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Abstract
Ducted fuel injection (DFI) is a proposed fuel injection concept for achieving substantial reductions in emissions. In this
concept, the fuel is injected through a coannular duct, resulting in increased fuel-air mixing and minimized formation of
soot and other unwanted combustion products. Apart from comprehensive experimental investigations on DFI, so far
computational studies have been limited to single-point Reynolds-averaged Navier Stokes simulations. Therefore, the
objective of this work is to complement these studies by performing large-eddy simulations using a diffuse-interface
method to examine the physical mechanisms and combustion processes of DFI, specifically focusing on the mixing pro-
cess and the effect of fuel-ducting on combustion and pollutant emissions. To this end, finite-rate chemistry simulations
are performed of the DFI configuration corresponding to the Engine Combustion Network Spray A injector at transcri-
tical conditions (n-dodecane fuel, 60 bar pressure and 1000 K temperature chamber conditions). A two-equation soot
model is employed for the qualitative analysis of soot emissions. Direct comparisons of averaged and instantaneous flow
field results with the Spray A configuration are performed to assess the effect of DFI on the first- and second-stage igni-
tion and soot formation. Compared to the free-spray condition, the results show that the DFI case exhibits a combina-
tion of (i) increased mass flow rate and entrained air, (ii) larger pressure drop magnitude and flow velocity, and (iii) a
closer-to-stoichiometric mixture composition (both globally and locally), each of which is conjectured to contribute
toward reduced soot production.
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Introduction

Diesel engines offer higher efficiency than spark igni-
tion engines and are widely used as heavy-duty engines
in the transportation sector.1 However, diesel engines
are prone to generate harmful emissions such as soot
and nitrogen oxides (NOx). As such, numerous strate-
gies have been investigated to mitigate the formation of
these harmful substances.2,3 One proposed solution for
decreasing soot formation as well as increasing engine
efficiency involves the employment of the so-called
ducted fuel injection (DFI), which was first proposed
experimentally by Mueller et al.4 In this DFI setup, a
liquid fuel is injected as a spray at high-pressure condi-
tions through a coannular duct. The ducted confine-
ment modifies the dynamics and structure of the fuel
spray and reduces the soot produced when compared
to a standard non-ducted free spray.

DFI is only one of numerous combustion strategies
examined to reduce engine emissions. Other strategies are
after-treatment systems, such as diesel particulate filters
and catalytic systems.5,6 While after-treatment systems
have demonstrated success in reducing emissions, they are
also generally expensive, require regular maintenance and
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monitoring, and can require additional fluids for their
operation. After-treatment systems also generally involve
decreases in fuel efficiency. Other emissions reduction
technologies include the development of low-sooting fuels
such as oxygenated fuels 3,7; these new fuels are often
combined with variations in injector-tip configurations.8

These approaches generally suffer from drawbacks such
as high fuel costs, commercial unavailability of certain
fuels, ineffectiveness at heavier engine-load conditions,
and decreased fuel efficiency. Compared to these other
techniques, DFI exhibits advantages in simplicity, low
cost, ease of installation, lack of extensive maintenance
needs, and general usability regardless of engine operating
conditions or fuel. These positive aspects all make DFI an
attractive approach to investigate as a more widely used
emissions-reduction technology.

Mixing is a key hypothesized behavior in explaining
the physical behavior of DFI, as discussed by Mueller
et al.4 The presence of the duct walls confines the liquid
fuel spray, which increases the axial component of
spray velocity while limiting overmixing at the radial
periphery. The solid duct walls themselves also are
hypothesized to increase mixing, both hydrodynami-
cally and thermally.4 The inner wall of the duct enforces
a no-slip boundary condition on the fluid, resulting in
steeper velocity gradients, which are not present in an
unconfined free spray. The associated increase in the
shear rate is thus thought to increase the turbulence
and scalar mixing. Furthermore, variation in tempera-
ture between the duct and the interior fluid is hypothe-
sized to increase the thermal mixing.

A number of studies have discussed the resultant
effect of mixing on the velocity, temperature, and
chemistry fields of the spray.9–12 These studies broadly
agree that the DFI spray – when compared with an
unconfined free spray – is faster and cooler at the duct
exit; as the spray continues downstream of the duct,
these features promote increased fuel-air mixing. With
this increased mixing comes a longer ignition delay
time and larger lift-off length, resulting in more com-
plete combustion and decreased soot production.
However, a lack of consensus and understanding is
present for certain aspects of the physics present.
Specifically, Fitzgerald et al.9 concluded that mixing
enhancement happens only downstream of the duct exit
and not within the duct, thus leading to a richer fuel-
air mixture at the duct exit. Other studies10,12 disagree
and present results that show a leaner mixture at the
duct exit. Additionally, the interaction between turbu-
lence and the mixing is not fully understood. Such anal-
ysis requires scale-resolving turbulent calculations, and
so performing such computations is a main objective of
this work.

In addition to mixing, another important and related
physical behavior for DFI is the entrainment of charge
gas into the fuel spray, which has been investigated in
different studies. Studies by Millo et al.,13 Nilsen
et al.,14 and Zhang et al.11 have shown enhanced levels
of entrainment at the duct inlet compared to an

unconfined free spray, which is attributed to the higher
axial velocities and associated lower pressure within the
duct interior. The low-pressure region within the duct
then draws in fluid at the inlet to drive the increased
entrainment; the phenomenon has been termed as a
‘‘jet-pump’’ effect. In contrast, Ong et al.12 has found
no evidence of enhanced inlet entrainment, and corre-
spondingly no evidence of a region of significantly
decreased pressure in the duct interior. In the context
of this literature, one goal of our study is to investigate
the existence of the inner-duct low-pressure region and
whether enhanced entrainment occurs. These findings
will be discussed in the Results section.

Previous studies in the literature have noted that
entrainment of combustion products into the uncon-
fined free spray appears to limit the success in soot
attenuation.8 Thus, within the duct, the wall is also
hypothesized to provide a secondary effect of limiting
the entrainment of combustion products into the spray;
this ‘‘shielding’’ increases the lift-off length and helps
contribute toward reduced soot formation.4 At the out-
let region between the duct and the lift-off length,
increased entrainment is also hypothesized due to the
longer lift-off length and longer ignition delay time
observed for DFI.

Since the initial conception, DFI has been studied
both experimentally and computationally. Experimental
DFI studies by Gehmlich et al.15 and Nilsen et al.16

found significant soot reduction for a wide range of duct
design parameters. Results showed that DFI was robust
to parameters including duct length, axial gap between
injector and duct inlet, ambient oxidizer mole fraction,
and amount of dilution. For the purposes of comparing
with and complementing experimental findings, compu-
tational studies of DFI have been carried out, especially
in recent years. RANS studies at inert (non-evaporating
and non-reacting) conditions have been performed by
Zhang et al.11 and Nilsen et al.14 From these studies, the
available information on averaged-flow quantities pro-
vided insight into the mixing and entrainment. RANS
DFI studies at reacting conditions have also been per-
formed9,10,13 to gain insight into the interaction between
the hydrodynamics and the reacting chemistry. Results
from these studies complement experimental findings;
the presence of the duct increases the ignition delay time
and flame lift-off length, leading to increased mixing at
the duct exit and resulting in attenuated soot.

Findings from these experiments and RANS studies
have led to foundational understanding of the DFI
physics. However, the need for higher-fidelity scale-
resolving simulations has been recognized to more
accurately capture the transient evolution of the physi-
cal processes present in spray combustion.17 For this
purpose, large-eddy simulations (LES) can provide
detailed insights into the differences between DFI and
unconfined free sprays. Ong et al.12 performed LES
incorporating a Lagrangian particle method to examine
the effects of heat transfer from the duct in a DFI con-
figuration. Good agreement with experimental data has
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been reported with the use of such Eulerian-Lagrangian
methods. However, these methods model the spray as a
multiphase flow, which necessitates the selection of
parameters for modeling breakup and evaporation and
thus leads to parameter dependencies.

An alternative simulation method that can be
employed in high-pressure flows, such as those encoun-
tered in diesel engines, is the diffuse-interface method.18

Under trans- and supercritical conditions, the transi-
tions between liquid and gaseous phases are no longer
distinguishable. This absence of a physical interface
makes it attractive to thermodynamically represent the
flow as a single phase using a real-fluid equation-of-
state. This diffuse-interface method for fluids at super-
critical pressures has been applied to LES studies19–21

for Engine Combustion Network (ECN)22 diesel con-
figurations Spray A and Spray D.

The objective of this study is to perform LES to
investigate DFI for n-dodecane injection at realistic
engine-like thermodynamic conditions. We specifically
focus to complement the existing understanding of DFI
by providing insight from scale-resolving LES computa-
tions into the fluid and chemical behavior, including
key differences from a free spray configuration (Spray
A) that is operated at the same conditions. We consider
both inert and reacting conditions. Our calculations
involve a compressible Navier-Stokes formulation with
realistic thermodynamic considerations to represent the
thermodynamic behavior of fluids at supercritical states.
In Section 2 (Methods and computational setup), the
mathematical model and computational configuration
are presented. The results and their associated analyses
are discussed in Section 3 (Results), and the paper
finishes with conclusions in Section 4 (Conclusions).

Methods and computational setup

Governing equations

In the present study, we solve the conservation equa-
tions for Favre-filtered mass, momentum, total energy,
and chemical species:

∂t�r +r � �r~uð Þ=0 ð1aÞ
∂t �r~uð Þ+r � �r~u~uð Þ= �r � �pIð Þ+r � tv + tSGSð Þ

ð1bÞ
∂t �reetð Þ+r � ~u �reet + �pð Þ½ �=r � tv + tSGSð Þ � ~u½ �

� r � qv + qSGSð Þ
ð1cÞ

∂t �r ~Yk

� �
+r� �r~u ~Yk

� �
=�r� Jk,v +Jk, SGS

� �
+ _vk

ð1dÞ

where r is the density, u is the velocity vector, p is the
pressure, et is the specific total energy, t is the stress
tensor, and q is the heat flux. Yk, Jk and _vk are the
mass fraction, diffusion flux, and chemical source term
for species k, respectively. The overline denotes tradi-
tional LES filtering, and the tilde denotes Favre-

filtering; for a quantity f, ~f= rf=�r. For t and q,
Chung et al.’s method with high-pressure correction23

is used to evaluate the dynamic viscosity m and the
thermal conductivity l. For binary diffusion coeffi-
cients, Takahashi’s high-pressure correction24 is
employed. The subscript v is used for viscous quanti-
ties, and the subscript SGS denotes subgrid-scale tur-
bulent quantities. We employ the Peng-Robinson (PR)
equation of state25 (EoS):

p=
rRT

1� br
� r2a

1+2ar � b2r2
, ð2Þ

to close the governing equations. Here, R is the mixture-
specific gas constant, T is the temperature and the coef-
ficients a and b depend on mixture composition and
temperature.26 The PR EoS has been shown to perform
well in describing fluid thermodynamics at transcritical
conditions.27–29 Details for evaluating necessary thermo-
dynamic quantities for mixtures are provided in Ma
et al.30

The reaction chemistry in this numerical study is
modeled using a reduced 33-species chemical mechan-
ism,19 and 21 additional species have been identified as
suitably modeled using a quasi-steady-state assump-
tion. The soot dynamics of the system are modeled
using the Moss-Brookes model,31 which has been used
in previous diesel and n-dodecane injection studies32,33

as well as specifically in DFI studies.12 This model con-
sists of a set of two coupled partial differential equa-
tions (PDEs), written as:

∂ rYsootð Þ
∂t

+r� ruYsootð Þ= r� DsootrYsootð Þ+ _M

ð3aÞ
∂ N=NAð Þ

∂t
+r� uN

NA

� �
= r� Dsootr N

rNA

� �� �
+ _N

ð3bÞ

where Ysoot is the soot mass fraction, Dsoot is the soot
diffusivity (given using an eddy viscosity/Schmidt num-
ber approximation), N is the soot number density and
NA is Avogadro’s constant. _M and _N are the soot mass
and soot number density source terms, respectively, and
are given as

_M=
MP

NA

dN

dt

� �
inception

" #
+

dM

dt

� �
surface growth

+
dM

dt

� �
oxidation

ð3cÞ

_N=
1

NA

dN

dt

� �
inception

+
dN

dt

� �
coagulation

" #
ð3dÞ

where MP is the mass of an incipient soot particle; a
value of MP =144 kg=kmol, is used, corresponding to
the mass of particles comprising 12 carbon atoms. The
model performance is not sensitive to the value of MP.
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Expressions for the semi-empirical source and sink
terms provided in equation (3c) and (3d) follow the for-
mulation provided in Watanabe et al.34 and are given
as
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dt
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where R̂ is the universal gas constant, MWi refers to
the molecular weight of species i, rs refers to the soot
density=1800 kg=m3, and all other variables
Ci, Ti, and hi are empirical constants defined in
Watanabe et al.34

Numerical solver

The numerical simulations are computed using a com-
pressible unstructured finite-volume solver. A sensor-
based hybrid scheme35 is used to discretize the convec-
tive fluxes, with an added entropy-stable flux correc-
tion technique developed by Ma et al.18 A second-order
Strang-splitting scheme36 is used to separate the con-
vection, diffusion, and reaction operators. The chemi-
cal source terms are time-integrated using a semi-
implicit fourth-order Rosenbrock-Krylov (ROK4E)
scheme,37 which has linear cost with respect to the
number of species. All other operators are integrated
using a strong stability-preserving third-order Runge-
Kutta (SSP-RK3) scheme.38 The Vreman SGS model39

is used to model the sub-grid turbulent stresses. A
dynamic thickened-flame model40 is utilized, with max-
imum thickening factor set to a value of 4.

Computational setup

The thermodynamic conditions of the numerical studies
we perform follow those of the ECN Spray A configura-
tion, which has been used as a standardized design for
compression injection engine sprays in a wide variety of
studies and applications.41 Our study focuses primarily
on the reacting conditions, but inert conditions are also
considered to examine features of the hydrodynamics.
For inert and reacting settings, the ambient pressure is

p‘ =6:00 MPa, the duct temperature is Tduct=461 K,
and the injection pressure is prail=150:0 MPa. The
inert cases have ambient temperature T‘ =900 K and
ambient oxygen mole fraction of 0.0%, while the react-
ing conditions have T‘ =1000 K and ambient oxygen
mole fraction of 21.0%.

The results and discussion by Ong et al.12 emphasize
the importance of the DFI results (specifically the igni-
tion delay time and the flame lift-off length) on the so-
called ‘‘dwell period.’’ The dwell period is defined as the
time period between the initial preburn spark ignition
and the start of fuel injection in an experimental com-
bustion chamber setup. Following this guideline by
Ong et al.12 our study uses the dwelled temperature field
(found at the end of the dwell period) as the appropri-
ate initial condition of the DFI simulation, meant to
model the effects of the experimental spark ignition and
dwell period. To arrive at the dwelled temperature field,
the initial temperature of the fluid phase within the duct
is prescribed by the solution to the steady-state heat
equation. For the boundary conditions of this steady-
state heat equation, the temperature at the inner dia-
meter of the duct is set to be T=Tduct, and the tem-
perature at the two lateral faces of the cylinder (at
x=2 mm and at x=16 mm) are set to be the ambient
temperature T= T‘. Subject to these boundary condi-
tions, the temperature field then evolves to reach the
steady-state solution, which we use as the starting point
of the LES.

Our present study uses the D3L14G2 duct configura-
tion, following the specification and naming convention
introduced by Mueller et al.4 This setup involves a duct
with inner diameter of 3mm, wall thickness of 1mm,
cylinder axial length L of 14mm, and an offset (or
‘‘stand-off distance’’) G of 2mm of the duct inlet from
the fuel injector location. A 45� 3 0.5mm chamfer is
applied to the inner diameter at the inlet and outlet of
the duct.

The computational domain is a three-dimensional
cylinder, discretized by a structured mesh with 2.20 mil-
lion hexahedral elements. The domain dimensions are
40mm in diameter and 100mm in axial length. The
mesh is adapted from the one used in Chung et al.21

with the duct geometry added in as an additional ele-
ment. A minimum grid spacing of 8 m m in the spray
core is chosen to resolve the ignition kernels. The
domain and mesh are shown in Figure 1. Numerous
previous studies have observed and discussed the signif-
icant variability in spray behavior and engine metrics
due to variations in the nozzle internal geometry,
whether from intentional design choices, manufacturing
inconsistencies, or unintentional discrepancies in opera-
tion conditions.42,43 To remove this potential source of
uncertainty, the injector geometry is not included in the
simulations. Instead, inlet boundary conditions to
match nozzle conditions as prescribed by ECN44are
assigned. The injector model is serial #210675, which
has a nozzle outlet diameter of 89.4 mm. The inlet fuel
mass flux is determined with a time-dependent rate of
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injection, as provided by the CMT virtual injection rate
generator.45 The solution is advanced with a unity CFL
number for time-stepping, resulting in a typical time
step of 53 10�9 s.

Results

Engine performance quantities: Inert cases

Figure 2 compares the penetration lengths of the inert
simulations for both the DFI case and the free spray
case, with standard conditions of p‘ =6:00 MPa and
T‘ = 900K as specified by ECN. The results for the
Spray A case corresponds to data presented in Chung
et al. 21; experimental data is from Lillo et al.44 and
Westlye et al.46 using Schlieren imaging for vapor pene-
tration length and Mie scattering for the liquid penetra-
tion length. The vapor penetration length is defined as
the furthest axial position where the mixture fraction ZB

exceeds 0.01, and the liquid penetration length uses a
value of ZB = 0.6, following Bilger’s definition for ZB.

47

The vapor penetration length for the DFI case does
not show significant deviation from that of free spray
computations or experiments; this observation is con-
sistent with findings by Ong et al.12 and Li et al. 48 Ong
et al.12 also observed significant increase in the DFI
liquid penetration length (an increase in excess of 50%,
with a peak value occurring at around 0:4 ms) that then
decreases down to the free spray value at later times. In
our current study, we note that the liquid penetration
length is larger in the DFI case by 25% when compared
to the free spray case. This enlargement in the DFI case
can be explained by the presence of cooler, higher-
density fluid inside the duct, which is a feature of the
dwelled temperature field due to the effects of the spark
ignition and dwell period. This region of low tempera-
ture fluid attenuates the vaporization of the liquid fuel
as the spray passes through the duct, thus contributing
to the observed increase in liquid penetration length.
From these observations, with respect to the inert mix-
ing of species, the DFI and free spray cases exhibit
subtle differences that arise from the presence of the
duct. Many modern compression-ignition engines oper-
ate at pressures larger than investigated in the current
study. At such increased pressures, studies have found
that the increased ambient gas density leads to stronger
spray drag and thus a decreased liquid penetration and
a slower vapor penetration.49

Engine performance quantities: Reacting cases

To illustrate the differences in the dynamic evolution of
the reacting spray for the DFI and free spray cases,
Figure 3 shows contour plots at a centerline plane for
temperature and mass fractions of intermediate species:
OH mass fraction contours as an indication of high tem-
perature chemistry, and CH2O mass fraction contours as
an indication of low temperature chemistry. Snapshots
are given at various times offset the ignition delay time
(tign). From the temperature fields, the effects of DFI in
modifying the structure of the spray and flame, including

Figure 1. Radial (left) and axial (right) view of mesh used, along with velocity magnitude profiles. The duct is visible in the axial
view. The mesh consists of 2.20 million grid points. Minimum cell size is 8 mm.

Figure 2. Comparison of liquid (solid line) and vapor (dashed
line) penetration lengths for the inert DFI case. Experimental
comparisons for the free spray are also provided. The gray
envelope around the experimental profiles represents the
standard deviation around the mean value.
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in lengthening the flame lift-off position with respect to
the injector location, are visible. Starting from the first
snapshot just before ignition at t� tign = � 0:05 ms,
formation of CH2O is observable in the core region in
both cases, although in the DFI case the contour values
far downstream of the duct exit are more diffuse in
volume, indicating the presence of increased mixing. In
the free spray at later times, an increased presence of
OH coincides with the consumption of CH2O near the
spray periphery as noted in Chung et al.21 For the DFI,

the consumption of CH2O at the spray edges is more
pronounced compared to the free spray case, despite
there still being an increase of OH at later times for both
cases. To complement this discussion of the temperature
and the important chemical species, details regarding the
differences in axial velocity and pressure between the
DFI and free spray cases will be discussed in Section 3.3
(Flow Analysis).

To provide insight into the ignition behavior and to
examine the lift-off length, Figure 4 compares planar-

Figure 3. Instantaneous flow-field results for (a) temperature, (b) YOH, and (c) YCH2O for the free spray case (top) and the DFI case
(bottom) at various times offset by the ignition delay time, t� tign; from left to right, t� tign = � 0:05 ms, 0:05 ms and 0:5 ms.
tign = 0:145 ms in the free spray case, and tign = 0:447 ms in the DFI case.

6 International J of Engine Research 00(0)



integrated intensity plots of OH for the free-spray case
(left) and the DFI case (right). The intensity Ixt,OH is
given as 50:

Ixt,OH(x, t)=
Ð

~YOH x, y, tð Þdy ð4Þ

From Figure 4, the delayed ignition delay time for the
DFI case is clearly visible. Regions of high OH (indica-
tive of high-temperature chemistry) occur further
downstream for the DFI case as also seen in visualiza-
tions of the temperature and species contours in Figure
3. The flame lift-off length is visualized by the region of
the luminous zone closest to the ignition point in Figure
4. In Table 1, the lift-off lengths for both experimental
measurements and for our results are listed. Following
ECN recommendations, the lift-off length is defined as
the minimal axial distance from the injection location
to the point where 2% of the maximal OH mass frac-
tion is found.

For both the DFI and the free spray case, the lift-off
length is underpredicted with respect to experimental
values. The differences in computational and experi-
mental methodologies for calculating the lift-off length
likely accounts for some of this discrepancy.
Experimentally, the lift-off length is computed using
the axial location at which a threshold of pixel intensity
is used to capture the OH* chemiluminescence.

Quantifying the error produced by these different
methodologies has not been well-reported and would
require further investigation. Other sources of discre-
pancy include potential experimental duct misalign-
ment4 and limited experimental optical access for lift-
off length values within the duct. Overall, the amount
of deviation from experimental values is comparable to
that found in the computational study by Ong et al.12

and is within the range of typical experimental uncer-
tainty.51 Even with these experimental/computational
discrepancies, the DFI’s effect in increasing the lift-off
length by approximately 50% with respect to the free
spray case is captured, consistent with the percentage
increase found in the experimental values at the same
condition.

Figure 5 compares the ignition delay time predic-
tions for both the DFI and free spray cases with experi-
mental results by Mueller et al.4 and Gehmlich et al.15

The results of two different methodologies for calculat-
ing the ignition delay time are presented. The T-method
is used by Ong et al.12 and defines the ignition delay
time to be the time at which the rate of change of the
maximum temperature in the domain is the largest.
The OH-method instead determines the time at which
14% of the maximum OH mass fraction is reached; this
method has been found to be in good agreement with
experimental measurements based on a 50% OH* che-
miluminescence.52 For our cases, both methods yield
similar results, with \ 14% and \ 4% discrepancy
for the free spray case and for the DFI case, respec-
tively. Both methods also produce quantitative agree-
ment with experimental results.

Just as we did when discussing the inert penetration
behavior, we again make note that ambient pressures
larger the current study’s 6:00 MPa are found in many
modern compression-ignition engines. At these increased

Figure 4. Planar-integrated OH intensity Ixt, OH for (a) the free
spray case and (b) the DFI case. The results are normalized to
be 0 at the minimum intensity and 1 at the maximum intensity.
The duct inlet (x = 2mm) and outlet (x = 16mm) locations are
provided in the DFI case as white lines.

Table 1. Comparison of flame lift-off length from literature and
current investigation.

Case DFI lift-off
length (mm)

Free Spray lift-off
length (mm)

Gehmlich et al.15 14.73 8.41
Mueller et al.4 16.68 10.00
Present investigation 12.26 8.15

Figure 5. Computed values of ignition delay time tign , for the
DFI case (red) and the free spray case (blue). Values from
literature are given as comparison Note that the data by Mueller
et al.4 has been corrected by a reported hydraulic delay of
0.32 ms.

Guo et al. 7



pressures, studies have shown that reduced ignition delay
time and shortened lift-off length are observed.53

Figure 6 shows profiles of soot mass and contours
of C2H2 as soot precursor. From the integrated soot

mass profiles shown in Figure 6(a), we see that, at
equivalent times, the soot mass in the DFI case is atte-
nuated compared to the free spray case, and the rate of
soot production is also lower in the DFI case; both

Figure 6. (a) Volume integrated total soot mass as provided by the Moss-Brookes soot model as a function of time after injection.
DFI and free spray soot computational profiles are normalized by the maximum free spray value of 318.87 mg. Dotted lines shown a
comparison profile of experimental measurements at the same 1000K ambient temperature but at a reduced ambient O2 volume
concentration of 15%, as provided by Skeen et al. 51; maximum soot value for this experimental case is 48.34 mg. Bottom panels
show the radially integrated planar rYC2H2

profiles in x and t for (b) free spray and (c) DFI. Vertical gray lines denote the duct edges
(in which the duct is only physically present in the DFI case), while the horizontal gray line is drawn at the ignition delay time (tign).

Figure 7. (a) Time- and planar-averaged pressure �p(x) profiles as a function of axial distance from jet, and (b) LES value and
Bernoulli prediction as per equation (7) of the streamwise velocity increase in the DFI case, D�u = �uDFI(x)� �uFS(x). In both cases,
conditional averaging is performed for yj j4rduct. Time averaging is performed for the interval 04t41:4 ms. Vertical black lines
denote the duct edges (in which the duct is only physically present for the DFI case).
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observations are consistent with experimental find-
ings.4,15 Comparison of normalized profiles between
the current study’s free spray case and the experimental
case from Skeen et al.51 yield qualitatively comparable
behavior. Due to differences in the O2 concentration,
we note that certain differences (such as the earlier soot
onset at higher oxygen concentrations) are expected, as
found in previous studies.15 From the time-evolving
plots of spatial C2H2 provided in Figure 6(b) and (c),
we can observe that the DFI case displays a delayed
and decreased amount of C2H2, with peak values
occurring further downstream of the injection site.

Flow analysis

From Figure 7(a), we observe a significant influence of
the duct on the hydrodynamic pressure, with the mean
pressure deviation in the DFI case being approximately
twice less than the free spray value within the duct. At
its minimum, the DFI �p(x) is 1.05% less than the quies-
cent ambient pressure of 6.0MPa, while the free spray
�p(x) reaches a minimum of 0.63% less than the ambient
value.

This difference in �p(x) results in an observable effect
on the resultant flow dynamics, specifically in increas-
ing the fluid velocity within the duct compared to the
free spray. This can be mathematically estimated using
the compressible Bernoulli equation with gravity
neglected, which can be written as:

uiui
2 +

Ðp
p1

d~p
r
= const, ð5Þ

where p1 is a reference pressure for which we use the
ambient pressure value of 6.0MPa. Assuming the fluid
velocity magnitude is dominated by the streamwise
component and considering a streamline from the
ambient inlet in the far-field to a point with radius less
than the duct inner radius, we arrive at
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where the FS subscript denotes the quantities in the free
spray case. We can now solve for the difference between
the DFI and free spray velocities as

�uDFI =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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 !
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vuut ð7Þ

Comparisons of the LES values of the time-averaged
streamwise velocity and the Bernoulli prediction per
equation (7) are shown in Figure 7(b). Reasonable
agreement in obtaining the magnitude and trend of the
velocity increase D�u= �uDFI(x)� �uFS(x) is obtained
inside the duct. Note that to use equation (7), a
temporally-steady flow is required, and so we only
expect reasonable results for the x-extent of the domain
within the duct. This reasoning is supported by the pla-
nar radially-averaged kinetic energy contours in
Figure 8, which show that although the overall flow
field is temporally evolving as the vapor penetration
grows, the behavior of the kinetic energy within the
duct edges (or where the duct would be in the free spray
case) reaches a steady-state behavior. Accordingly, as
seen in Figure 9, the Bernoulli estimate is less accurate
downstream of the duct exit, likely due to the unsteady
nature of the vapor-like portion of the spray. From
Figure 8(b), we also observe that the DFI in-duct
kinetic energy is noticeably larger than the free spray
value, thus confirming our observations in Figure 7,
and potentially implying an increased turbulent mixing
in the DFI case.

This Bernoulli analysis explains the contribution of
the duct toward an increased turbulent flow rate, thus
explaining the increased penetration (Figure 2)
observed in the DFI case. In this context, we note that
the jet-pump effect refers to the region of low-pressure

Figure 8. Planar-averaged kinetic energy profiles as a function of the streamwise distance and time for the (a) free spray case and
(b) for the DFI case. The dashed line (white for the inlet edge, black for the outlet edge) denotes the location of the inlet and outlet
of the duct; note that the duct is only physically present in the DFI case.
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created inside the duct, which has important conse-
quences on the jet entrainment and fluid being drawn
in at the duct inlet. The observations from our current
investigation do indeed highlight a region of low pres-
sure in the axial extent of the duct, which is accentu-
ated in the DFI case. This finding provides further
clarification to the conclusions discussed by Ong
et al.12 whose findings claimed no region of significant
decrease in pressure and thus no jet-pump effect. Our
results instead support the findings of previous RANS
studies that showed evidence of the existence of a jet-
pump effect that drives entrainment into the duct via a
region of in-cylinder low pressure.13,14

It is evident from Figure 7 that the duct causes an
enhancement of the streamwise flow velocity. While the
previous analysis using Bernoulli’s equation can be use-
ful to estimate the added mass flow through the duct, it
requires a priori knowledge of the pressure drop. The

duct and high velocity jet effectively work as an ejector.
Using a simple momentum and energy balance,
Pritchard et al.54 have derived an analytical expression
for the ratio between the mass flow of the primary and
secondary jets, corresponding, respectively, to the fuel
jet and entrained air flow in the present work. Their
formulation can be expressed as

R _m = _ms

_mp
= �(1+s)

2s
+ Dduct

Dp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1+CLð Þs

q
, ð8Þ

where the subscripts p and s denote the primary and
secondary jets, respectively, s = rp=rs =30:7, and
Dduct =3 mm and Dp =0:09 mm are the diameters of
the duct and fuel injector, respectively. The skin friction
coefficient CL is set to a value of 0.3, following the com-
putational work on ejectors of Singh et al.55 Noting
that the mass flow inside the duct is the sum of the

Figure 9. Centerline z-plane contours of instantaneous vertical velocity uy for t� tIDT = 0:5 ms, for the (a) free spray and (b) DFI
cases. The black box in (b) denotes the duct location.

(a) (b)

Figure 10. (a) Planar-integrated mass flow rates for yj j4rduct, as a metric for the difference in entrainment between the free spray
and DFI cases. The horizontal black dashed line shows the value estimated using equations (8) and (9). (b) Planar-integrated
equivalence ratio for yj j4 duct inner radius, as a metric of the fuel-air composition, for both the free spray and DFI cases. The
global equivalence ratio fduct is calculated as the ratio between the injection fuel mass flow rate and the O2 mass flow rate,
normalized by the stoichiometric fuel/O2 ratio fst. In both (a and b), the profiles are averaged for streamwise locations between
x = 7:5mm and x = 10:5 mm, as representative of in-duct locations.
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primary and secondary mass flows, equation (8) can be
rearranged as

_mduct= _mp R _m +1ð Þ, ð9Þ

In the present configuration, R _m =4:75 and
_mduct =15:0 g/s which implies a large amount of air
entrained in the duct. As postulated by previous inves-
tigators, this entrainment of ambient fluid into the duct
is expected. This behavior is confirmed in the present
configuration through Figure 9; in the region near the
duct inlet, entrainment of fluid is visible in the DFI
case through the inwards behavior of the vertical velo-
city. In the free spray, the shear caused by the jet intro-
duces little entrainment, which is significantly lower
than the one observed in the DFI case, according to
Figure 9.

To perform a quantitative estimation of the differ-
ence in entrainment between the two cases, Figure 10(a)
shows the total mass flow through the duct section (or
a section of same size in the free spray case). The total
mass flow in the DFI case is larger by approximately
80% due to the entrained air, once steady state is
reached. The mass flow rate in the DFI case is 30%

lower than the analytical prediction from equations (8)
and (9), which is depicted by the dashed line in Figure
10(a). The isentropic and ideal gas assumptions, neces-
sary to derive the analytical formulation, might explain
the discrepancy observed. It has also been noted in the
literature that the axial location of the primary jet with
respect to the duct inlet played a role in the level of
mass flow entrained, potentially leading to a sub-
optimal entrainment.55,56 Nevertheless, the analytical
formulation seems to provide encouraging results as a
tool to be further applied to DFI configurations.

The global equivalence ratio inside the duct, in
Figure 10(b), shows the beneficial consequences of the
entrainment on the mixing and subsequent combustion
process. With a global in-duct mixture that is closer to
stoichiometric, it can be expected that the resulting
chemical reaction occurs closer to stoichiometric in the
DFI case and thus leads to the soot decrease as seen in
Figure 6.

To further analyze the effect of entrainment on the
mixture composition, the transient mixing differences
that arise from the presence of the duct in the DFI case
are visualized using the PDF of ZBilger, shown as a

Figure 11. Plane-extracted probability distribution function (PDF) of ZBilger shown as a function of time. Vertical gray lines
correspond to the ignition delay time (tign) in each case, while the horizontal gray line provides the stoichiometric ZBilger value,
Zst = 0:0628. The logarithm, base 10, of PDF values are shown to aid in visualization. (a and b) show data for the entire domain, while
(c and d) show data for yj j4 duct inner radius, to isolate the jet behavior from the ambient charge gas behavior.
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function of time in Figure 11. Of interest is the early
mixing transient behavior, for t 40:5 ms. Although
ignition for the free spray case occurs at a relatively
early time of 0:14 ms, the unsteady behavior of ZBilger

in Figure 11 does suggest that significant mixing occurs
up through (and after) 0.5ms in both the DFI and free
spray cases.

The zones of high probability in the free spray case
are either too fuel-rich (ZBilger . Zst) or too fuel-lean

(ZBilger \ Zst) for optimal ignition. The fuel-lean side

of the PDF distribution are relatively similar between

the free spray and DFI case. However, the DFI case

displays a region of high probability fuel-rich values

closer to Zst for 0:1 ms 4t 40:5 ms. This region of

interest suggests improved mixing before and during

ignition when the duct is present, with the closer-to-

stoichiometric combustion producing decreased levels

of incomplete combustion products. Figure 11(c) and

(d) demonstrate that this initial improved mixing

appears confined to only the radial locations within the

duct inner diameter. The initial transient ZBilger beha-

vior is a potential contributing factor for the decreased

soot production observed in the DFI case.
The transient mixing behavior reported in Figure 11

is further illustrated in physical space through contours
of the local equivalence ratio, f, in Figure 12. f is

computed as the ratio between the local fuel mass and
local O2 mass, normalized by the stoichiometric fuel/O2

ratio fst. Starting with the leftmost panels at
t� tign = � 0:05 ms (just before ignition) we observe
that the DFI case exhibits a larger spatial regime of f

values that are near stochiometric (1¿f¿3), com-
pared with the corresponding free spray contour. These
near-stoichiometric f values are especially prevalent in
the leading edge of the spray periphery. Just as in the
ZBilger behavior at early times for Figure 11, we observe
a larger prevalence of closer-to-stoichiometric mixture
values in the DFI case, yielding the potential to pro-
duce less emissions via more complete combustion. In
the rightmost panels at t� tign =0:50 ms, we observe
that the contours of f between the DFI and free spray
cases do not display significant differences in distribu-
tion or physical characteristics. This f behavior for
t� tign is in agreement with the ZBilger behavior from
Figure 11. Again, it appears to be the initial transient
increase in fuel/air mixing that contributes toward the
DFI case’s decreased soot production.

Conclusions

In the current investigation, LES computations are per-
formed for transcritical n-dodecane spray injection in

Figure 12. Contours of a) transient temperature local equivalence ratio, f, for the free spray case (top) and DFI case (bottom) at
various times offset by the ignition delay time, t� tign; from left to right, t� tign = � 0:05 ms and 0:5 ms. tign = 0:145 ms in the free
spray case, and tign = 0:447 ms in the DFI case. f = 1 is shown using a black contour line.
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order to investigate DFI as a concept to achieve
increased combustion efficiency and soot attenuation.
A diffuse-interface method is used with finite-rate
chemistry and real-fluid thermodynamic and transport
property considerations. Differences in behavior
between the DFI and free spray cases are highlighted.
For both, the ignition delay time and flame lift-off
length show relative agreement with past studies. Soot
results using the two-equation Moss-Brookes model
confirms the decreased soot obtained in the DFI case,
in agreement with previous findings. The results of the
study serve as evidence that diffuse-interface methods
can be used to capture diesel spray behavior under
varying conditions and geometries and help to achieve
better understanding of the complex fluid, mixing and
chemical processes.

The region inside the duct exhibited an environment
of low pressure, which had been a point of disagree-
ment in the literature, that caused a jet-pump effect and
increased the velocity magnitude in the DFI case. This
increased air entrainment was shown to (i) increase the
kinetic energy, which potentially improves the turbulent
mixing, and (ii) reduce the global equivalence ratio
inside the duct. The closer-to-stoichiometric mixture
observed in the DFI case was further demonstrated by
analyzing probability distributions of the mixture frac-
tion and by observing contours of the local equivalence
ratio, which specifically highlighted the improved initial
transient mixing. This change in mixture composition is
likely to be a contributing factor to reducing the oppor-
tunity to form incomplete combustion products and
soot.

Two analytical modeling strategies were applied to
estimate the entrained air inside the duct. The first one,
based on Bernoulli’s principles, highlighted the relation
between the decreased pressure and increased mass flow
inside the duct. The second one, rooted in the literature
of ejectors, did not require a priori knowledge of the
pressure drop caused by the duct, and predicted reason-
ably well the mass flow rate of the entrained air. While
further work is needed to assess the validity and rele-
vance of these formulations, these models could help to
design and analyze DFI configurations.
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