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A B S T R A C T

Ducted fuel injection (DFI) is a promising strategy to dramatically reduce engine-out soot emissions from 
compression-ignition (CI) engines. To accelerate the integration of DFI into real-world engines, computational 
fluid dynamics (CFD) is a powerful tool for its understanding and optimization. Although CFD has been largely 
adopted for investigating DFI in CI engines, accuracy and reliability of the numerical outcomes remain often 
questionable.

Therefore, this article proposes a step forward in the CFD model development and validation process of a CI 
optical engine implementing DFI, considering both global and local perspectives. Indeed, leveraging the optical 
diagnostics dataset, the correct reproduction of the combustion and emissions formation processes – across a 
range of loads and oxygen levels for both CDC and DFI configurations – was tested not only in terms of typical 
aggregated values (i.e., pressure, burn rate, engine-out emissions) but also locally in terms of lift-off length, flame 
evolution, and soot natural luminosity (NL). For the latter a proper methodology was used to virtually replicate 
soot NL distribution starting from the CFD variables. Despite the complexity of this luminosity-based comparison, 
the model was found to reasonably replicate the main trends, for both CDC and DFI, thus highlighting predictive 
capability, not only in terms of engine-out soot emission values, but also of the in-cylinder soot formation/ 
oxidation processes. Moreover, the present results demonstrate the robustness of the methodology to compute a 
virtual NL from CFD outputs, which could be of interest to thoroughly validate combustion models every time 
soot prediction accuracy plays an important role.

1. Introduction

Currently, compression-ignition (CI) engines based on the conven
tional diesel combustion (CDC) process are widely used for heavy-duty 
transport and local power generation [1]. Despite their massive utili
zation, CDC typically leads to relatively high levels of engine-out soot 
and nitrogen oxides (NOx) emissions, due to the local mixture conditions 
in the autoignition zone and the high-temperature diffusive flame, 
typically abated through complex and expensive aftertreatment systems 
[2,3]. To address this problem, the so-called leaner-lifted flame com
bustion (LLFC) is a CDC variant which aims to achieve soot-free com
bustion by maintaining equivalence ratios below 2 at the lift-off length 
(LOL). This could theoretically be achieved through one or more of the 
following actions: smaller-orifice injectors, higher injection pressures, 
high dilution levels, and oxygenated fuels. However, experimental 
studies demonstrated that LLFC is constrained to low-load conditions 

and configurations with a limited number of nozzle orifices due to 
adverse phenomena such as spray-to-spray interactions and the 
re-entrainment of combustion products [4]. Addressing these limitations 
has driven interest in solutions capable of enhancing air-fuel mixing 
before the LOL.

In this context, ducted fuel injection (DFI), a technology patented by 
Sandia National Laboratories [5], has emerged as a promising solution. 
DFI consists in injecting the fuel down the axis of a small duct positioned 
within the combustion chamber at a certain distance from the injector 
orifice exit, and its soot mitigation potential was demonstrated in several 
works. Experimental analyses in constant-volume vessels have demon
strated the capability of DFI technology to significantly reduce soot 
natural luminosity [6] and soot mass [7] across several operating con
ditions, varying ambient temperature, ambient density, and oxygen 
concentration. Moreover, these initial studies underlined that the soot 
mitigation mechanisms driven by duct adoption extend beyond the 
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simple increase in LOL and necessarily include additional entrainment 
and/or mixing phenomena occurring upstream of it. These speculations 
were subsequently confirmed and explained by several numerical in
vestigations which highlighted that, on the one hand, DFI enhances the 
gas entrainment upstream of the duct inlet due to the establishment of a 
low pressure region inside the duct, on the other hand, DFI enhances the 
turbulent mixing, both inside and downstream of the duct, with respect 
to the CDC configuration [8–15]. Finally, a recent experimental study 
employing optical diagnostics (i.e., Schlieren imaging, OH* chem
iluminescence, and broadband luminosity to characterize the reacting 
flow; 2D laser absorption and scattering to quantify the non-reacting 
mixing fields) in a high-pressure vessel further elucidated DFI physics 
[16]. This work corroborated the abovementioned numerical findings 
regarding air entrainment and turbulent mixing, and it highlighted that 
the reduction in residence time for soot formation between the LOL and 
soot oxidation is another driver for DFI performance.

Apart from understanding, investigating the capability of DFI 
concept to effectively work and curtail soot when moved from the test 
vessel to the engine combustion chamber is crucial for the DFI tech
nology success. Some research works studied the possibility to imple
ment DFI in existing CI engines geometry via both experiments and 
simulations, highlighting that direct retrofit is not straightforward and a 
new combustion system design and calibration could be required. In 

particular, LOL shortening [17,18] (due to the re-entrainment of hot 
combustion products) and poor late-cycle soot oxidation [18–20] (due 
to lower temperatures of DFI system walls, lower available air for 
oxidation hidden by the DFI system volume, enhanced spray/bowl 
interaction, and late-cycle swirl level reduced by the flow-ducts inter
action) could lead to higher engine-out soot emissions for DFI compared 
to CDC.

Therefore, while promising results have been achieved with DFI in 
test vessel experiments, it is still of paramount importance to investigate 
DFI under realistic engine conditions to provide essential information 
targeted at the successful implementation of this concept. Among the 
facilities supporting this kind of research, the Sandia Compression- 
Ignition Optical Research Engine (SCORE) has played a crucial role for 
the advancements in this field so far. This 1.72 L single-cylinder engine 
offers optical access to the combustion chamber through a fused-silica 
window integrated into a flat piston bowl with a vertical side, 
enabling in-depth visualization of DFI behavior in an engine environ
ment. In Table 1 the experimental and numerical works about DFI 
performed on the SCORE case study are reported.

Focusing on the experimental studies reported in Table 1, they 
generally pointed out that DFI can maintain remarkable soot reduction 
benefits inside a CI engine working up to 22 bar gross indicated mean 
effective pressure (IMEPg), using a two-hole or four-hole injector of 

Table 1 
Published experimental and numerical investigations on DFI using the SCORE case study.

Investigators Method Injector 
N◦holes x 
μm

IMEPg 
[bar]

Fuel Highlights

Nilsen et al. 
[21]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

2 × 110 2.6 CFA Proof-of-concept of DFI implementation in a CI engine combustion 
chamber

Nilsen et al. 
[22]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

4 × 110 2.5÷ 8.7 CFB Demonstration of the DFI capability to break the soot/NOx trade- 
off with dilution and attenuate engine-out soot emissions under a 
wide range of operating conditions

Nilsen et al. 
[23]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

4 × 110 1÷10 CFB Investigation of DFI at higher load conditions, highlighting the 
need for calibration for optimal DFI operation, due to late-cycle 
soot formation

Mueller et al. 
[24]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

2 × 110 2.6 MD25, T25 Demonstration of synergies between DFI and oxygenated fuels in 
terms of soot formation reduction

Nilsen et al. 
[25]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous, particle mass and particle 
number), and optical diagnostics)

4 × 110,175 6.8÷13.4 CFB Study on the impact of larger injector nozzle diameter (to enable 
higher load levels) on DFI performance and correlations with duct 
geometry variation

Wilmer et al. 
[26]

EXP 
(In-cylinder pressure and exhaust 
emissions (particle mass and number) 
diagnostics)

4 × 175 13.3 CFB Study on the impact of DFI on the particle number (PN) and the 
particle mass (PM) distributions, demonstrating that DFI produces 
both lower PN and lower PM for particulate matter >23 nm in size

Nyrenstedt 
et al. [27]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

4 × 175 1÷10 CFC, HEA00, 
HEA33, 
HEA67

Study on the coupling of DFI with low-lifecycle-CO2 fuels to meet 
heavy-duty future on-road and off-road emissions regulations for 
California, aiming at undersizing the amount of aftertreatment

Sener et al. 
[28]

CFD 
(RANS)

4 × 110 6.8 Diesel #2 Study on the impact of DFI on heat transfer

Buurman et al. 
[29]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

4 × 221 6÷22 R80B20 Demonstration of DFI capability to properly work up to full load 
conditions by using larger injector orifices, highlighting the 
potential need for combustion system adjustments for optimal 
performance

Yraguen et al. 
[30]

EXP 
(In-cylinder pressure, exhaust emissions 
(gaseous and particle mass), and optical 
diagnostics)

2,4 × 110 0.7÷8.7 CFA, CFB Study on the impact of the number of ducts on the DFI performance 
and investigation to mitigate late-cycle soot production

Liu et al. [31] CFD 
(RANS)

4–8 × 175 10 Diesel #2 Study on the impact of several engine parameters (swirl ratio, 
piston geometry, compression ratio, number of injector orifices, 
split injection strategy, and EGR) on DFI performance to define 
trends for DFI combustion systems optimization

Sener et al. 
[32]

CFD (RANS) 4 × 110 6.8 Diesel #2 Study on the impact of spray-duct horizontal, vertical, and 
rotational misalignments on DFI performance
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various nozzle hole diameters. Moreover, these investigations high
lighted that DFI could break the conventional soot/NOx trade-off with 
dilution, achieving simultaneous reductions in soot and NOx emissions 
thanks to high EGR rate, even meeting regulatory targets without after- 
treatment systems under certain conditions [22,27]. In addition, some of 
these studies demonstrated the possibility to couple DFI with low-
lifecycle-CO2 fuels, as needed in a low-soot low-lifecycle-CO2 scenario 
for heavy-duty CI engine-based transportation.

Focusing on the numerical side, computational fluid dynamics (CFD) 
can be a game changer in the DFI development process, by providing a 
deeper understanding of phenomena that experiments cannot readily 
measure and by boosting the amount of data generated as a virtual test 
rig. Particularly, considering the numerical works cited in Table 1, they 
have provided valuable contributions to understanding heat transfer 
[28], optimization strategies [31], and the influence of geometric tol
erances [32]. Although the predictive capabilities of the used models 
were in line with the scope of these works, they were not proved when 
varying configuration — such as from CDC to DFI — and/or operating 
conditions, while keeping the numerical setup parameters constant. This 
approach does not ensure solution accuracy if these models are 
employed for fully predictive analyses, especially when hard-to-predict 
quantities (e.g., soot emissions) are of interest. Moreover, the validation 
methodology employed in these studies only relies on macroscopic 
variables such as in-cylinder pressure, burn rate, and engine-out emis
sions, while the local phenomena that are fundamental for CFD in
vestigations are not addressed. For this purpose, validation against 
optical images is of paramount importance to ensure the reliability of 
CFD models in capturing spatially distributed phenomena, diving into 
flame structures and soot distributions, thus assessing model accuracy. 
In this context, a robust methodology to consistently compare CFD re
sults with optical data is also crucial.

Therefore, this study aims at defining a high-fidelity 3D-CFD model 
for the SCORE under both CDC mode and DFI mode over multiple 
operating points, leveraging on the experimental dataset presented in 
[27] and the associated optical data related to OH* chemiluminescence 
and natural luminosity. In particular, the combustion and emissions 
formation processes were validated in terms of both aggregated values 
(i.e., pressure and burn-rate traces, engine-out soot and NOx emission 
values) and local values (i.e., LOL and flame evolution). Furthermore, an 
ad hoc methodology was employed to obtain a virtual soot NL signal 
starting from 3D-CFD variables, and the outcomes were compared 
against the experimental soot NL distributions and their spatially inte
grated values, thus obtaining an indirect validation of the complex and 
notoriously difficult-to-predict in-cylinder soot formation and oxidation 
processes.

2. Experimental setup

2.1. Optical engine, fuel-injection system, and operating conditions

The single-cylinder optical-engine configuration used for the exper
imental aspects of this study had 1.72-liter displacement, 125-mm bore, 
140-mm stroke, and 12.0-MPa peak cylinder pressure. This configura
tion has been described in detail elsewhere [4,22]. The experimental 
data presented herein were acquired as part of the campaign described 
in [27], which employed a solenoid common-rail fuel injector with a 
four-orifice nozzle, an orifice diameter of 0.175 mm, and a spray um
brella angle of 140◦. The DFI strategy used a four-duct module featuring 
a 3.0-mm duct inside diameter (D), 12.0-mm duct length (L), 3.0-mm 
gap (G) between the injector orifice outlet and the duct inlet plane, 
and a rounded duct inlet with a tapered duct outlet, i.e., a D3L12G3δ 
configuration [7]. The reader is directed to Figs. 1, 2, 4, and 5 of [22] for 
additional details regarding duct geometry and installation.

Data were acquired for both CDC and DFI combustion strategies with 
diesel fuel at two engine speed/load conditions: 10 bar IMEPg at 1200 
rpm and 1 bar IMEPg at 700 rpm, each at two or three dilution levels, as 

described in [27]. The 1 bar IMEPg / 700 rpm condition is representative 
of idle, while the 10 bar IMEPg / 1200 rpm condition is representative of 
mid-load operation. Higher-load conditions could not be studied due to 
the 12.0-MPa peak cylinder pressure limit of the optical-engine config
uration used for this work (the optical engine has been upgraded sub
sequently to enable operation to 20.0-MPa peak cylinder pressure [29]).

2.2. Optical diagnostics and post-processing

Simultaneous, high-speed images of natural luminosity (NL) and 
electronically excited hydroxyl‑radical (OH*) chemiluminescence (CL) 
were acquired through a UV-grade synthetic fused-silica window in the 
bowl of the piston during the combustion events for each speed/load 
condition and combustion strategy. The NL images were acquired using 
a Photron SA-Z monochrome CMOS camera operating in 640 × 640- 
pixel format and fitted with a Nikon 105-mm, f/2.8, visible lens. A 
600-nm short-wave-pass filter and a 3-mm-thick piece of Schott KG-3 
filter glass were placed in front of the NL camera lens to suppress 
infra-red contributions from hot water vapor to the measured NL signal. 
The OH* CL images were acquired using a second Photron SA-Z 
monochrome CMOS camera operating in 640 × 640-pixel format and 
fitted with a Lambert HiCATT lens-coupled image intensifier with ul
traviolet (UV) sensitive S20 photocathode and P46 phosphor (decays to 
1% in 2 µs), a Nikon 105-mm f/4.5 UV lens, and a 310-nm bandpass 
filter. The NL and OH* CL cameras were arranged as shown in Fig. 2 of 
[4], and the resulting raw images were processed according to methods 
detailed therein to yield spatially integrated natural luminosity (SINL) 
and flame LOL, respectively, as functions of engine crank-angle. At least 
three engine runs were conducted at each operating condition, and a 
sequence of high-speed NL and OH* CL images was acquired for the first 
seven fired cycles of each run. By the seventh image sequence, the upper 
surface of the piston window typically became sufficiently fouled by soot 
deposition to warrant cleaning before the acquisition of further imaging 
data. It is worth specifying that both OH* CL and NL signals were highly 
repeatable from one cycle to the next at the conditions studied herein. 
Therefore, throughout the manuscript, only single-cycle experimental 
pictures will be presented to help appreciate potential differences be
tween simulations and experiments.

3. Simulation methodology

3.1. Overview

The aim of this study is the development of a high-fidelity 3D-CFD 
numerical model for the SCORE under both CDC mode and DFI mode. 
This 3D-CFD activity was conducted on the commercially available 
software CONVERGE CFD 3.1 [33].

The 3D-CFD setup development process follows the same method
ology as described in [34], thus including spray model calibration, 
full-cylinder cold-flow simulations, and sector combustion simulations.

3.2. Spray model

In this work, the spray was modelled though the Lagrangian particle 
tracking approach, whose sub-models were properly calibrated. Since 
the experimental spray data were not available for the injector used in 
the engine experimental campaign, the calibration process was carried 
out against the Engine Combustion Network (ECN) “Spray D” conditions 
[35,36], given the similar nozzle hole geometry. The injected fuel, both 
liquid and vapor phases, is n-dodecane. Concerning the grid settings, the 
domain was meshed with a Cartesian grid reaching 0.125 mm of mini
mum grid size through both fixed refinement regions and the adaptive 
mesh refinement (AMR) technique [33]. The detailed list of spray 
sub-models is reported in Table 2.

Fig. 1 reports the outcomes of the calibrated spray model in terms of 
liquid and vapor penetrations compared to the experimental data (both 
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average values and standard deviation bands). The simulated liquid 
penetration is defined as the radius of a sphere centred in the nozzle hole 
which contains 99% of the total liquid mass at each time instant, while 
the simulated vapor penetration is the longest distance between the 
nozzle hole and the cells which feature a fuel vapor mass fraction higher 
than 0.1%.

Generally, good agreement is obtained between simulation and 
experiment, with well-captured transient behaviors for both the pre
dicted liquid and vapor penetrations curves which fall in the experi
mental standard deviation band for most of the time. Although the 
stabilized liquid length is slightly underestimated, the error with respect 
to the experimental standard deviation band can be considered accept
able, especially because lower values for stabilized liquid length have 
been measured by other studies under the same Spray D conditions [44,
45]. In light of this, this 3D-CFD spray model was employed in the 
subsequent engine simulations.

3.3. Full-cylinder cold flow simulation

Since the experimental optical engine was operated in a skip-fired 
mode, the full-cylinder cold flow simulations were initialized to simu
late the gas exchange process between the last skip-fired cycle and the 
firing cycle, from the exhaust valve opening (EVO) up to the end of the 
compression stroke. An overview of the simulated full-cylinder geome
try is reported in Fig. 2. Concerning the boundary conditions for the 

intake and exhaust flows, species concentration, temperature, and 
pressure values were provided at the tank level by creating two semi- 
spheres positioned upstream and downstream of the intake and 
exhaust runners, respectively. The diameters of these semi-spheres were 
set to three times the equivalent runner diameter. The heat transfer was 
described by the O’Rourke and Amsden model [46].

The outcomes of this 3D-CFD setup showed good agreement with 
experimental measurements in terms of in-cylinder trapped mass and 
pressure values during compression stroke for both CDC and DFI.

Fig. 3 shows the tangential velocity distribution at start of injection 
(SOI) for both CDC and DFI configurations. The comparison reveals 
differences in the flow field, with the DFI configuration exhibiting lower 
tangential velocity near the injector. From these simulations, two 
different variable mappings at intake valve closure (IVC) were extracted 
to initialize the corresponding sector combustion simulations. Given the 
inherent variability among sectors, the most representative ones in 
terms of temperature, pressure, and turbulence have been chosen by 
comparison with the full-cylinder average values.

3.4. Sector combustion simulation

Sector combustion simulations were performed from IVC to EVO. 
The computational domain was meshed with a Cartesian grid featuring a 
base grid size of 1 mm and a minimum grid size of 0.125 mm for the CDC 
and 0.0625 mm for the DFI. In particular, fixed refinements were applied 
to the cylinder walls (up to 0.5 mm), to the injector (up to 0.125 mm) 
and, for the DFI configuration, also in the duct region. Furthermore, the 
AMR technique was adopted leading to local refinements based on 
temperature gradients (up to 0.25 mm), on velocity gradients (up to 

Table 2 
3D-CFD spray model setup.

Turbulence model RANS - Standard k-eps [37] (with round-jet 
correction [38])

Liquid injection Blob Model [39]
Droplet turbulent 

dispersion
O’Rourke model [40]

Spray Breakup KH-RT model [41]
Evaporation Frossling with boiling model [40]
Droplet drag Dynamic drop drag [42]
Collision model NTC collision model [43]

Fig. 1. Experimental (black) and 3D-CFD (red) liquid and vapor penetrations as 
a function of time, with solid lines representing the average values and shaded 
bands representing the standard deviation. Operating conditions: Tinj = 363 K, 
Pinj = 1500 bar, Tback = 900 K, Pback = 60 bar. Experimental data taken 
from [36].

Fig. 2. Full-cylinder geometry for the 3D-CFD setup. The intake port and valves 
are shown in blue, while the intake flow boundary is in light blue. The exhaust 
port and valves are shown in red, while the exhaust outflow boundary is in 
orange. The in-cylinder region is colored gray. The image is taken at IVC (− 153 
deg aTDCf).
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0.125 mm), and on y+ values at the duct wall (up to 0.0625 mm). This 
latter was important to correctly describe flow/wall interaction inside 
the duct by means of the wall function, forcing y+ to locally remain in 
the range between 30 and 100. A sketch of the mesh structure high
lighting each refinement technique is reported in Fig. 4, considering a 
time instant during the injection event (5 deg aTDCf).

The in-cylinder turbulence is described by the Reynolds-averaged 
Navier-Stokes (RANS) Standard k-ε model with the so-called “round 
jet correction” (Cε1 = 1.55), commonly known to better predict the jet 
penetration [38], as in the spray simulations. For engine simulation, the 
liquid phase is introduced into the computational domain as Diesel#2, 
transitioning to n-heptane upon evaporation. For the combustion pro
cess, the SAGE detailed chemistry solver was employed, with the Skel
etal Zeuch combustion mechanism for n-heptane (n-C7H16) [47]. Due to 
the PAH reactions embedded in this mechanism, the detailed particulate 
mimic model [48] was utilized for soot emissions computation. For NOx 
emissions, the thermal NOx model based on Zel’dovich reactions was 
employed [49]. It is worth noting that the final model is the same for 
both CDC and DFI configurations, with no specific adjustments made for 

the different configurations. A summary of the models used in the sector 
model setup is reported in Table 3.

3.5. Post-processing methodology

The model validation has been performed analyzing both macro
scopic quantities (e.g., pressure trace, burn rate, engine-out emissions) 
and local quantities (e.g., flame evolution, LOL, soot NL).

Regarding local quantities, the need for a consistent comparison 
against experimental data led to the utilization of ad hoc post-processing 
procedures for both flame visualization and CFD-derived soot natural 
luminosity. Indeed, first, CFD flame evolution was compared with OH* 
chemiluminescence images, then, CFD soot concentrations were 
compared with soot natural luminosity images.

3.5.1. Flame visualization
To enable a consistent comparison with the experimental OH* 

chemiluminescence, the 3D data were first interpolated onto a homo
geneous structured grid with cells dimensions equal to the optical im
ages’ pixel size. Then, similarly to [51], the OH mole fraction was 
integrated over the total cell volume along the line-of-sight (LOS, i.e., 
distance in the z-direction from the top of the piston window to the 
firedeck), thus obtaining a two-dimensional projection of the flame. In 
other words, assuming that the experimental OH* chemiluminescence 
intensity is proportional to its concentration along the LOS, the absolute 
mole number of OH molecules along each LOS (Eq. (1)) was employed to 
reconstruct the planar flame visualization. 

OHmoles, projected =

∫

LOS

nOHdV (1) 

It is worth highlighting that the ground-state OH concentration was 
herein used instead of the OH* radicals concentration, since the latter 

Fig. 3. Tangential velocity Uϑ at SOI for both CDC (left) and DFI (right) in a horizontal plane passing through the center of the duct exit (same height for CDC). 
Working point: 10 bar IMEPg at 1200 rpm and 16% O2 concentration.

Fig. 4. Mesh adopted for sector combustion simulations, in DFI configuration, 
during fuel injection (5 deg aTDCf) on a plane containing the cylinder axis and 
the duct axis.

Table 3 
3D-CFD setup summary for sector combustion simulations.

Turbulence model RANS Standard k-ε [37] (with round jet correction [38])
Heat Transfer model O’ Rourke and Amsden model [46]
Spray/wall interaction Rebound/slide model [50]
Combustion model SAGE detailed chemistry solver
NOx model Extended Zel’dovich mechanism [49]
Soot formation/ 

oxidation
Particulate Mimic model [48]
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specie was not available in the validated combustion mechanism. 
Consequently, it was assumed that there is a thermal equilibrium be
tween OH and its excited counterpart OH*, as in [52].

Concerning the computation of the flame LOL, it was instead deter
mined as the “first axial location of the Favre-averaged OH mass fraction 
reaching 2% of its maximum in the domain”, according to the ECN 
modelling standards [35].

3.5.2. CFD-derived soot natural luminosity
A proper post-processing methodology was adapted from [53] to 

replicate soot NL starting from the outputs of the 3D-CFD simulations. 
Despite the strong relationship between the intensity of the NL signal in 
a given region and the amount of soot in the same region, other physical 
quantities also play a role. A particle of soot, indeed, is characterized by 
its own emissivity, and the emissivity of a particle depends on its tem
perature [54]. Furthermore, transmissivity, camera spectral response as 
well as the position of the camera play an important role. For this reason, 
all these effects were taken into account in the developed methodology.

The intensity of radiation of a soot particle can be computed as in Eq. 
(2): 

Isoot = Ibb*εsoot (2) 

where Ibb denotes the intensity of radiation of a black body, and εsoot is 
the soot particle emissivity. Ibb can be computed according to the 
Planck’s law (Eq. (3)): 

Ibb =
C1

λ5

⎡

⎣e

(
C2
λT

)

− 1

⎤

⎦
(3) 

where C1 = 1.1910439⋅10 − 16 W⋅m2 /sr and C2 = 1.4388⋅10 − 2 m⋅ 
k (both from [55]), λ is the signal wavelength in m, and T is the soot 
particle temperature in K. εsoot has been computed as in Eq. (4) [53]: 

εsoot = 1 − exp
(

−
gfvLCFD

λα

)

(4) 

With g = 6.3 μm− 1 [53], fv soot volume fraction, LCFD the length of the 
considered cell in m, and α empirical function dependent on the 
considered wavelength, expressed by Eq. (5) [53]: 

α = 1.22 − 0.245*ln(λ[μm]) (5) 

Since the target intensity of radiation is not related to a single isolated 
computational cell but to a cell within a three-dimensional domain, it is 
crucial to account for the contribution from adjacent cells along the 
same LOS. This represents a group of cells with the same x and y co
ordinates but varying z-positions. As a result, for each cell of a given LOS 
the intensity of radiation can be derived as the one of the cell itself plus 
the contribution of the cell upstream of the signal direction, influenced 
by the transmissivity of the soot particles inside the cell. This logic was 
implemented in an integration process that begins with the first cell at 
the bottom of the combustion chamber, moves towards the cylinder 
head, and then returns towards the bottom of the chamber, whose final 
signal is the one recorded by the camera. The reflectivity index (ρwall) of 
the cylinder head was also taken into account for the cell adjacent to the 
head wall. A schematic representation of this integration process is 
provided in Fig. 5, taken from [55]. Finally, this integration process was 
executed over the relevant wavelength range, incorporating the cam
era’s spectral response (Cλ) and the area of the optical window (A), as in 
Eq. (6): 

NLCFD =

∫650 nm

400 nm

(
Iλ,out ⋅A⋅Cλ

)
dλ (6) 

For this work, the relevant wavelengths range was set to 400–650 

nm, consistently with the experimental setup.
It is noteworthy that the CFD SINL signal was then obtained by 

simply spatially integrating the 2D NL distribution resulting from the 
described procedure.

For the sake of clarity, it is important to point out the assumptions 
that have been introduced in the present methodology. First, since soot 
was considered as an aerosol species uniformly distributed within each 
computational cell, as also applied in [53], the soot particle temperature 
was assumed equal to the mean temperature of the computational cell. 
Although this choice eliminates potential temperature differences be
tween soot particles and surrounding gas, a temperature difference 
lower than 1 K was observed under thermal equilibrium between gas 
and soot in [56]. Second, the emitted radiation was attributed exclu
sively to soot, thus neglecting contributions from other species present 
in the cell. In other words, the surrounding gas was assumed to be 
completely transparent. Third, assuming a sufficiently large distance 
between emitters and detector, soot particles were assumed to emit light 
only in the vertical direction, thus neglecting their homogeneous 
directionality and the resulting multiple scattering effects. Accordingly, 
the total intensity of radiation for each cell was computed as the sum of 
its own contribution and that of adjacent cells along the LOS, while 
neglecting contributions from all other directions.

4. Results

This section presents the validation of the model across all the 
available working points, focusing on the model’s capability to predict 
main combustion results, engine-out emissions, and soot formation/ 
oxidation processes.

4.1. Combustion and flame evolution

In Figs. 6 and 7, experimental and predicted pressure traces and burn 
rates at the medium load condition are reported for CDC and DFI, 
respectively, for each oxygen concentration available (21%, 18%, and 
16% for CDC; 16% and 14% for DFI). Accurate predictions are achieved 
for both configurations at each oxygen concentration level. Indeed, 
ignition delay (ID), premixed combustion intensity and late combustion 

Fig. 5. Scheme for the line-of-sight (LOS) integration. Reproduced from [55].
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phase are well replicated by the model, and only the mixing-controlled 
combustion phase is slightly underestimated. This underestimation 
might be attributed to the use of a slightly different injector during spray 
calibration, as abovementioned (i.e., “spray D” featuring similar geom
etry with the injector under investigation, for which experiments were 
not available).

The introduction of a duct in the domain does not introduce any 
reduction of the accuracy of the model, highlighting its reliability.

The good agreement between experimental data and simulation re
sults can be observed also in Fig. 8, presenting the comparison between 
the simulated and the experimental main combustion parameters 
(combustion anchor angle, MFB50 (a); combustion duration, MFB10–75 
(b); maximum pressure value (c) and phasing (d)) as correlation plots for 
both CDC and DFI configurations.

In Fig. 9, experimental and simulated ID values are collected for both 
CDC and DFI as a function of the oxygen concentration level. As can be 
seen, the simulation well predicts both absolute values and trends 

changing dilution or configuration, showing a maximum error lower 
than 0.5 deg. In particular, the DFI configuration consistently exhibits a 
longer ID which leads to a more pronounced premixed burn, as depicted 
in Fig. 10, where CDC and DFI pressure and burn rate traces are 
compared for both experiments and simulations for the case with 16% 
oxygen concentration. As can be observed, the simulations successfully 
capture also the other main macroscopic features of DFI combustion 
with respect to the CDC, such as the more intense mixing-controlled 
combustion phase and the faster burn-out, resulting in slightly higher 
maximum pressure values.

Looking at the flame local evolution inside the combustion chamber, 
in Fig. 11 the OHmoles, projected distribution against the corresponding 
experimental OH* chemiluminescence is reported for both CDC and DFI 
after the end of the injection (i.e., 12.5 deg aTDCf). It is noteworthy that 
the CFD flames are mirrored from the single sector outcome for visual
ization purposes.

In general, the flame evolution is well described, showing high 
similarity between experimental images and CFD-derived ones for both 
CDC and DFI configurations. Notably, the flame-to-flame interaction 
regions exhibit higher luminosity compared to the injection axis region, 
a characteristic captured in both experimental and CFD images. Addi
tionally, in experimental OH luminosity images, the near-wall regions 

Fig. 6. Injection rate (gray), experimental (black) and 3D-CFD (red) in-cylinder 
pressure and burn rate under CDC conditions at 10 bar IMEPg and 1200 rpm for 
21% (a), 18% (b), and 16% (c) oxygen concentration. Black arrows indicate the 
reference y-axis.

Fig. 7. Injection rate (gray), experimental (black) and 3D-CFD (blue) in- 
cylinder pressure and burn rate under DFI conditions at 10 bar IMEPg and 
1200 rpm for 16% (a) and 14% (b) oxygen concentration. Black arrows indicate 
the reference y-axis.
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exhibit almost negligible luminosity for both CDC and DFI configura
tions while the CFD-derived images show the flame attached to the 
walls. This discrepancy could be attributed to experimental visualization 
being hindered by contamination, such as deposits on the optical win
dow, which may obscure the near-wall regions.

Comparing CDC and DFI, differences emerge in the flame behavior: 

the DFI exhibits a higher degree of flame recirculation, with the flame 
propagating back toward the injector region faster. This behavior is 
observable in both simulation and experimental pictures to a similar 
extent. It is worth noting that, since this increased recirculation can lead 
to re-entrainment of hot combustion products in the duct in cases of 
relatively long injection durations [23], its correct prediction is impor
tant. Additionally, both experimental and CFD-derived images show 
that DFI features a longer LOL than CDC. To provide a broader overview 
on this latter aspect, in Fig. 12, a quantitative comparison of the 
experimental and predicted LOL values at the end of the premixed burn 
(EOPMB) and the end of the injection (EOI) are reported for both CDC 
and DFI at each oxygen concentration level. The experimental LOL data 
shown in Fig. 12 have been arithmetically averaged and standard de
viations calculated over each of the four sprays and for seven to 21 
replicates at the crank angle of interest, for a total of 28 to 84 individual 
measurements at EOPMB and at EOI. CDC at 21% O2 had seven repli
cates; CDC 18% O2, CDC 16% O2, and DFI 16% O2 had 14 replicates 
each; and DFI 14% O2 had 21 replicates.

Generally, the main trends changing dilution or configuration are 
respected, such as higher LOL when dilution increases and when the 
duct is implemented in front of the injector tip. At EOPMB, LOL values 
are correctly captured apart from a certain underestimation for the CDC 
at 18%. At the EOI, a general underestimation is present for analyzed 
cases, but the differences remain within a reasonable range, thus high
lighting the reliability of the CFD model. Specifically, the error observed 
in the CFD simulations is below 5 mm, lower than the experimental 
deviation interval (expressed by the 2-sigma deviation in Fig. 12). 
Considering the 16% O2 case in DFI configuration, it is possible to notice 
how the CFD-derived LOL at the EOI is anchored to duct exit (i.e., about 
15 mm), differently from experiments, where an approximately 4-mm 
gap between duct outlet and autoignition region seems preserved. The 
underlying reasons behind this behavior are currently under study to 
improve model predictions: the unsuited spray model and the neglected 
turbulence-chemistry interaction could explain these discrepancies 
[11]. However, this difference does not impact in a significant way the 
DFI capability to abate soot formation according to the model, also 
because this does not generate any detrimental in-duct combustion 

Fig. 8. Main combustion parameters correlation plots between experimental 
data and simulation results with oxygen concentration sweep: MFB50 (a); 
MFB10–75 (b); pressure peak value (c); crank angle at pressure peak value (d), 
for both CDC (red) and DFI (blue) configurations. Working point: 10 bar IMEPg 
at 1200 rpm.

Fig. 9. Experimental (dashed line and square marker) and 3D-CFD (continuous 
line and circle marker) ignition delay for both CDC (red) and DFI (blue) as a 
function of O₂ concentration. Working point: 10 bar IMEPg at 1200 rpm.

Fig. 10. In-cylinder pressure and burn rate for both CDC (red) and DFI (blue) at 
10 bar IMEPg and 1200 rpm (16% O2), with experimental results shown as 
dashed lines and 3D-CFD simulation results as solid lines. Black arrows indicate 
the reference y-axis.
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event, as known in the literature [13,14].
Finally, the CFD model effectively captures the overall flame evo

lution, and the key phenomena associated with both configurations, 
providing valuable insights into their respective behaviors.

4.2. Emissions and CFD-derived soot natural luminosity

Fig. 13 presents the experimental and simulated engine-out soot/ 
NOx trade-off with dilution, in terms of indicated specific emissions, for 
both CDC and DFI. The values were normalized with respect to the CDC 
case at 16% O₂.

In general, the emissions values are well captured for both configu
rations, with good agreement in terms of NOx and soot apart from the 
CDC case at 21% O2, which is underestimated by the model. This un
derestimation may be linked to the soot reaction chemistry of the 
employed skeletal combustion mechanism, which was employed over a 
relatively large range of oxygen concentrations. The main trends are also 
respected by the model, such as the opposite behavior of soot and NOx 
emissions when the O₂ concentration changes, and the impact of the 
duct presence on both soot and NOx. Regarding this latter point, the 
model reasonably predicts the remarkable soot reduction when 

transitioning from CDC to DFI: 72% reduction for CFD against 80% 
reduction for experiments at 16% O2. The model also captures the higher 
NOx levels observed for the DFI configuration in comparison with the 
CDC: 3% increase for CFD against 15% increase for experiments at 16% 
O2, consistent with the more intense premixed burn. Therefore, even 
though some underestimations are present, the model was considered 
robust in predicting emissions, since it was capable to capture the main 
behaviors of the soot/NOx trade-off.

To assess the capability of the model to predict the in-cylinder soot 
formation and oxidation processes, Fig. 14 shows the experimental NL 
images against the corresponding CFD-derived NL distributions, 
computed according to the methodology explained in Section 3.5, for 
both CDC and DFI configurations at 16% O2. Four time instants were 
selected for the comparison during both soot-formation and soot- 
oxidation phases. It is worth noting that, for experiments, single-cycle 
experimental data are shown rather than ensemble-averaged one.

In general, the CFD predictions are in good agreement with the 
experimental images for both CDC and DFI configurations, effectively 
capturing the temporal evolution of soot luminosity at all considered 
time instants. For both configurations, the CFD images accurately 
reproduce the increased soot luminosity observed between 2 and 10 CA 

Fig. 11. Experimental (left) OH* chemiluminescence images for CDC and corresponding CFD-derived OH distributions (right) for both CDC (top) and DFI (bottom) 
configurations at 12.5 deg aTDCf illustrating the flame recirculation (red arrows for CDC, blue arrows for DFI). CFD flames are mirrored for improved visualization. 
Working point: 10 bar IMEPg, 1200 rpm, and 16% O₂.
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deg aTDCf, which corresponds to a phase where the soot formation rate 
is dominant over the oxidation rate. Looking at 20 CA deg aTDCf, both 

CDC and DFI configurations show higher soot luminosity in the region 
where the flames interact while near-zero luminosity in the injector axis 
region is present. This common feature indicates that the interaction 
between the two flames as well as the entrainment processes after the 
EOI are well represented in both cases.

Furthermore, the robustness of the model is highlighted in capturing 
the differences in the soot behavior between CDC and DFI, which are 
similar to the ones emerging from experimental images. For instance, at 
10 CA deg aTDCf, the model correctly replicates the stronger flame-to- 
flame interaction in the DFI case, leading to larger luminosity differ
ences between the center and the side of each flame. This behavior is 
driven by the abovementioned faster flame recirculation which leads to 
soot clouds closer to the center of the chamber for the DFI, near the duct 
exit at 20 CA deg aTDCf for both experimental images and CFD pre
dictions. Although the injection is over by this time (see Figs. 6 and 7), 
the prediction of this aspect is important because it could negatively 
impact the soot oxidation process due to the lower temperatures in the 
duct region (due to heat losses to the ducts) and reduced oxygen avail
ability (due to the volume occupied by the duct assembly). Moreover, at 
this time instant, the overall soot luminosity trend begins to diverge 
between CDC and DFI, with the luminosity starting to decrease for DFI, 
whereas for CDC it continues to increase in both experiments and sim
ulations. Indeed, at 30 CA deg aTDCf, soot NL is nearly absent in the DFI 
case, while CDC still exhibits residual luminosity with the soot 
concentrated in a single central cloud, according to both experimental 
observations and CFD predictions.

In order to have a more quantitative description of the NL intensity in 
the combustion chamber, the experimental and simulated SINL is shown 
in Fig. 15 for both CDC and DFI at each O2 concentration level. Exper
imental and CFD curves have been normalized with respect to the cor
responding maximum value of the CDC case at 16% O2.

Focusing on the CDC, the CFD SINL curves at each O2 level are very 
similar to the experimental ones in terms of both values and temporal 
windows, confirming the reliability of the model and the effectiveness of 
the NL post-processing procedure. When transitioning to the DFI anal
ysis, the trend of SINL with O₂ was well-captured by the CFD model, 
although some slight discrepancies emerge in terms of absolute values 
compared to the CDC and comparing the temporal window between the 
16% and the 14% O2 level. These discrepancies could be related to lower 
predicted flame temperatures in the DFI case, due to the underestimated 
LOL compared to the experimental data. However, it is worth noting that 
the experimental and numerical SINL curves start to fall at a very similar 
time instant, thus pointing out the correct representation of the balance 
between soot formation and oxidation for each oxygen concentration 
also for the DFI case study. Moreover, as mentioned above, the reduction 
of the SINL temporal window moving from CDC to DFI at 16% O2 is 
correctly reproduced by the model.

In conclusion, the overall good agreement between experiments and 
simulations indicates that, on the one hand, the developed CFD model of 
the optical engine effectively captures the main characteristics of the 
soot formation and oxidation processes, substantiating its reliability for 
predictive analyses; on the other hand, the presented methodology to 
derive soot NL values from CFD can effectively work, potentially giving 
robustness to models thanks to accurate validation against optical im
ages, and paving the way to large improvements in the development of 
high-fidelity CFD models for CI engines and diesel combustion in 
general.

5. Conclusions

The aim of this work is the development of a high-fidelity compu
tational fluid dynamics (CFD) model for the Sandia Compression- 
Ignition Optical Research Engine (SCORE) under both conventional 
diesel combustion (CDC) mode and ducted fuel injection (DFI) mode. 
For this purpose, the same model (without any adjustment when con
ditions changed) was thoroughly validated against experimental data 

Fig. 12. Experimental (dashed line and square marker) with 2-sigma deviation 
bars and 3D-CFD (continuous line and circle marker) lift-off length (LOL) for 
both CDC (red) and DFI (blue) as a function of O₂ concentration: (top) end of 
premixed burn (EOPMB), (bottom) end of injection (EOI). Duct exit position 
highlighted with horizontal black dashed lines. Working point: 10 bar IMEPg at 
1200 rpm.

Fig. 13. Normalized experimental (dotted line) and 3D-CFD (solid line) soot/ 
NOx trade-off for both CDC (red) and DFI (blue) configurations, varying O2 
concentration level. Working point: 10 bar IMEPg at 1200 rpm.
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related to two load conditions (10 bar IMEPg at 1200 rpm and 1 bar 
IMEPg at 700 rpm), two configurations (CDC and DFI), and four oxygen 
concentrations (14%, 16%, 18%, and 21%). Key findings of the valida
tion process follow. 

• Macroscopic combustion behavior: the model successfully captured 
main combustion characteristics in terms of pressure traces and burn 
rate for each working point, O2 concentration, and configuration.

• In-cylinder flame evolution: the flame structure and lift-off length 
(LOL) were well predicted, validating the model’s ability to replicate 
in-cylinder flow-field and combustion characteristics.

• Soot-NOx trade-off with dilution: simulated results accurately 
reproduced the trade-off, simultaneously capturing the impact of the 
O2 concentration variation and of the duct presence.

• Soot natural luminosity (NL): a novel methodology was developed to 
replicate soot NL using 3D-CFD outputs (e.g., soot volume fraction, 
temperature, etc.). This enabled a visual comparison with optical NL 
images, contributing to the model validation in terms of in-cylinder 
soot formation and oxidation processes for each configuration and O2 
concentration level. This model validation methodology is one of the 
major innovative outcomes of the present study. This thoroughly 
validated model can thus be exploited for high-fidelity predictive 
analysis for improved understanding and optimization of DFI 
technology.

In conclusion, the model demonstrated strong predictive capabilities 
for both CDC and DFI analysis, accurately replicating key phenomena. 
This suggests its suitability for future investigations, such as duct ge
ometry optimization, engine virtual calibration, and impact of multi- 

Fig. 14. (a) Soot natural luminosity (NL) for CDC, (b) corresponding CFD-derived NL images, (c) experimental soot natural luminosity for DFI, and (d) corresponding 
CFD-derived NL images for four time instants (2, 10, 20, and 30 deg aTDCf) at 10 bar IMEPg, 1200 rpm, and 16% O₂. Videos for each oxygen concentration are 
available in the Supplementary material.

Fig. 15. Experimental (left) with standard deviation and CFD-derived (right) 
spatially integrated natural luminosity (SINL) as a function of crank angle for 
CDC (top) and DFI (bottom) at various O₂ concentrations: 14% (dash-dotted 
line); 16% (solid line); 18% (dashed line); 21% (dotted line). Working point: 10 
bar IMEPg at 1200 rpm.
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injection strategies with DFI.

Abbreviations

3D 3-dimensional
AMR Adaptive mesh refinement
aTDCf After top dead center firing
CDC Conventional diesel combustion
CFD Computational fluid dynamics
CI Compression-ignition
DFI Ducted fuel injection
ECN Engine Combustion Network
EGR exhaust gas recirculation
EOI End of injection
EOPMB End of premixed burn
EVO Exhaust valve opening
ID Ignition delay
IMEPg gross indicated mean effective pressure
IVC Intake valve closure
KH-RT Kelvin–Helmholtz and Rayleigh–Taylor
LLFC Leaner lifted-flame combustion
LOL Lift-off length
LOS line-of-sight
MFB Mass fraction burned
NL Natural luminosity
NOx Nitrogen oxides
RANS Reynolds-averaged Navier-Stokes
SCORE Sandia compression-ignition optical research engine
SINL Spatially integrated natural luminosity
SOI Start of injection
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[20] Pastor JV, Micó C, Lewiski F, Bin-Khalid U. Evaluation of the ducted fuel injection 
concept for medium duty engines and multi-hole nozzles: an optical analysis. Appl 
Energy 2024;376:124305. https://doi.org/10.1016/j.apenergy.2024.124305.

[21] Nilsen C, Biles D, Mueller CJ. Using ducted fuel injection to attenuate soot 
formation in a mixing-controlled compression ignition engine. SAE Int J Engines 
2019;12(3):309–22. https://doi.org/10.4271/03-12-03-0021.

[22] Nilsen C, Biles D, Yraguen B, Mueller CJ. Ducted fuel injection versus conventional 
diesel combustion: an operating-parameter sensitivity study conducted in an 
optical engine with a four-orifice fuel injector. SAE Int J Engines 2020;13(3): 
345–62. https://doi.org/10.4271/03-13-03-0023.

[23] Nilsen C, Biles D, Yraguen B, Mueller CJ. Ducted fuel injection vs. Conventional 
diesel combustion: extending the load range in an optical engine with a four-orifice 
fuel injector. SAE Int J Engines 2021;14(1):47–58. https://doi.org/10.4271/03-14- 
01-0004.

[24] Mueller CJ, Nilsen CW, Biles DE, Yraguen BF. Effects of fuel oxygenation and 
ducted fuel injection on the performance of a mixing-controlled compression- 
ignition optical engine with a two-orifice fuel injector. Appl Energy Combust Sci 
2021;6:100024. https://doi.org/10.1016/j.jaecs.2021.100024.

[25] Nilsen CW, Biles DE, Wilmer BM, Mueller CJ. Investigating the effects of duct 
length and diameter and fuel-injector orifice diameter in a compression-ignition 
engine equipped with ducted fuel injection. Appl Energy Combust Sci 2021;7: 
100030. https://doi.org/10.1016/j.jaecs.2021.100030.

[26] Wilmer BM, Nilsen CW, Biles DE, Mueller CJ, et al. Solid particulate mass and 
number from ducted fuel injection in an optically accessible diesel engine in skip- 
fired operation. Int J Engine Res 2022;23(7):1226–36. https://doi.org/10.1177/ 
14680874211010560.

[27] Nyrenstedt G, Nilsen CW, Biles DE, Mueller CJ. Ducted fuel injection with Low-net- 
carbon fuels as a solution for meeting future emissions regulations. Fuel 2023;338: 
127167. https://doi.org/10.1016/j.fuel.2022.127167.
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