institute 000 (2016) 1–9 

ARTICLE IN PRESS 

JID: PROCI [m; June 22, 2016;20:23 ] 

c  

i  

t  

d  

o  

c  

s  

o  

e  

i  

t

4

 

d  

g  

i  

w  

l  

T  

f  

e  

d  

d  

p  

(  

t
 

a  

e  

t  

2  

f  

t  

t  

t  

a  

m  

i  

s  

r  

i  

o  

r

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

reases again because of evaporation. The increase
n the gas-phase temperature also accelerates the
otal evaporation rate, resulting in a ∼30 % faster
roplet evaporation. This dynamic behavior is not
bserved for the finite-diffusion case, where the
oncentration of n -dodecane is not high enough to
tart the low-temperature mechanism during evap-
ration. This occurs only after the droplet has fully
vaporated, and can be observed from the double
nflection point of both temperature and concen-
ration profiles. 

. Conclusions 

In this work, the effect of multicomponent
iffusion and preferential evaporation of surro-
ate fuels in a homogeneous gaseous phase was
nvestigated. To this purpose, a numerical model
as developed, describing the evolution of the

iquid phase through a finite-difference approach.
he combination of a Stefan–Maxwell approach

or multicomponent diffusion and Peng–Robinson
quation of state for the description of thermo-
ynamic equilibrium was selected to provide a
etailed representation of the relevant physical
roperties, while a validated skeletal mechanism
181 species, 4089 reactions) was used to describe
he gas-phase chemistry in detail. 

Using this model, an extended range of oper-
ting conditions, including droplet diameter and
quivalence ratio, at gas-turbine relevant condi-
ions [37] ( T 0 = 833 K, P = 22.1 atm) for the
nd-generation surrogate of a POSF 4658 Jet-A
uel was examined. It was found that the competi-
ion between fuel evaporation in the gas-phase and
he subsequent cooling of the gaseous mixture de-
ermines the ignition delay time, whose behavior
s a function of global equivalence ratio is non-
onotonic for small diameters. More importantly,

t was found that droplet ignition cannot be con-
idered as a simple combination of droplet evapo-
ation time and the ignition time of the prevapor-
zed mixture. Analyzing its deviation from the sum
f the two contributions allowed to identify three
egions: 

• A region where ignition is driven by chemi-
cal kinetics: τign ≈

(
τevap + τpv,ign 

)
and τ evap �

τ pv, ign ; 
• A region where ignition is controlled by

evaporation: τign > 

(
τevap + τpv,ign 

)
and τ evap 

� τ pv, ign ; 
• A region where two-phase ignition signif-

icantly deviates from the ideal behavior,
and droplet evaporation and ignition time
scales become comparable. At these condi-
tions, the sensitivity to preferential evapora-
tion is most pronounced. A comparison with
the autoignition map obtained with a zero-
diffusivity model emphasizes significant dis-
Please cite this article as: A. Stagni et al., The role of p
component fuels in a homogeneous spray/air mixture, 
http://dx.doi.org/10.1016/j.proci.2016.06.052 
crepancies in ignition delay times compared
to a finite-diffusion model. 

In summary, this work provides a useful guid-
ance for the consideration of preferential evapo-
ration in the modeling of two-phase combustion.
This analysis can be further extended by incor-
porating physical processes not considered in this
case. Although adding non-negligible computa-
tional complexity, the influence of gas-phase trans-
port or slip velocity on the ignition delay time of 
surrogate fuels can be useful extensions of this
analysis, and compounding effects can also be eval-
uated. 
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