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ABSTRACT: A ducted fuel injection (DFI) strategy has been proposed as an efficient approach to reduce the soot emission in
direct-injection compression ignition engines. By injecting the fuel through a small tube within the combustion chamber, a leaner
air−fuel mixture is generated compared to the conventional free spray approach, which significantly inhibits the soot formation and
helps to reduce the dependence of the engine on after-treatment systems. However, the soot reduction mechanism is still not fully
understood. Therefore, in this work, a three-dimensional computational investigation was performed to explain the experimental
results. Four different reduced chemical mechanisms were used to simulate the reacting spray A (n-dodecane) data from both the
Engine Combustion Network group and literature. An improved post-processing method was also proposed to investigate the
detailed combustion feature. The results revealed that the ignition processes using different mechanisms were all dominated by the
same reaction CH2O + OH = HCO + H2O. Of the four reduced mechanisms, Yao mech demonstrated the best-predicted
performance. Compared to the free-spray case, the DFI case generated a longer ignition delay and lift-off length and lower soot
concentration owing to the significant reduction of air entrainment and longer core jet velocity from the duct exit to the lift-off
length location. In addition, the DFI case had a significantly longer low-temperature heat release region but a shorter high-
temperature heat release region and a smaller core between these two regions, which helps to reduce the sooting tendency.

1. INTRODUCTION

Internal combustion engines (ICEs) will remain a major part
of the transportation sector in the next decades.1,2 To meet the
more and more stringent emission regulations, further
improvements in ICEs with more advanced combustion
technologies need to be implemented.3 Compared to the
spark-ignited (SI) engines, the compression ignition (CI)
engines typically have higher thermal efficiency due to a higher
compression ratio. Therefore, for the high-load facilities like
ships and trucks, CI engines are frequently adopted. For the SI
engines, emissions can be reduced tremendously by using only
a three-way catalyst. However, for the CI engines, the
reduction of harmful emissions is still challenging and mainly
relies on the optimization of the combustion process,
considering the high cost of the after-treatment system.
Soot emission is a major issue for diesel CI engines.4 Owing

to the diffusion combustion process, the rich air−fuel mixture
leads to a high level of soot precursors, promoting the
particulate formation significantly.5 Improving the air−fuel
mixing process is the most effective method to reduce soot
emissions, which inhibits the formation of locally over-rich
regions and enhances the soot oxidation process.6 The recent
development of advanced fuel injection technology allows
precise control of multiple injections at high-pressure
conditions. When combined with the supercharging technique,
soot emission can be reduced tremendously even under the
high-load conditions.7

Nitric oxide (NOx) emission is another challenge for diesel
engines, which is primarily formed in the locally high-
temperature and oxygen-rich regions.8 To eliminate NOx

emissions, researchers proposed the low-temperature combus-
tion (LTC) strategy by using the exhaust gas recirculation
(EGR) approach.9 However, with the increase of the EGR rate,
there is a trade-off relationship between the NOx and soot
emissions, making it difficult to eliminate them both
simultaneously.4 As a result, to meet the emission regulation,
a combination of the diesel particulate filter (DPF) system and
the selective catalytic reduction (SCR) system needs to be
installed, which increases the engine cost and impairs the
engine performance.10−12

Recently, Mueller and coworkers10,13−15 first proposed a
novel ducted fuel injection (DFI) method, which can reduce
soot emissions for the direct-injection heavy-duty diesel
engines even under a high EGR condition. By injecting a
fuel through a small duct mounted downstream of the nozzle
tip within the combustion chamber, the air−fuel mixing
condition in the auto-ignition zone was changed, and soot
formation was significantly inhibited.13,14 Their more recent
experimental work on a single-cylinder optical engine
demonstrated that the DFI strategy generated a longer ignition
delay compared to the free injection strategy, which enhanced
the air−fuel mixing process and reduced the soot emission
significantly. In addition, the DFI strategy was able to maintain
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a comparable engine combustion performance compared to
the conventional free spray method.10

Fitzgerald et al.15,16 investigated the effects of different duct
diameters and standoff distances on the soot formation of a
single diesel jet. They reported that soot luminosity could be
reduced by about 50% under CI engine combustion
conditions. More recently, Li et al.17−19 measured the diesel
spray penetrations for the DFI and free spray methods under
non-evaporating conditions. They reported that the DFI
method generated a significantly longer spray penetration
compared to the free spray method, especially with high
injection pressures.
Although the DFI strategy has the potential to avoid the

trade-off relationship between soot and NOx emissions, there
are still many challenges to be resolved before implementation
for practical engines. In particular, a detailed understanding of
the underlying mechanism of soot reduction by using the DFI
method is needed. However, up until now, there are still few
numerical works related to this topic. Fitzgerald16 has
numerically studied the DFI and free spray methods fueled
with diesel, but they adopted n-dodecane to represent the
chemical kinetics of diesel, which contains lots of aromatics.
To better capture the experimental result, it is necessary to
select a robust combustion mechanism to represent fuel
chemistry. Furthermore, there is a need to compare the
different spray-flame structures for the DFI and free spray
methods, which helps to understand the impact of DFI on the
soot reduction mechanism. To achieve this, a post-processing
tool to analyze the heat release feature is needed.20,21

This work focuses on studying the chemical and physical
factors that can potentially affect the combustion process for
the DFI strategy. The experimental data related to spray A (n-
dodecane) from the Engine Combustion Network (ECN)22

and literature14 are adopted for numerical validations The
effects of four different reduced n-dodecane mechanisms on
the flame structure of spray A (n-dodecane) are studied. By
comparing the free injection and DFI simulation cases, the
impact of the duct on the spray-flame structure and the
enabling mechanism of soot reduction for the DFI method are
elucidated.

2. EXPERIMENTAL DATA
Experimental data from the ECN website (non-reacting and reacting
free sprays)22 and Gehmlich et al.’s work (reacting free and ducted
sprays)14 were adopted for numerical validations. The experiments
were fueled with n-dodecane and performed in a constant volume
chamber (CVC), which has a cubical-shaped geometry with a
dimension of 108×108×108 mm. Table 1 summarizes the major
experimental parameters. For both the non-reacting and reacting
cases, the injection pressure was kept at about 1500 bar. For the non-
reacting case, liquid and vapor penetration length data were collected

for calibration of the spray models. For the reacting cases, two
different sets of data with ambient oxygen contents of 21 and 15%
(volume fraction) were collected. In addition, measured ignition
delays, lift-off lengths, and soot distributions were utilized to further
validate the combustion models.

Figure 1 depicts the duct geometry adopted in this work. This duct
is laid 1.4 mm downstream of the nozzle tip and has a length of 16

mm, an inner diameter of 2 mm, and upper and lower wall thicknesses
of 1 and 0.5 mm, respectively. Note that there is a chamfer with a
radius of 0.5 mm at the entrance and taper at the exit. Compared to
the other three different types of ducts, the δ-type ones exhibited the
highest soot reduction capability.14

3. COMPUTATIONAL SETUP
3.1. Computational Models. The three-dimensional

(3D) computational fluid dynamics (CFD) software CON-
VERGE (version 3.0) was used for the modeling study. The
renormalization group (RNG) k-ε model was used to simulate
turbulence. The Lagrangian-parcel Eulerian-fluid method was
used to simulate the spray process.23 The Kelvin−Helmholtz
Rayleigh−Taylor model without a breakup length was used to
simulate the spray-breakup process.24 The no time counter
algorithm25 was used to simulate droplet collisions. The
Frössling correlation was used to simulate droplet evapo-
ration.26 The wall film model was used to simulate spray-wall
interaction. The heat transfer process was simulated by using
the model developed by Amsden.27 For combustion modeling,
a detailed chemistry solver (SAGE)28 coupled with detailed
chemical kinetics mechanisms was adopted. Figure 2 shows the
rate of injection (ROI) profile adopted for simulations of this
work, which was calculated with the recommended code from
the ECN website.
Four different reduced n-dodecane mechanisms developed

by Luo et al. (Luo mech),29 Yao et al. (Yao mech),30 Cai et al.
(Cai mech),31 and Ren et al. (Ren mech)32 were adopted and
compared for the reacting free spray simulation cases. These
four reduced mechanisms were all derived from the same
detailed n-dodecane mechanism33 and validated extensively
against the experimental data. Table 2 summarizes the species
number and reaction number for these four mechanisms. Since
of the four mechanisms, only Ren mech incorporated the
polycyclic aromatic hydrocarbon (PAH) submechanism, for

Table 1. Experimental Conditions

parameters evaporation reacting

ambient temperature (K) 900 850−1200
ambient density (kg/m3) 22.8 23.8
injector diameter (mm) 0.09 0.09
injection pressure (MPa) 150 150
injection mass (mg) 3.5 10.7
injection duration (ms) 1.5 4.0
fuel temperature (K) 373 363
ambient oxygen content (vol %) 0.0 15.0, 21.0

Figure 1. Side and top views of the duct geometry.
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consistency, only an empirical soot model (Hiroyasu-NSC)
with acetylene as the precursor was utilized to model the soot
formation and oxidation processes.34,35

3.2. Computational Meshes. A cylinder mesh with a
dimension of 108×108×108 mm was adopted by following the
previous work.36 A base mesh size of 2.0 mm with a fixed
embedding region (refined scale of 3.0) downstream of the
nozzle tip was adopted, which generates a minimum mesh size
of 0.25 mm. In addition, the adaptive mesh refinement (AMR)
model was activated to automatically refine the mesh during
the calculation. As proposed by the previous works,20,27 an
AMR scale of 3.0 was adopted with velocity and temperature as
the refined targets. Figure 3 shows the computational meshes
for the free spray and DFI cases.

3.3. Post-Processing Method. Tang et al.38 proposed a
post-processing method based on Cantera to analyze the
chemical kinetics processes for 3D CFD simulation cases. This
method can identify the representative reactions for the fuel
consumption and heat release in each computational cell.
However, due to the limit of Cantera, some reversible reactions
were taken as separated reactions, which is not appropriate
enough when calculating the representative reactions. By
following the rules of Chemkin,39 this issue is solved in this
work, and the improved code is provided as the Supporting
Information.
Figure 4 shows a schematic of this method. Briefly, the

theory is to recalculate the instantaneous chemical heat release

source in the energy equation as post-processing since the
large-scale simulation does not store all information in the data
output. Using the same chemical kinetic mechanism and
solution variables, the production rate for each species and the
heat release rate (HRR) for each reaction are computed for
further analysis. In the following, the reaction that yields the
highest HRR is denoted as REXR.

4. RESULTS AND DISCUSSIONS
4.1. Spray Penetration Validation. A sensitivity study of

spray penetrations to the spray model parameters was

performed in the previous work,21 based on which a shed
factor of 0.1, a cutoff factor of 0.05, and a B1 of 6.8 were

Figure 2. ROI profile adopted for the simulations.

Table 2. Summarization of the Four Reduced Mechanisms

mechanism no. of species no. of reactions

Luo mech 105 420
Yao mech 54 268
Cai mech 57 197
Ren mech 178 758

Figure 3. (a,b) Schematic of the computational meshes.

Figure 4. Schematic of the post-processing method.

Figure 5. Predicted liquid and vapor penetration lengths for the spray
A case with different AMR scales.

Figure 6. Predicted liquid and vapor penetration lengths for the DFI
case with different AMR scales.
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selected. In this section, a further sensitivity study using
different AMR scales ranging from 1 to 4 was conducted,
which generates the minimum mesh sizes from 1.0 to 0.125
mm, respectively.
Figure 5 compares the experimental and predicted spray

penetration results using four different AMR scales. Liquid and
vapor penetration lengths are defined as the farthest axial
distances from the injector tip to the locations where 97%
(mass fraction) of the total liquid fuel is encompassed and
0.1% (mass fraction) of the total fuel vapor is obtained,
respectively. As seen in this figure, the predicted liquid and
vapor penetrations show significant sensitivity to different
AMR scales. The larger AMR scale leads to lower predicted
penetration lengths. Note that similar predicted results are
obtained when minimum mesh sizes of 0.25 mm or finer are

adopted, which is in agreement with the work of Senecal et
al.37 Consequently, an AMR scale of 3 was utilized in the
following sections.
To further confirm that an AMR scale of 3 is also able to

reach the convergent result for the DFI case, another mesh
sensitivity study is conducted. Figure 6 compares the predicted
spray penetration results for the non-reacting DFI case using
four different AMR scales. Similar to the above free spray cases,
a higher AMR scale generates shorter spray penetrations. In
addition, the case with an AMR scale of 3 predicts similar spray
penetrations with an AMR scale of 4, indicating that a
convergent result is obtained. Note that compared to the free
spray case, the DFI case generates longer liquid and vapor
penetrations, which will have a significant impact on the spray-
flame structure and soot formation under reacting conditions.

4.2. Reacting Free Spray. 4.2.1. Validation of Exper-
imental Data. In this section, four different reduced
mechanisms (Luo mech, Yao mech, Cai mech, and Ren
mech) were adopted to predict the reacting free spray cases.
Experimental data from the work of Gehmlich et al.14 and the
ECN website were collected for validations. Note that the
injector (serial #375020) with a nozzle hole diameter of 90 μm
from the work of Gehmlich et al.14 was used in the model,
which is slightly different from the injector (serial #210370)
with a nozzle hole diameter of 91 μm from the ECN website.
The slight discrepancy has a limited impact on the simulation
results. In the simulation, the ignition delay is defined as the
time interval from the start of injection timing to the time
when the ignition temperature (Tign) is reached. The ignition
temperature is defined as Tign = 0.5 × (Tamb + Tpeak).

40 In
addition, the lift-off length is defined as the distance from the

Figure 7. (a,b) Predicted ignition delays and lift-off lengths using
different reduced mechanisms.

Figure 8. Predicted heat release rates using different reduced
mechanisms.

Figure 9. (a−d) Comparison of the predicted distributions of REXR,
HRR, and temperature during the ignition period with four different
reduced mechanisms. The axis unit is in mm.
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injector tip to the nearest location where 2% of the peak OH
mass fraction is obtained.41

Figure 7 compares the experimental and predicted ignition
delays and lift-off lengths. The four different reduced
mechanisms predict similar trends. A higher ambient temper-
ature leads to lower ignition delay and shorter lift-off length.
Differently, ignition delays are reasonably captured by the Yao
mech, under-predicted by the Cai mech, and significantly over-
predicted by the Luo mech and Ren mech. In addition, Yao
mech also demonstrates the best-predicted performance for
lift-off length, despite that it over-predicts the lift-off lengths at
temperatures lower than 1100 K and under-predicts the lift-off
lengths at temperatures higher than 1100 K.
4.2.2. Analysis of Chemical Kinetics. Figure 8 compares the

experimental and predicted heat release rates. The exper-
imental HRR is obtained from the ECN website.22 Note that
all reduced mechanisms capture the HRR value during the

steady diffusion combustion period. For the ignition behavior,
Yao mech predicted the closest ignition delay and peak HRR
value with the experiment.
To further compare the chemical kinetics processes during

the ignition period using different reduced mechanisms, the
post-processing code was utilized for analysis. Four different
combustion timings, i.e., 0.46, 0.29, 0.24, and 0.59 ms, were
selected for the four cases, which correspond to the timings
when a peak temperature of 1100 K was achieved. Figure 9
compares the predicted distributions of REXR, HRR, and
temperature (T) using different reduced mechanisms. Note

Table 3. Key Reactions and Color Code

Figure 10. Predicted soot formation by using different reduced
mechanisms. The red line represents the lift-off length. The axis unit is
in mm. Experimental data is from the ECN website.22

Figure 11. (a,b) Predicted ignition delays and lift-off lengths for the
free fuel injection and DFI cases.
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that for the calculations of REXR and HRR, only the regions
with HRR higher than 100 J/m3/s are sampled. Table 3
summarizes the key reactions of this work.
Figure 9 shows that the high-temperature ignitions using

different reduced mechanisms are all triggered downstream of
the spray-flame structure. Note that different cases demon-
strate a similar heat release feature, which primarily includes
two regions, i.e., the inner low-temperature heat release region
and the downstream higher-temperature heat release region.
The low-temperature heat release is dominated by the O2
addition reactions (R1-373, R2-252, R3-173, and R4-4), and
the higher-temperature heat release is dominated by the
reaction HCO + O2 = CO + HO2 (R1-27, R2-36, R3-45, and
R4-198). This indicates that the fuel consumption reaction
pathway is similar for the four reduced mechanisms.

4.2.3. Validation of Soot Distribution. Figure 10 compares
the experimental and predicted soot formation. The exper-
imental data is from the ECN website.22 The red lines
represent the lift-off lengths. Note that the four different
reduced mechanisms predict similar soot formation locations,
in reasonable agreement with the experiment. However, both
Luo mech and Ren mech predicted significantly lower soot
formation compared to Yao mech and Cai mech, primarily due
to longer predicted lift-off lengths and leaner mixture
distributions. Overall, of the four reduced mechanisms, Yao
mech predicts the most accurate lift-off length and soot
formation. Based on the above results, Yao mech is used in
subsequent simulations.

4.3. Ducted Fuel Injection. 4.3.1. Comparison with Free
Spray. In this section, the free spray and DFI cases with a
nominal ambient temperature of 900 K and an O2
concentration of 21% are simulated using the Yao mech.
Note that the real ambient temperature for the DFI case is 897
K, slightly lower than the nominal value, and the measured wall
temperature is 461 K.14 Figure 11 compares the experimental
and predicted ignition delays and lift-off lengths for the free
spray and DFI cases. The simulation is in good agreement with

Figure 12. (a,b) Comparison of the experimental and predicted
distributions of soot formation for the free spray (above) and DFI
(below) cases at about 3.0 ms. The axis unit is in mm. Experimental
data are from Gehmlich et al.14

Figure 13. (a,b) Comparison of experimentally measured OH*
intensity at about 3.0 ms and the predicted distributions of the mass
fraction of OH for the free spray (above) and DFI (below) cases. The
red line represents the predicted lift-off length. Axis unit in mm.
Experimental data are from Gehmlich et al.14

Figure 14. Comparison of the predicted distributions of the
temperature−equivalence ratio for the DFI and free spray cases at
3.0 ms.

Figure 15. Comparison of the predicted distributions of HRR and
REXR at 3.0 ms for (a) free fuel injection and (b) DFI cases. The axis
unit is in mm.

Figure 16. Comparison of the predicted liquid and vapor penetration
lengths for the free spray and DFI cases.
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experimental data for the free injection case, but it significantly
under-predicts the ignition delay for the DFI case. There are
possibly two primary factors that lead to the discrepancy,
including the uncertainty of the initial temperature within the
duct and ignorance of the turbulence-chemistry interaction
effect. Nevertheless, the overall growing trend of both the
ignition delay and lift-off length from the free spray case to the
DFI case is well captured by the simulation.
Figures 12 and 13 compare the experimental and predicted

distributions of soot and OH formation for the DFI and free
spray cases at about 3.0 ms. Only qualitative distributions of
soot and OH* intensity were measured in the experiment.14 It
is seen that the simulations reasonably predict the distributions
of soot and OH. Compared to the free spray case, the DFI case
has a significantly longer lift-off length and lower soot
formation.
To explain the reduced soot formation for the DFI case,

Figure 14 compares the predicted distributions of the
temperature−equivalence ratio for the two cases. It is known
that soot is primarily generated in the regions with high
temperatures and rich mixture conditions.4,42 Due to a longer
lift-off length, the DFI case yields an overall leaner air−fuel
mixture than the free injection case, mostly at the equivalence
ratio lower than 4.0. As a result, the DFI case results in
significantly lower soot formation.
To understand the impact of DFI on the spray-flame

structure, Figure 15a,b compares the predicted distributions of
HRR and REXR for the free fuel injection and DFI cases at 3.0
ms. Note that only the regions with HRR higher than 1000 J/
m3/s are depicted. Similar to the initial ignition period, there
also exist a low-temperature region and an intermediate heat
release region during the steady combustion period for the free
spray case. Differently, during the steady diffusion combustion
period, there exists a long high-temperature heat release region,
with the heat release dominated by the hydrogen-oxygen
reactions (R2-3, R2-4, and R2-20). In addition, owing to the
diffusion combustion process, a rich region is formed within
the flame core, with the heat release dominated by reaction R2-
143 (AC3H5 + H(+M) = C3H6(+M)), which inhibits the rapid
fuel consumption and promotes the formation of soot
precursors.43

.

Compared to the free spray case, the DFI case generates a
significantly different spray-flame structure, featured with a
longer low-temperature heat release region but a shorter high-
temperature heat release region and a smaller core within these
two regions. The smaller core region indicates that the DFI
case has a lower sooting tendency. However, representative
reactions that dominate the heat release process in these three
regions are similar for these two cases.

4.3.2. Effects on Lift-Off Length. The above results indicate
that a longer lift-off length leads to enhanced mixing and leaner
mixture distribution for the DFI case. Therefore, the detailed
underlying mechanism is investigated next. Figure 16 compares
the predicted liquid and vapor penetration lengths for the free
spray and DFI cases. During the steady spray combustion
period, both the liquid and vapor penetrations for the DFI case
are significantly longer than those for the free spray case. Note
that the steady vapor penetrations for both the free spray and
DFI cases are approximately 4 mm higher than the lift-off
lengths, indicating that the lift-off length is related to the steady
vapor penetration.
Figure 17 compares the predicted distributions of the

equivalence ratio (ϕ), temperature (T), turbulent kinetic
energy (TKE), and the axial velocity (Vz) on the central plane
for the free spray and DFI cases at 3.0 ms. Compared to the
free spray case, the DFI case generates a significantly longer,
leaner, and faster spray core jet. Figure 18 further shows that
the TKE within the duct for the DFI case is significantly lower
than that of the free spray case since the duct inhibits air
entrainment. Consequently, the gas mixture is significantly
leaner due to the reduced fuel evaporation, and the spray
penetrates longer with a higher core velocity. Consequently,
the leaner mixture inhibits the soot formation process.42 Also,
note that Vz for the DFI case remains high throughout the duct
length. Moreover, heat transfer from ambient hot air is reduced
so that the inner jet core maintains a low temperature even
beyond the liquid penetration length (about 15 mm).
Therefore, a higher velocity and longer liquid penetration of
the inner core jet lead to a longer ignition delay and lift-off
length for the DFI case.

4.3.3. Effect of Initial Temperature within the Duct. In the
previous simulation, the gas temperature within the chamber is
considered homogeneous at an ambient temperature of 897 K,
while the chamber walls and duct walls (internal and external)

Figure 17. (a,b) Comparison of the predicted distributions of ϕ, T, TKE, and Vz for the free spray and DFI cases on the central plane at 3.0 ms.
The red line represents the lift-off length. The axis unit is in mm.
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are all set at 461 K.13,14 However, the gas temperature within
the duct may be significantly affected by the heat transfer to
the duct walls14,16 since the duct has a small diameter (2 mm)
but a relatively long length (16 mm). Although the ambient
temperature is high, after a long time when the entire system
reaches a thermal equilibrium state before the injection, the gas
temperature within the duct may be significantly lower than
the ambient temperature.
Since it is difficult to directly measure the gas temperature

distribution within the duct, in the simulations, various initial
gas temperatures within the duct are compared. Computation-
ally, the confined space within the inner duct wall is taken as a
separate region, which is initialized with the same pressure as
the chamber but at different temperatures (600, 700, 800, and
897 K). The inner duct wall is still kept at 461 K.
Figure 19 compares the predicted ignition delays and lift-off

lengths with different initial temperatures within the duct. It is
found that the predicted ignition delays are prolonged
significantly with an initial lower temperature within the

duct. However, the lift-off length is almost unaffected by the
change. Figure 20 further compares the predicted distributions
of the soot volume fraction and OH mass fraction with
different initial temperatures within the duct. Despite the
differences in the ignition delay, almost no changes in the lift-
off length are found.
To understand the effect of initial temperature within the

duct on the ignition process, Figure 21 compares the predicted
distributions of temperature and the equivalence ratio at 0.3
ms (before ignition) for various cases. A lower initial
temperature within the duct results in a lower average
temperature before ignition, which leads to a longer ignition
delay eventually. Figure 22 shows the predicted distributions of
the equivalence ratio and temperature at 0.3 ms for different

Figure 18. (a−c) Comparison of the predicted distributions of ϕ, T,
TKE, and Vz for the free spray and DFI cases on the axial line at 3.0
ms.

Figure 19. (a,b) Comparison of the predicted ignition delays and lift-
off lengths with different initial temperatures within the duct.

Figure 20. (a,b) Predicted distributions of the soot volume fraction
and OH mass fraction at 3.0 ms with different initial temperatures
within the duct. The red line represents the lift-off length. The axis
unit is in mm.
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cases. With a higher initial temperature within the duct, the
fuel vapor penetration is longer. This is primarily because the
initial higher gas temperature leads to a lower gas density and
thus a lower resistance within the duct.
Figure 23 compares the temporal evolution of the vapor

penetration lengths for the four cases. Owing to a lower air
resistance, a higher initial temperature within the duct leads to
a slightly higher peak vapor penetration before ignition. Note
that the ignition delay coincides well with the abrupt decline of
the vapor penetration due to the rapid consumption of the
fuel−air mixture during the high-temperature heat release
period. Beyond the ignition period, however, the liquid and

vapor penetrations during the steady combustion period are
nearly identical for all cases, resulting in similar lift-off lengths.
Figure 24 further compares the predicted distributions of
temperature and the equivalence ratio at 3.0 ms. Unlike Figure
21 at an earlier time, the distributions are similar for all cases,
confirming that the cooling of the gases inside the duct hardly
affects the flame lift-off and steady combustion behavior. This
is not surprising since most of the initial gas within the duct
has already been pushed out of the duct and then consumed by
the combustion process. Consequently, during the steady
combustion period, the flow field and spray-flame structure are
dominated by the injection process only, which are similar for
the different cases.

5. CONCLUSIONS AND FUTURE WORK
This work numerically investigated the free spray and DFI
strategies in a constant volume chamber. Four different
reduced n-dodecane mechanisms were adopted and evaluated
for the spray A simulations. A comparative study between the
free spray and DFI strategies was then conducted. Key findings
are summarized as follows.

(1) Of the four reduced n-dodecane mechanisms, Yao mech
demonstrated the best-predicted results of ignition delay,
lift-off length, and soot formation.

(2) The duct inhibited the air entrainment process and
promoted the jet velocity, which led to a longer liquid
penetration, ignition delay, and lift-off length. Therefore,
the DFI method produced the overall leaner mixture
distribution and lower soot formation compared to the
free spray case.

(3) Compared to the free spray case, the DFI case generated
a significantly longer low-temperature heat release region
but a shorter high-temperature heat release region and a
smaller core between these two regions, which helps to
inhibit the formation of soot precursors.

(4) A lower initial temperature within the duct led to a lower
mixture reactivity and thus a longer ignition delay.
However, this effect vanished after the lifted flame was
established, such that the lift-off length was hardly
affected by the initial gas cooling inside the duct.

Based on the results of this work, there are still some issues
to be resolved both numerically and experimentally. First, the
turbulence-chemistry interaction effect needs to be considered
to better predict the spray-flame structure and soot formation.
Second, more experimental data need to be collected to

Figure 21. Comparison of the predicted distributions of the
temperature−equivalence ratio at 0.3 ms with different initial
temperatures within the duct.

Figure 22. (a,b) Comparison of the predicted distributions of ϕ and
T at 0.3 ms with different initial temperatures within the duct. The
axis unit is in mm.

Figure 23. Comparison of the predicted vapor penetration lengths
with different initial temperatures within the duct.

Figure 24. Comparison of the predicted distributions of the
temperature−equivalence ratio at 3.0 ms with different initial
temperatures within the duct.
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calibrate the spray mixture distribution using the DFI method.
More importantly, since a leaner air−fuel mixture is generated,
the CO and hydrocarbon emissions could be an issue for
practical applications. Therefore, metal engine experiments
over a wide load range should be conducted to fully evaluate
the effect of the DFI method on engine combustion
performance and emissions (soot, NOx, CO, and hydro-
carbons).
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