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HIGHLIGHTS

results of the Engine Combustion Network’s Spray C & Spray D injectors.
• Characterization
of the spray, combustion, and soot formation for the Spray C & Spray D injectors.
• Analysis
between the results obtained by three different research institutes.
• Comparison
method for quantitative soot results based on volume is presented.
• AAnnovel
• injector with promoted cavitation produces more or less soot depending on ambient temperature.
ARTICLE INFO
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In a collaborative effort to identify key aspects of heavy-duty diesel injector behavior, the Engine Combustion
Network (ECN) Spray C and Spray D injectors were characterized in three independent research laboratories
using constant volume pre-burn vessels and a heated constant-pressure vessel. This work reports on experiments
with nominally identical injectors used in different optically accessible combustion chambers, where one of the
injectors was designed intentionally to promote cavitation. Optical diagnostic techniques specifically targeted
liquid- and vapor-phase penetration, combustion indicators, and sooting behavior over a large range of ambient
temperatures—from 850 K to 1100 K. Because the large-orifice injectors employed in this work result in flame
lengths that extend well beyond the optical diagnostics’ field-of-view, a novel method using a characteristic
volume is proposed for quantitative comparison of soot under such conditions. Further, the viability of extrapolating these measurements downstream is considered. The results reported in this publication explain trends
and unique characteristics of the two different injectors over a range of conditions and serve as calibration
targets for numerical efforts within the ECN consortium and beyond. Building on agreement for experimental
results from different institutions under inert conditions, apparent differences found in combustion indicators
and sooting behavior are addressed and explained. Ignition delay and soot onset are correlated and the results
demonstrate the sensitivity of soot formation to the major species of the ambient gas (i.e., carbon dioxide, water,
and nitrogen in the pre-burn ambient versus nitrogen only in the constant pressure vessel) when holding ambient
oxygen volume percent constant.

1. Introduction
Emissions of particulate matter (PM) and nitric oxides (NOx ) from
compression-ignition engines have been curbed significantly over the

⁎

past few decades. In recent years, this reduction in pollutant emissions
has been accompanied by a simultaneous increase in brake thermal
efficiency. Yet, driven by legislation and demand for cleaner internal
combustion engines with a concurrent reduction in fuel consumption,
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there is a need for an improved understanding of the in-cylinder processes that dictate engine-out emissions. Although contemporary diesel
particulate filters (DPFs) can effectively reduce soot emissions up to
90% below legislation limits, the filters eventually become clogged and
require regeneration [1]. Regeneration involves additional fuel injection events to elevate the exhaust gas temperature and initiate oxidation reactions, while the emissions may increase significantly during
the process [2]. This additional fuel consumption ultimately leads to
fuel efficiency penalties. While the DPF may be a permanent component
on all future diesel engines, its size, cost, and the frequency of regeneration may be reduced by improving the in-cylinder combustion
characteristics through a better understanding of the processes leading
up to pollutant formation.
Improved fuel/air mixing prior to the time of high-temperature ignition or upstream of the location where a mixing-controlled diesel jet
flame stabilizes (i.e., the lift-off length) has been shown to be effective
in reducing soot emissions [3,4]. In this work, the cavitation phenomenon that diesel injectors experience when the pressurized fuel is forced
around sharp edges is studied to understand its effect on spray- and soot
formation, while noting that severe cavitation is known to damage injectors [5–9].
Due to the strong change in direction of a cavitating flow, boundary
layer separation and a recirculation zone arise, in which a depression
with local pressures below the vapor pressure of the fuel exist [6]. The
vapor-phase recirculation zone causes a flow acceleration because of
the imposed area restriction for the main flow. Cavitating fuel sprays
tend to have a higher near-field spreading angle, signifying enhanced
mixing [10,11]. As fuel pressures of present-day injection equipment
rise to enhance mixing and air entrainment, the likelihood of encountering cavitating regimes also increases.
To leverage the improved mixing to the advantage of soot reduction
following the guidelines described by Pickett et al. [3], the cavitation
enhanced mixing must not be negated by a decrease in flame lift-off
length. In this aspect, the higher exit velocity from the flow acceleration
may help to restore or increase the lift-off length again because of their
direct correlation [12]. Alternatively, a parameter such as ambient
temperature does not influence mixing [13], while it does have a huge
impact on the combustion processes. This means that a concerted optimization of various parameters could be required to utilize the improved mixing that comes with cavitation. In a study by Payri et al.
[14], cavitation effects on the lift-off length and soot formation processes are analyzed using a conical and a cylindrical hole. In their study,
Payri et al. show how the cavitating cylindrical hole reduces the effective diameter and increases the LOL. Therefore, the equivalence ratio
at the lift-off length is reduced, resulting in less soot. In the numerical
study by Som et al. [9], a hydroground injector is reported to produce
less soot compared to an identical straight-hole version with severe
cavitation, which they ascribed to a smaller rich-premixed combustion
zone. On the contrary, another injector with a conical (or converging
tapered) hole that also decreases the amount of cavitation, and the mass
flow due to the reduced exit orifice diameter, produces more soot than
the identical straight-hole version while injecting less fuel. Their findings are based on a relatively reactive environment with a fixed ambient temperature of 1000 K and an ambient oxygen concentration of
21% O2, and it appears that there are confounding effects. Due to the
aforementioned requirement of a concerted optimization, these results
may very well change when the reactivity of the ambient changes.
Therefore, high-fidelity simulations which are validated using reproducible experiments can play an important role for future engine
design.
To facilitate the understanding of events and features that impact
the operation of heavy-duty compression ignition engines, the Engine
Combustion Network (ECN) has established reference conditions with
two single-hole, heavy-duty diesel injectors. One of the injectors was
designed to promote cavitation with sharper edges and a straight hole,
while the other injector has a converging hole and was subjected to

hydro-erosive grinding to eliminate sharp edges. For these specific injectors, fluctuations in the recirculation zone and phase change at the
exit of the cavitating orifice have previously been identified by an increase in the spreading angle and a corresponding reduction in flame
lift-off length [10,11].
In addition to the potential enhancement in mixing, a certain degree
of cavitation may prevent deposit formation inside injection equipment
[15]. Such deposits, referred to as coking, affect spray behavior over
time and subsequently engine performance and emissions. While some
amount of cavitation may therefore be desirable to avoid injector deposits, excessive cavitation can lead to injector erosion and the aforementioned damage to equipment. Such tradeoffs illustrate the delicate
balance and risk involved with the subject matter [16].
Comparing experimental results obtained by individual research
institutes with nominally identical injection equipment lends greater
confidence in the accuracy of the obtained results and identifies uncertainties originating from small perturbations in boundary conditions
[17–19]. Such confidence and accuracy is valuable for numerical simulations, which is borne out by various recent computational studies
within the ECN (e.g. [20–27]). In this study, the sprays were studied in
a constant-pressure, high-throughput facility at the Spray Combustion
Laboratory at Caterpillar, as well as in constant-volume pre-combustion
vessels at Sandia National Laboratories (SNL) and IFP Energies Nouvelles (IFPEN). In previous collaborative efforts, the ambient conditions
in these facilities as well as combustion indicators and flame structures
of reference cases with a small orifice injector (90 µ m, classified as
“Spray A”) were studied [17–19].
Techniques to visualize spray penetration and primary combustion
indicators for fuel sprays are well established and standardized methods
have been recommended in recent years [19,28,29]. Concerning particulate matter formation and consumption, diffused back-illumination
(DBI) extinction imaging has emerged as a cost-effective, and relatively
simple approach for high-speed soot analysis and quantification [30].
As the so-called “Spray C” (C for cavitation), and “Spray D” injectors
used in this work have relatively large orifices, between 190 and
212 µ m, compared to the previously characterized Spray A reference,
they inherently produce larger sprays with more soot. Due to the resulting increase in optical thickness, relatively large incident wavelengths of 623 nm and 850 nm are used in this work compared to
previous work (e.g. between 400 nm and 520 nm in references
[31–34]). Using longer incident wavelengths reduces molecular absorption, and decreases the dimensionless extinction coefficient ke according to the Rayleigh-Debye-Gans (RDG) theory [31,35,36]. In this
work, recommendations for the ke values provided by Skeen et al. are
used to relate the measured optical thickness values to soot mass [36].
The ECN provides standardized target conditions for diesel spray
experiments including fuel type, temperature, and injection pressure as
well as ambient density, ambient temperature, and ambient oxygen
concentration. For ECN experiments conducted in a pre-burn type
vessel, the pre-burn gas composition determines the ambient composition of gases prior to liquid fuel injection. In constant-pressure vessels
associated with the ECN, the ambient composition at the time of liquid
fuel injection is specified as either air or nitrogen-diluted air—although
dilution with CO2 and water to simulate exhaust gas recirculation
(EGR) is feasible but has not yet been implemented. At Sandia and
IFPEN, the pre-burn gas compositions were comparable leading to
consistent ambient mixtures containing 15% O2, and about 3.8% H2O,
and 6.5% CO2 by volume. For the experiments conducted at Caterpillar,
only O2 and N2 were present in the ambient. For mixing and ignition/
flame stabilization processes in these high-pressure spray flames, small
changes in ambient composition appear to be inconsequential for ignition and lift-off length [17]. However, there is evidence that such
changes may have an important effect for soot formation. In several
diffusion-flame studies, soot formation is reduced by the addition of
CO2 and H2O to the ambient [37–40]. In addition to a reduced adiabatic
flame temperature, the reverse reaction of OH + H2
H + H2O
2
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produces OH radicals that can help oxidize soot [41]. On the contrary,
soot emissions from internal combustion engines may eventually increase with the presence of water when using EGR [42–44]. To address
the specific effect of CO2 and H2O on soot formation, experiments in a
rapid compression machine were performed using different levels of
CO2 and H2O [45]. For a 0.09-mm Spray A injector, it was observed
how an ambient composition representative for a pre-burn combustion
vessel preconditioning reduced the amount of soot produced by a 0.09mm Spray A injector by 50% when compared to an environment with
only N2 and O2.
When comparing the present data to experiments in actual internal
combustion engines, one needs to consider the fact that in engines,
other processes play a role as well. When the water and carbon dioxide
content of the inlet gas is increased, the end-compression temperature
will be reduced due to the higher heat capacity. In addition, increased
EGR percentages reduce oxidizer availability, thereby limiting soot
oxidation. Indeed, using numerical simulations to substantiate increased soot emissions from experimental data, Ni and Wang show how
soot formation is reduced early in the cycle, but oxidation deteriorates
due to reduced oxygen content and lower combustion temperatures
[42]. Using laser extinction and in-cylinder gas sampling, Gallo et al.
confirmed how soot oxidation reduced with decreasing oxygen percentages [44], which they ascribed to a reduction in OH radical production at a lowered adiabatic flame temperature. In the case of a
constant-volume or constant-pressure facility, temperature and oxygen
percentage are decoupled, thus isolating the effects of ambient composition. The composition itself, however, cannot easily be changed, as
may be the case in a counter-flow or co-flow diffusion flame. Somewhere in-between, Musculus et al. show how using a water-diesel fuel
emulsion shows potential for the simultaneous reduction of soot and
NOx in the exhaust [46]. The reduction of NOx emissions is governed by
a reduced flame temperature at all operating conditions. The increased
premixing of fuel and air during the premixed burn and mixing-controlled combustion phase may reduce particulate matter formation, but
liquid fuel impinging on the wall may result in an increase of CO, HC
and PM emissions.
In this work, effects of cavitation on spray penetration, combustion
characteristics and soot formation of n-dodecane sprays are considered.
While spray and combustion parameters obtained in the Sandia combustion vessel for Spray C and Spray D were previously compared by
Westlye et al. [10], the present study uses new data with updated
measurement and processing techniques. In addition, soot results are
included, and all results are compared to those obtained at IFPEN and
Caterpillar. Spray penetration results are first used to validate

consistency in physical spray behavior. In addition, these results are
used to predict fuel mixture fraction fields that, together with the obtained combustion indicators, substantiate findings with respect to soot
values [47]. As shown in previous studies [48,49], soot formation decreases with increased lift-off length and the associated decrease in
equivalence ratio at the lift-off length until an equivalence ratio of
approximately 2. For equivalence ratios below 2, soot is no longer
formed in the fuel jets of these references. In this study the ambient
temperature representative for compression ignition engines is varied
between 850 K and 1100 K. Ambient temperature was intentionally
chosen as an isolated variable without altering fuel vapor dispersion
[13]. The study provides new understanding as to how cavitation influences fuel-air mixing, ignition, high-temperature heat release, and
soot formation for different gas temperature and pressures.
2. Experimental facilities and injection equipment
Three individual experimental setups have been employed to compare the different injectors in this work at the high-temperature and
high-pressure conditions representative for compression ignition engines. The used setups can be subdivided into two categories, which use
either a pre-burn of a combustible mixture or a continuous heated flow
to achieve the desired ambient environment. The experimental setups
used in this work were compared and characterized extensively, as
detailed by Meijer et al. [18].
For the pre-burn combustion approach, target conditions are
reached by igniting a combustible mixture in the closed volume via a
spark discharge. For IFPEN, the gas mixture is filled sequentially and
contains 6.7% CO2 and 3.9% H2O by volume after the pre-burn event
when 15% O2 is targeted. Compared to arriving at an oxygen percentage of 15% using approximately 38% of ideal EGR, this means that
there is even an additional amount of CO2 present in the ambient gas
[18]. Sandia gas mixtures were prepared external to the laboratory
prior to experiments. The gas mixtures are subsequently used for multiple filling sequences, and the ambient gas prior to injection contains
6.2% CO2 and 3.6% H2O by volume. In the high-throughput vessel of
Caterpillar, the heated flow is composed purely out of N2 and O2 when
the fuel injection starts.
Single-orifice, solenoid-activated injectors belonging to the Spray C
and Spray D family of the ECN were used in this work to study sprays of
n-dodecane. Fuel injection equipment details for the different institutes
are listed in Table 1. The orifice diameters reported here correspond to
the values measured at the nozzle outlet, although the minimum diameters are located inside the holes [10]. The detailed three-dimensional

Table 1
Fuel injection equipment details and soot extinction system features for experiments performed at IFPEN, Sandia and Caterpillar. Double values, when
presented, represent independent entries for Spray C and Spray D.

Injectors
Injector driver
Mass flow [g/s]a
Orifice exit diameter [µ m]a
Effective diameter [µ m]b
Hydraulic delay [µ s]c
Light source [nm]
Extinction coefficient k e [–]

Extinction cross section C [µm2 ]
Filtering [nm]
Camera
Maximum FOV [mm]

Sandia

Caterpillar

IFPEN

C037 & D134
Genotec
10.10 & 11.95
208 & 191
179 & 191
361 & 380
850 - LED
5.0
7.04

C037 & D134
National Inst. driven
10.10 & 11.95
208 & 191
179 & 191
400
623 - LED
7.2
4.08

C003 & D135
EFS IPoD
10.26 & 11.49
212 & 190
180 & 188
440
810 - Laser
5.5
7.27

OD2.3, 850 ± 5
Phantom V2512
70

OD2, 628 ± 16
Phantom V2512
73

a

OD2, 810 ± 2
Photron SA-Z
67

Values from Payri et al. [50], corresponding to an injection pressure of 150 MPa.
The effective diameters here are computed by multiplying the orifice exit diameter by the square root of the area coefficient at an injection
pressure of 150 MPa. Again, the values from Payri et al. were used [50].
c
Values do not vary between injectors for identical injector driver and driver settings according to Payri et al. [50].
b

3
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internal nozzle geometries for these injectors can be found online [51].
Note that all injectors in this table were characterized to have an
identical hydraulic delay in a previous study (440 µ s) [50] when controlling the injector body to 343 K. From the results shown in this table,
however, it does appear that these values depend on the installation or
the injector driver used, with a maximum difference of nearly 80 µ s
between different institutes. To account for these hydraulic delay differences, all spray data will be analyzed relative to the time when liquid
injection commences. While parametric variations in ambient temperature and injection pressure were conducted for this publication, the
base-line ambient condition is a 150-MPa injection into a 900-K ambient with a density of 22.8 kg/m3.

centered around 315 nm (20-nm FWHM) and a 100-mm f/2.8 Sodern
Cerco UV lens. Sandia used the same high-speed equipment, but with a
105-mm f/4.5 UV Nikkor lens and a 312-nm (16-nm FWHM) band-pass
filter combined with a 358-nm short-wave-pass filter. Undesired
broadband emission in the Sandia movies was reduced further by redirecting flame emission off of a 308 nm high-reflector mirror. The
Sandia system was operated at 50 kfps with an intensifier gate time of
10 µ s and was characterized by a projected pixel size of 0.105 mm/
pixel. At Caterpillar, a Video Scope (VS4-1845HS) intensifier was lenscoupled to a phantom V710 and light was collected through a 105-mm
f/4.5 UV Nikkor lens at f/16 and a 308-nm (10-nm FWHM) band-pass
filter and a UG11. Similar to Sandia, a 308-nm mirror was used as a first
separator for the OH∗ chemiluminescence signal. The Caterpillar
system was operated at 19 kfps with an exposure time of 50 µ s and a
projected pixel size of 0.268 mm/pixel.

3. Diagnostic techniques and measurements
Despite differences in experimental combustion vessels, very similar
or even identical optical diagnostic technique setups were used in this
work. The following sections detail the setups that were used to visualize spray penetration, combustion indicators, and soot formation in
the different combustion facilities. Several high-speed movies from the
Spray C and Spray D dataset have been made available on the ECN
website [52].

3.3. Pressure analysis
For the constant-volume combustion facilities, in-vessel pressure is
measured using a pressure transducer mounted in one of the diagonal
corner ports. Governed by heat-loss to the walls, in-vessel pressure
gradually decays after the pre-combustion event. In order to isolate the
pressure-rise originating from the injected fuel spray, exponential fits
over a range of 100 ms before and after the injection event are used to
correct for the cool-down trends. As these trends are different before
and after the event of interest when large quantities of fuel are injected,
a seamless transition between pre-injection and post-combustion fit is
used based on an initial net-pressure increase using just the pre-injection fit. A speed of sound correction is applied based on the lift-off location for each operating condition, to correct for the distance between
the ignition site and the pressure transducer [54–56]. Pressure traces
are filtered using a low-order smoothing procedure, and ensembleaveraged afterwards. Results from both combustion vessels are postprocessed using an identical routine, with exception of filtering options
due to the different acquisition rates used by Sandia (100 kHz) and
IFPEN (200 kHz).

3.1. Schlieren imaging
IFPEN and Sandia recorded images of the vapor-phase n-dodecane
fuel to characterize non-reacting spray penetration for both injectors.
IFPEN used a continuous-wave white LED with two condensing lenses
(an f = 200 mm spherical lens and a Fresnel lens) to direct the emission
through a primary 0.5-mm pinhole, which was selected after a trial and
error optimization. Two f = 500 mm spherical lenses are mounted close
to the vessel to obtain a collimated light-beam in the test section. A
second 0.5-mm aperture mounted in the focal-points of the schlieren
lens after the test section is used to block large-angle light refraction,
similar to Ref. [32]. Spray images were collected using a high-speed
CMOS camera (Photron SA-Z) at 36 kfps with a 5.1-µ s exposure time.
An 85-mm f/1.4 lens equipped with a 600-nm short-wave-pass filter
provided a projected pixel size of 0.13 mm/pixel.
Sandia used a Z-type schlieren setup as described in Ref. [53].
Pulsed light from a 630-nm custom LED (15-nm FWHM) was collected
and focused by a condensing lens through a 3-mm aperture. The extended source was then collimated by a 115-mm diameter, f/8 parabolic mirror and directed through the vessel and onto a second identical
parabolic mirror with a series of flat folding mirrors. The second
parabolic mirror focused the collimated light for collection by a highspeed CMOS camera (Photron SA-X2). The camera was operated at 150
kfps with a 5.6-µ s exposure and was equipped with an 85-mm f/1.4 lens
and a 628-nm (32-nm FWHM) band-pass filter. By using a spectrally
narrow light-source and band-pass filter, incandescent light was rejected for additional recordings with an oxygen percentage of 15% to
study reacting spray penetration.

3.4. Diffused back-illumination extinction imaging
The DBI extinction setups used in this study all feature a pulsed light
source. The emission of these light sources is intentionally diffused to
obtain a quasi-Lambertian distribution, and directed through the spray
vessels towards a high-speed camera [30]. A schematic overview of the
DBI extinction setup as applied by Sandia is shown in Fig. 1. This
method minimizes beam steering effects due to refractive index gradients near the vessel windows and by the spray, while liquid phase fuel
and soot provide sources for light extinction.
The camera may be synchronized with the pulsed light source for
liquid fuel imaging, but it is operated at twice the frequency for soot
imaging. This way, a background image is recorded between each extinction frame, which is used to correct for local incandescent soot

3.2. OH∗ chemiluminescence imaging
High-speed OH chemiluminescence was used to visualize hightemperature reactions, and to determine combustion indicators such as
the flame lift-off length and ignition delay in all experimental facilities.
Note, however, that especially due to the sooting propensity of the
large-orifice injectors, significant amounts of incandescent soot will be
present in such images, limiting interpretation to the flame lift-off region [54]. At IFPEN, a high-speed CMOS camera (Photron SA-Z) was
lens-coupled to a high-speed image intensifier (Lambert HiCATT, S20
photocathode) and the system was operated at 75 kfps with a 12.3-µ s
exposure. Although resolution is certainly limited by the image intensifier in this case, a projection of 0.11 mm/pixel was imaged on the
camera. Light was collected through a Semrock band-pass filter set

Fig. 1. Schematic overview of the diffused back-illumination extinction imaging setup as implemented at Sandia.
4
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radiation. The (corrected) extinction images are used to compute the
optical thickness ( ) according to Beer-Lambert,

=

(1)

ln (I / I0 ).

In this equation, I is the transmitted intensity and I0 is the intensity
when there is no extinction. Regions in which extinction does not take
place during the entire duration of the experiment are typically used to
correct for changes in recorded pixel-to-pixel background intensity.
Note that both the illumination intensity as well as the camera sensitivity might change over the course of a recording. The liquid DBI extinction data can be quantified as projected liquid volume fraction
(pLVF) using

pLVF =

LVF · dy.

Based on Mie-theory the optical thickness
liquid volume fraction (LVF) as

=

Cext

LVF
dy ,
d3/6

(2)
can be related to the

(3)

Fig. 2. Liquid length values obtained from inert experiments between 1 and
3 ms aSOI for different ambient temperatures, and additional cases with an
injection pressure of 40 MPa. Error bars indicate 95% confidence intervals
using a t-distribution.

where Cext is the droplets extinction cross section that depends on the
droplet diameter, the refractive index nfuel of the media, the incident
wavelength , and the collection angle of the optical setup. By assuming
a mono-dispersed spray Cext is constant along the line of sight and Eq.
(3) can be rewritten as,

d3/6
Cext

=

LVF ·dy = pLVF .

interpolate and find ke values at different wavelengths as well, which
will be used to evaluate the soot mass in a coherent way in this work.
The used values, and some additional details of the optical setups are
listed in Table 1. At Sandia, a custom infrared high-speed LED centered
at 850 nm was operated at 50 kHz and directed towards a high-speed
camera (Phantom V2512) operating at 100 kHz as illustrated in Fig. 1.
Experiments at Caterpillar were conducted using a red LED (centered at
623 nm) at 50 kHz. The camera (Phantom V2512) was operated at
100 kHz with a 1.6-µ s exposure and was equipped with an 50-mm f/1.2
lens, a 628-nm (32-nm FWHM) band-pass filter, KG3 Schott glass filter,
and a 500D close-up lens. For the DBI system at IFPEN, a 810-nm diode
laser (Cavitar Cavilux HF) was operated at 25 kHz with a pulse-width of
0.26 µ s, while a high-speed camera (Photron SA-Z) was operated with
double the frame speed and an exposure time of 0.35 µ s. In all cases, a
combination of neutral density filters and band-pass filters was used to
reject as much flame luminosity as possible, while transmitting the
incident light.

(4)

The value of Cext can be obtained for individual experimental setups
using MiePlot [57]. In this case, the assumption is made that nominally
identical injectors with standardized fuel and ambient boundary conditions will result in the same droplet diameter near the liquid length.
The threshold chosen to determine the liquid length based on this
procedure is pLVF = 0.2 · 10−3 mm3 liquid/mm2, consistent with recommendations in the ECN guidelines [51]. In this way the extinction
results obtained in experiments performed by different research institutes are related to a physical parameter that depends entirely on the
spray, and that can be compared among experiments and numerical
simulations.
The quantification of soot from extinction imaging experiments is
desired for meaningful comparison between different setups and to
numerical efforts too. From an experimental perspective, this is because
of the dependence of the optical thickness on wavelength. Translating
optical thickness values to soot volume fraction or soot mass requires
knowledge about both the optical and physical properties of the soot
particles. A convenient method is to determine the soot mass per pixel
according to

msoot , pixel = · ·

soot ·Apixel / k e,

4. Results and discussion
4.1. Liquid fuel penetration
Using the procedure for projected liquid volume fraction described
above, liquid length values were evaluated based on a time-averaged
result between 1 and 3 ms after SOI for different ambient temperatures
at IFPEN (Fig. 2). The error bars in this figure show 95% confidence
intervals based on a t-distribution. Values obtained with an injection
pressure of 40 MPa (large error bar cap), and baseline Spray C and
Spray D values by Sandia are indicated as well. The difference between
Sandia and IFPEN data is rather significant, and is similar to a 50-K
ambient temperature difference in the results by IFPEN. Fuel temperature, however, has a more pronounced influence on the liquid
length [58,59], while determining this temperature at the orifice involves more uncertainty [60]. Based on the data by Payri and coworkers, and Siebers, the shown decrease in liquid length would correspond to a fuel temperature difference of about 40 K [58,59].
Although the dependence of liquid length on the ambient temperature has been described in previous work by Siebers [61], Fig. 2
illustrates how the values found for Spray C are consistently approximately 4 mm shorter across the different conditions, as was shown by
Westlye et al. [10]. Based on the work by Siebers, one can expect a
near-linear relationship between the orifice diameter and the liquid

(5)

in which is the incident wavelength, soot is the density of soot particles, and ke is the dimensionless extinction coefficient. The dimensionless extinction coefficient depends on both optical, as well as
morphological properties of soot. Recently, Skeen et al. recommended a
range of non-dimensional extinction coefficient (ke ) values for soot
measurements in high-pressure combusting sprays [36]. Their recommendations are based on a comparison of soot measurements in a
high-pressure spray with DBI extinction experiments performed in a
well-characterized, steady, laminar diffusion flame. They asserted that
soot particles in the two flame configurations having similar primary
particle sizes, similar morphological properties, and characterized by
similar ke ratios at two distinct wavelengths should have consistent
optical properties. After determining ke in the laminar diffusion flame at
a location where the above requirements were met for a range of incident wavelengths extending from the near-ultraviolet to the near-infrared, they recommended a set of wavelength dependent ke values for
use in high-pressure sprays. Naturally, these values can be used to
5
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defined by Nurick [63]. This number is used in an exercise to evaluate
whether cavitation is diminished for the spray C injector when the
pressure drop over the injector is decreased, or whether Spray D is
expected to show cavitation effects at a greater pressure drop. The
number depends on the injection pressure ( pi ), the ambient- or backpressure ( pb ) and the vapor pressure of the fuel ( pv ) according to

K=

pi

pv

pi

pb

.

(6)

Table 2 shows the cavitation number for the Spray C and Spray D
baseline, and extreme variations with reduced injection pressure and
ambient temperature as tested in the IFPEN combustion vessel. In addition, reference cases that have similar values with available nozzle
flow coefficients are shown. When K falls below a certain, injectorspecific value, mass flow asymptotes and no longer depends on the
pressure drop over the injector [6,63]. For an injection pressure of
40 MPa, a diminished effect of cavitation is expected due to the reduced
pressure drop. However, the difference between Spray C and Spray D
remains similar, indicating that cavitation effects are not yet obviated
for Spray C, even at the lowest attainable injection pressures. This is
confirmed when evaluating the available data at an injection pressure
of 50 MPa, since the effective orifice diameter is still smaller than the
exit orifice diameter and minimum diameter for injector C003. With
only a minor decrease of 10 MPa, no difference is expected yet. When
the 150 MPa injections take place in a cold environment (465 K, IFPEN
only), K decreases due to the reduced ambient pressure at a fixed
density (3.12 MPa and 22.8 kg/m3, respectively). The difference between the two injectors is now apparent for these cases, showing that
the Spray D injector is not sufficiently close to the collapsed mass flow
regime to cause a noticeable deviation. From the available data with a
backpressure of 2 MPa (lowest K), the effective diameter is very close to

Fig. 3. Comparison of spray penetration results obtained at IFPEN and Sandia.
Ambient temperature and density are 900 K and 22.8 kg/m3, respectively,
while the injection pressure is 150 MPa. For IFPEN, results of an injection
pressure of 40 MPa, and an ambient temperature of 465 K are shown as well.

length. However, the small reduction of effective orifice diameter (see
Table 1, amounting to 4% for the IFPEN injectors) does not account for
the 4 mm decrease in liquid length, which indicates that cavitation
plays an important role here [10]. Furthermore, the figure illustrates
how even the pressure difference of 110 MPa results in a relatively
small influence on liquid penetration, due to the balance between
mixing and momentum [61,62].
4.2. Spray penetration
Fuel vapor penetration measurements are used to confirm similar
spray and mixing behavior between ambient conditions with the
nominally identical injectors. Additionally, the vapor penetration and
nozzle momentum and mass flow are used as inputs to predict local
equivalence ratio via the 1D spray model described by Musculus and
Kattke [47]. Fig. 3 shows how the vapor penetration curves of Sandia
and IFPEN practically overlap for an injection pressure of 150 MPa. As
demonstrated in past work [10], tuning the spray spreading angle to
match penetration and accounting for differences in nozzle flow coefficients provides a means for mixing comparison between Spray C and
Spray D. The strong agreement in vapor penetration between institutions provides confidence in the mixing field assessment, but additional
analysis of changes in cavitation and the impact on nozzle flow coefficients or penetration with different operating conditions can be assessed.
An expression for the role of cavitation on nozzle flow is K, as
Table 2
Nurick’s cavitation number K for baseline Spray C and Spray D experiments at
900 K with a density of 22.8 kg/m3, a low injection pressure case, and a case
with a lower ambient pressure (“cold”). As a reference the lowest injection
pressure case for which flow coefficients are available (50 MPa), and a case
with even lower backpressure (2 MPa) are reported. Effective diameters for the
injectors used by IFPEN are shown similar to Table 1 for the cases with available flow coefficients.

pi [MPa]
pb [MPa]
K [–]
d eff C
d eff D

Baseline

Low pi

Cold

Ref. 50 MPa

Ref. Low pb

150
6.04
1.042
180.2

40
6.04
1.178

150
3.12
1.021

50
6.04
1.137
185.0

150
2.00
1.01
177.2

188.2

186.1

Fig. 4. Flame lift-off length and ignition delay for different ambient temperatures. Error bars indicate 95% confidence intervals using a t-distribution. At an
ambient temperature of 900 K, results from all three institutes, with additional
injection pressure variations are shown in the inset. For the ignition delay values at 900 K, an additional inset is included that shows the dependence on
injection pressure. Note that Caterpillar ignition delay values were obtained
from head-on high-speed images of the spray combustion event collected
through a 550-nm short pass filter.

185.6
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the effective diameter of the case with 50 MPa injection pressure (K =
1.37). Therefore, it is not expected that even the lowest ambient temperature of 850 K (for which K = 1.038) will yield different mixing
behavior, leading to differences in combustion and soot formation that
are not related to the ambient temperature effect.
4.3. Ignition delay and lift-off length
A comparison of ignition delay (ID) and lift-off length (LOL) values
as a function of temperature is reported in Fig. 4. For Caterpillar, ignition delay data is derived from head-on visible chemiluminescence,
rather than high-speed OH . Error bars in this figure represent 95%
confidence intervals using a t-distribution. To improve the comparison,
lift-off length values were derived using an identical approach, according to ECN guidelines [51]. For this approach, a 50% threshold of
the maximum intensity in the lift-off region is used independently
above and below the spray axis to find a lift-off length. The average
between these two axial distances is subsequently used as a final value.
For these specific injectors, Spray C shows a lift-off length that is on
average 3 mm shorter than the Spray D values over a wide range of
conditions. Again, this is more than a 1.5% difference as predicted by
power-law relationships for the lift-off length in combination with the
effective diameters from Table 1 [12]. This result is consistent for all
institutions, and indicates the influence of cavitation on lift-off length.
For higher ambient temperatures, the liquid length is longer than the
lift-off length, although the liquid is confined to the center of the plume
while lift-off stabilizes toward the stoichiometric location on the jet
periphery. At lower ambient temperatures, below 950 K, the lift-off
length is longer than the liquid length. Also, the liquid length does not
change with injection pressure, while the lift-off length is significantly
reduced for the 40-MPa injection case [61].
Combustion also does not significantly alter liquid penetration either. Comparing liquid length values of IFPEN between reacting and
non-reacting fuel sprays, the liquid length reduces by a small amount,
less than 5%, for all temperature variations (also shown by Westlye
et al. [10]), including those with a lift-off length shorter than the liquid
length. As mixing with hot combustion products would be expected to
increase evaporation and shorten the liquid length, the finding that
there is little effect suggests that little hot combustion products reach
the liquid region and liquid-flame interactions are minimal or non-existent. Part of this observation could be the result of the decreased air
entrainment associated with heat release in a jet [64–66]. However, the
equivalence ratio at the location of the lift-off will become increasingly
fuel-rich for the cases where the lift-off length is shorter than the liquid
length, which will intensify soot formation [48].
Another consideration to explain the lift-off length trend for Spray C
versus Spray D is the effect of the jet spreading angle, as described in
[10]. Spray C has a larger spreading angle, which partially explains the
slower penetration shown in Fig. 3. A larger spreading angle produces
slower moving mixtures at the jet periphery near stoichiometric positions. From the standpoint of either ignition-timing stabilization or
flame speed [23], a fuel jet with a larger spreading angle (i.e., Spray C)
will stabilize closer to the injector. Indeed, examination of the ignition
delay data shows roughly the same ignition delay for Spray C and Spray
D for a given operating condition and institution. The igniting region of
Spray C, with a larger spreading angle, is therefore likely to be closer to
the injector for subsequent lift-off stabilization.

Fig. 5. Ensemble-averaged net pressure increase in constant-volume combustion vessels at different ambient temperatures. The curves with a 40-MPa injection pressure correspond to an ambient temperature of 900 K. The data
obtained at IFPEN has been scaled to correct for the pressure rise rate difference
caused by different vessel volumes.

correct for the pressure-rise rate difference induced by the different
vessel volumes. A longer injection duration for IFPEN experiments results in more injected mass and therefore a higher net pressure increase.
Evaluating the effect of increasing ambient temperature on the net
pressure increase after the end of combustion, shows a reduced pressure-rise. Especially at these higher ambient temperatures, variations in
combustion efficiency are expected to be negligible, and the pressure
traces are corrected for the global heat-release of the combustion vessels. Conversely, the flame length reduces with increasing ambient
temperature—therefore reducing flame quenching at the vessel
boundary. However, the flame temperatures will be significantly higher
for the increased ambient temperature, and it is expected that this
causes a significantly higher local heat-flux through the vessel window
opposite from the injector [67,68].
The determination of ignition delay based on net pressure increase
requires the definition of a threshold, which was found to be around the
order of 3 kPa for Spray A experiments to match the values obtained by
high-speed chemiluminescence measurements. Because of the greater
volume in which ignition may take place, and the larger quantities of
fuel that contribute to first- and second-stage heat release, suitable
definitions for the ignition delay have yet to be established. The inset in
each panel of Fig. 5 highlights the time shortly after the start of injection, indicative for the ignition process. For decreasing ambient temperature, an increasing effect of evaporative cooling is distinguishable
as the pressure decreases until the moment that heat starts to be

4.3.1. Pressures based ignition
Despite the similarities obtained for the lift-off length values, measured ignition delays by chemiluminescence are 10–20% lower for
IFPEN compared to Sandia (Fig. 4). Additional ignition delay data derived from measured pressure will be discussed below in order to further explore these differences. Fig. 5 shows the net pressure increase
after the start of injection for Spray C and Spray D experiments in the
constant-volume vessels. The IFPEN data is scaled with a factor 1.19 to
7
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released from the fuel. The reduced total pressure increase, and amount
of evaporative cooling, is obvious from the 40-MPa cases by IFPEN, due
to the lower mass-flow rate.
As with most of the ignition delay values shown in Fig. 4, Spray D
tends to ignite slightly faster than Spray C. A very decent agreement in
the initial pressure rise is found between results obtained at IFPEN and
Sandia, shown in the insets of Fig. 5, and outliers appear rather random.
For pressure-based ignition delay, variance in sensitivity of the sensors
and the volumes naturally may influence the derived values to some
extent, but this is expected to be constant for IFPEN and Sandia.
However, an apparent discrepancy arises when comparing the ignition
delay values of IFPEN at an injection pressure of 40 MPa. Based on the
pressure-data, ignition delay values would range between 700 µ s and
800 µ s. Although this would correspond well with the trend shown by
natural luminosity data by Caterpillar in Fig. 4, high-speed OH data
from IFPEN reveals values that are 100 to 200 µ s shorter for Spray C
and Spray D, respectively. Compared to the temperature variations with
an injection pressure of 150 MPa, the total amount of fuel injected with
injections of 40 MPa is reduced by approximately a factor of two [50].
Therefore, pressure increase during ignition, as well as the amount of
light created in this process are influenced. For the chemiluminescence
images, the intensity in the lift-off region is approximately a factor of
two lower at the low injection pressure. Similarly, as mentioned before,
the effect of evaporative cooling shown in the insets of Fig. 5 is much
less pronounced due to the reduced mass flow, as is the pressure rise
rate. As the optical ignition delay time values of the 40 MPa cases
correspond to the inflection point of the pressure curves, the results are
still expected to be correct. However, the sensitivity to the amount of
fuel during ignition appears to be different depending on the ignition
detection method.
Because of the uncertainties related to combustion indicators such
as ignition delay and lift-off length for these larger sprays, new definitions should be investigated in future studies. Related to the greater
volume in which ignition may take place, more of the chemiluminescence will be obscured by the spray along a line of sight. It is very well
possible that the definitions are required to change with parametric
variations to better align with the results from models. Furthermore, the
parallax error for large differences in lift-off length values with parametric variations may need to be addressed. One approach to address
some of the uncertainties is to study the effect of collection efficiency
and working distances on combustion indicators in a single experimental setup.

4.4. Soot emissions
Utilizing the high-repetition rate of the constant-flow facility at
Caterpillar, 200 repetitions of soot extinction experiments for Spray D
were conducted to better study the shot-to-shot variability of soot in
sprays. Results are shown in Fig. 6, where soot mass is evaluated in a
30-mm interrogation window from the point where soot is first detected
when moving downstream from the injector (note that a considerable
part of these large sprays is outside the field-of-view of the DBI diagnostic). Considering the 95% confidence intervals around the mean, a
high degree of convergence is achieved in the data-set for this number
of experiments. However, from the minimum and maximum, it becomes
evident that a 50% deviation from the mean is easily attainable. If a
nominally identical spray can produce three times less soot than another spray using current fuel-injection equipment, understanding the
variation between individual sprays holds the potential of significant
improvement in emission levels. As soot production is dependent on all
the phenomena and boundary conditions upstream of the soot-inception point (i.e., the location where soot is first found), a higher variability in soot mass is more likely compared to upstream parameters of
interest such as the lift-off length. For instance, a 10% difference in
flame lift-off length may correspond to a factor 2 change in soot mass
for the well-studied Spray A case [32].
Other phenomena that can be extracted from this figure are the
relatively high reproducibility during the very first phase of soot production, and the high-production rate during both the start of soot
formation (between 1 and 2 ms aSOI), as well as the burn-out phase
after the end of injection (between 4.5 and 5.5 ms aSOI). Such features
are also recognizable in supplementary movies, available on the ECN
website [52]. During the initial pre-mixed burn, more fuel is burnt at
once in the head of the forming spray. This jet head structure subsequently contains a greater portion of sooting mixture in the field-ofview. After the end of injection, combustion recession takes place (see
Ref. [69]) and the 30-mm window first moves upstream with the soot
inception point, and at that time the represented soot mass increases
again. Subsequently, the window moves downstream and eventually
outside of the field of view while soot mass values come down and the
spray burns out.
4.4.1. Forced FOV approach
Most of the soot in the flames studied in combustion vessels utilized
for this study is outside the field-of-view (FOV) due to the relatively
large flames within limited volumes. To compare soot mass values between different extinction measurements, a forced FOV approach is
used. For all fuel sprays, a region confined by the spreading angle of the
spray, the location of soot onset, and a fixed probe volume is used. With
a known soot onset location (Sonset ), fixed volume (Vsoot ), and spreading
angle ( ), the height (h) of such a conical frustum can be determined by
solving

Fig. 6. Soot mass data from 200 Spray D experiments performed at Caterpillar,
illustrating the variance of soot experiments under nominally identical
boundary conditions. Soot mass is determined in a 30-mm window starting
from the soot-inception point for this figure.

Fig. 7. Illustration of the approach used to investigate the soot mass in a region.
The distance from the injector until which the mass is computed depends on the
soot onset location, the spreading angle ( ), and a pre-defined volume.
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Fig. 8. Analysis of sooting behavior of the injectors as function of time in a probe volume of 6000 mm3 starting from the soot inception point. The panels in the left
column correspond to data obtained at IFPEN, the central column represents Sandia data, and the right column shows Caterpillar data. The top row panels represent
the calculated soot mass in the pre-defined probe volume, and the bottom row panels show the soot inception point as distance from the injector orifice. The curves
with different injection pressures correspond to an ambient temperature of 900 K. Error bars in the Sandia Spray C data at different temperatures indicate 95%
confidence intervals using a t-distribution in the quasi-steady phase (at 4 ms).
2
h3 + 3·Sonset ·h2 + 3·Sonset
·h

3· Vsoot
= 0.
·tan2 ( /2)

temperature, a similar probe volume was used to compare the data
obtained at IFPEN and Caterpillar. The size of the volume is directly
coupled to the soot inception point (via Eq. (7)), shown in the bottom
row panels. For all variations in ambient temperature, results obtained
at Sandia, Caterpillar and IFPEN are within a 20- µ g proximity of each
other during the quasi steady phase of the experiments, and therefore
within the associated confidence intervals. For lower temperatures, the
standard deviations and differences between institutions decrease. The
locations of the peak soot mass and the first sign of soot, however, do
reveal a slight time shift for each institution, which might be correlated
to differences in light-based ignition delay from Fig. 4. The ignition
delay values are indicated by vertical lines in the top-left corners of the
soot mass panels. We discuss the relationship to soot inception and peak
soot to ignition delay in more detail below.
With an exception of the cases that have an ambient temperatures of
1000 K and 1100 K, the spray head has left the field-of-view at the
moment when the maximum soot mass of Fig. 8 is reached. Still, it is
typically found that when the represented soot mass of either Spray C or
Spray D is higher than the other in the spray head, this will persist into
the quasi-steady phase. For all cases, the displayed soot mass is nearly
the same for both injectors, when using the forced FOV approach with a
fixed volume. At the most sooting conditions, Spray C produces higher
amounts of soot for all the data shown. For IFPEN and Sandia data,
Spray C starts to produce relatively less soot for decreasing temperatures compared to Spray D in the quasi-steady phase. This might be
related to the equivalence ratio at the lift-off length, which will be
treated in more detail further on. For Caterpillar such a trend is less
obvious or not present at all, as displayed soot mass values are closer to
one another in all cases. However, Spray D also produces relatively
more soot when going from a 1000-K to a 950-K ambient.
Although within the confidence intervals when compared to IFPEN
results, the Caterpillar data show higher soot values overall.

(7)

An example of this method is shown in Fig. 7. The figure shows two
different cases which have a soot onset location of 30 mm and 50 mm
from the injector orifice, respectively. The location until which the soot
mass would be computed is shown with a second dashed line in the
corresponding colors.
Despite the use of the volume to determine the investigated FOV,
radial bounds are not respected in the actual computations. This is done
to include turbulent vortices that shed soot particles outside the average
spreading angle used in the computations. With the field-of-view in the
IFPEN experiments extending to 67 mm, the soot onset location for the
900-K Spray D case was used to restrict the probe volume to 6000 mm3
for comparing soot across the different conditions, which leaves a little
room for fluctuations.
4.4.2. Soot mass results
Results from soot extinction measurements are shown in Fig. 8. The
left column panels contain results obtained at IFPEN, and the middle
and right columns represent data from Sandia and Caterpillar, respectively. The error bars in the Sandia results at 4 ms aSOI correspond to
95% confidence intervals using a t-distribution, similar to what is
shown in Fig. 6. In this case, however, the confidence is reduced due to
the decreased amount of experiments, and only shown at 4 ms to limit
the amount of lines shown in this figure. Although not shown here,
confidence intervals for IFPEN data are expected to be similar to the
900-K Spray C case by Sandia, which is based on 10 injections. For the
850-K cases at IFPEN, the probe volume of 6000 mm3 was not achieved
throughout the experiments, which is why a probe volume of 3500 mm3
was used. Although the increased field-of-view in the Caterpillar experiments does allow the full volume to be attained for this ambient
9
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Presumably, the higher soot in this case is related to the different ambient composition. Note that there is still a 10-MPa injection pressure
difference when comparing the lowest injection pressure cases, which
will reduce the soot mass for the 50-MPa Caterpillar case with respect
to results at 40 MPa. As identified in the section which describes the
experimental facilities, the Caterpillar ambient does not contain any
CO2 or H2O, whereas the IFPEN and Sandia vessels have around 6.5%
and 3.7% of these constituents, respectively. Therefore, it is likely that
the CO2 and water content effectively reduces soot production in the
IFPEN and Sandia experiments. In steady flames investigated at atmospheric pressure, the presence of water in the ambient gases reduced
soot. This has been attributed to thermodynamics driving the reaction
OH + H2 H + H2O in reverse leading to higher concentrations of the
hydroxyl radical and enhanced soot precursor and soot oxidation [41].
This effect has been confirmed by recent experiments with representative high-temperature and high-pressure sprays from a 0.09mm injector in a rapid compression machine, where both CO2 as well as
H2O dilution of the ambient gas resulted in reduced soot detection [45].
The location where soot is first detected shows a little more variation between different research institutes. The sprays into a 900-K
ambient at Sandia consistently start to form soot further downstream
than at IFPEN. For all other cases, the onset locations of IFPEN and
Sandia are very alike, with Spray D showing the soot inception point
downstream from that of Spray C. Although the latter holds for the
Caterpillar results too, the difference between Spray C and Spray D is
smaller, and soot onset locations for all cases appear closer to one another compared to IFPEN and Sandia. The Caterpillar data generally
show soot inception closer to the injector, which is an expected result
related to the ambient composition as discussed above. While it is
generally clear that Spray C soot inception is upstream of Spray D, the
lowest temperature case, 850 K at IFPEN, shows soot inception points
that practically overlap.
The disadvantage of using a forced field-of-view approach to compare the soot mass for all different temperature variations and all research institutes is that most of the data is neglected, in order to accommodate the smallest windows, and cases with the least amount of
soot. To investigate the effect of chosen volume on the measured soot
mass, Fig. 9 shows the mean soot mass in the quasi-steady phase for
data obtained in the Caterpillar facility. The Caterpillar data was chosen
because trends can be observed up to twice the chosen volume because
of the large field-of-view, cf. Table 1. The data is averaged between

Fig. 10. Correlation between first soot detection and ignition delay for IFPEN,
Sandia and Caterpillar. Light-based ignition delays by Caterpillar where derived
from visible chemiluminescence movies, with exception of the indicated values
at an ambient temperature of 900 K.

2500 and 4000 µ s after the start of injection to capture the phase of the
experiments where soot is not influenced by the start- or end of injection transients. The 6000-mm3 value that was used for the profiles
shown in Fig. 7 is indicated by the vertical dashed line. The leveling-off
trends around the probe volume of 15000 mm3 is caused by the fact
that the end of the field-of-view is reached, at which point increasing
the volume does not include more soot. More interesting than these
effects, is how the relation between the mean quasi-steady soot mass is
close to linear for most cases from the 6000-mm3 volume all the way
until the end of the FOV. When approaching the flame length, this trend
is bound to discontinue, but it does provide a decent guideline to extrapolate the data over a significant portion of the spray for these relatively large sprays.
The sensitivity of soot inception to ignition delay can also be assessed by evaluating it against the time of first soot detection, which is
shown based on a 1-µ g threshold in Fig. 10. For all data shown, the
observed trend is remarkably consistent between Spray C and Spray D
experiments, as a slightly longer ignition delay retards the first soot
detection. Moreover, the lines of IFPEN and Sandia show reasonable
agreement over a large range of ignition delay times. However, the fact
that both ignition delay and the moment of first soot detection is advanced for IFPEN data shows how it is likely that the Sandia ambient is
less reactive.
As injection pressure affects temporal mixing (and not spatial
mixing distribution) as long as cavitation effects are not altered, reducing injection pressure isolates entrainment effects [13]. Even when
entrainment is lowered by reducing the injection pressure from
150 MPa to 40 MPa in IFPEN experiments, the points still fall on the
same line, indicating how the difference in entrainment for these cases
does not change that trend. However, this is not necessarily expected
over a large range of parametric variations, as ignition delay and soot
formation processes have different dependencies on the reactivity of the
ambient, and equivalence ratio. As an example, the soot pyrolysis study
by Skeen and Yasutomi [70], details conditions that result in significant
divergence from the data shown in Fig. 10. For the low injection
pressure case, the decrease in lift-off length results in a significantly
higher equivalence ratio at the lift-off, and longer residence time for
soot formation. This is because of an increase of the region in which
high-temperature reactions take place, accompanied by reduced velocities. As a consequence a threefold increase in soot mass is observed in
Fig. 8. In contrast to the overlap in IFPEN and Sandia data, the time of
soot inception is clearly advanced for Caterpillar. Similar to the slightly

Fig. 9. Relationship between soot mass and probe volume that is investigated
for different experiments performed at Caterpillar. For this comparison, the
mean and ensemble-averaged quasi-steady soot mass is determined between
2500 and 4000 µ s after the start of injection. The vertical dashed line indicates
the 6000-mm3 volume used for Fig. 7.
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injectors, with the lift-off length values obtained at IFPEN identified by
different markers as indicated in the legend. For the highest ambient
temperature cases, the lift-off length of Spray C is shorter (horizontal
axis), resulting in a relatively higher equivalence ratio at that axial
distance (vertical axis). This difference is indicated using a black arrow.
For the 850-K ambient, however, Spray D is more fuel rich at the lift-off
length due to the reduced spreading angle. The mixture fraction model
proposed by Siebers and modified by Musculus has been validated for
relatively small fuel injector orifices (50, 71, 100, and 180 µ m) [3]. In
later work, area-average equivalence ratios were demonstrated to exhibit similarity to centerline equivalence ratios [13,47]. Since the orifices used in this work are even larger, the large radial width of the jets
are expected to have a more significant impact on the location and
timing of soot formation.
Variations of radial equivalence ratio profiles at the lift-off length
are shown in the bottom panel of Fig. 11 for a range of ambient temperatures. The soot forming threshold for an equivalence ratio of two is
denoted by a horizontal dashed line. As ambient temperature is reduced
and lift-off length is extended, leaner centerline equivalence ratios are
achieved and soot is reduced as a smaller volume of the jet exceeds the
sooting threshold. The inversion of equivalence ratio, when reducing
ambient temperatures, is visible in this panel too, particularly for rich,
soot-forming mixtures at the jet centerline. However, Pickett and Siebers have shown how the soot inception point starts with a radial offset
from the jet centerline when flames have a high sooting propensity,
because of the reduced temperature local temperature [71]. Again, this
indicates how not just the centerline equivalence ratio should be considered.
The radial fuel distribution difference between Spray C and Spray D
predicted by the spray model at the lift-off length is evident from
Fig. 11. As an alternative way to compare Spray C and Spray D, the total
fuel mass available for soot formation was evaluated as well, reasoning
that more fuel in rich combustion zones potentially leads to more soot.
The fuel mass was determined in a volume bound by the lift-off length,
and the end of the soot frustum used in Fig. 8. To limit the analysis to
soot forming mixtures, only the part of that volume which exceeds the
equivalence ratio of 2 is considered. Although Spray C is more fuel rich
at the centerline, Spray D has on average 4.5% more fuel available in
the fuel-rich volume discussed above, irrespective of the ambient
temperature. Rather than comparing a similar volume one could asses
the difference in sooting propensity by matching the fuel mass, which
would increase the amount of soot mass from Spray C.

Fig. 11. Top: centerline equivalence ratio for Spray C and Spray D, illustrating
how the lift-off region for spray D becomes more fuel-rich at lower temperatures. The black arrows identify these differences. Bottom: radial equivalence
ratio distribution at the axial distance (x) that corresponds to the lift-off locations for both injectors with the sweep in ambient temperatures. Note that all
lift-off values in this figure correspond to the IFPEN values.

4.6. Soot results for short injections

increased soot mass, these results indicate how the lack of CO2 and
water presumably promotes soot production. The markers that do not
fall on top of the lines are separate Caterpillar measurements of ignition
delay using high-speed OH chemiluminescence which were only obtained for the 900-K ambient temperature. The OH -based measurements are scattered around that determined from the end-on view using
visible-wavelength chemiluminescence, which provides confidence for
the trustworthiness of the chemiluminescence thresholds used for the
larger dataset.

As a second approach to compare Spray C and Spray D in terms of
soot formation and oxidation, short injections with a net pressure increase of 35 kPa were targeted at Sandia. A 1200-K ambient was used to
decrease the lift-off length and to reduce the burn-out duration. Three
different injection pressures were selected to reduce the jet penetration
such that the developing jet is nearly completely contained within the
chamber for both soot formation and oxidation stages. Assuming that
the combustion efficiency is equal for all cases, the 35 kPa pressure
increase corresponds to a fixed amount of fuel with slightly different
injection durations. This way, the effect of enhanced mixing by increasing injection pressure on the total soot mass can be evaluated in an
isolated manner. The top panel of Fig. 12 shows the pressure increase
for Spray C and Spray D in all considered cases, where the end of injection is indicated by representative line styles in the top of the panel.
Despite not reaching the 35 kPa threshold within 2.5 ms, the cases with
an injection pressure of 50 MPa eventually reach this value as well. The
bottom panel of Fig. 12 illustrates how the total soot mass decreases in
magnitude and burn-out duration with increasing injection pressure.
The arrowheads in this panel indicate when the head of the jet reaches
the end of the field-of-view. Evident from the movies and continuity of
the displayed lines, is that the sprays have slowed down sufficiently by

4.5. Equivalence ratio predictions
To understand how the relative difference in soot mass and soot
inception point for Spray C and Spray D experiments in Fig. 8 change as
function of ambient temperature, predictions of mixing from the 1-D
spray model described by Musculus and Kattke are used [47]. While
Payri et al. showed decreased amounts of soot for a cylindrical nozzle in
a different injector set [14], the model predictions are used to explain
that this is caused by higher equivalence ratios at the lift-off length, as
is the case in their study. The top panel of Fig. 11 shows the centerline
equivalence ratio for the control volume at the lift-off length for both
11
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observed differences in pressure-based ignition delays are mostly within
the experimental uncertainty, it is assumed that further analysis of soot
formation and consumption is still warranted.
Using a soot extinction imaging technique, the soot mass was
quantified and compared for the Spray C and Spray D injectors across
different combustion facilities. Observations in light-based ignition
delay are shown to be reflected in the onset of soot formation based on
these measurements. However, given the large variability of the
amount of soot in a large set of data obtained in the Caterpillar combustion vessel, rather good agreement was found between the results of
IFPEN, Sandia and Caterpillar across all ambient temperatures and injection pressures. In order to compare the results from these rather
large sprays, a new approach that limits the field-of-view based on a
fixed volume was used. Moreover, it was shown how the results from
such a volume may be extrapolated downstream to simplify future
comparisons. When comparing the constant pressure vessel of
Caterpillar to the constant volume vessels of IFPEN and Sandia, an increased soot mass with a shorter soot inception time is found. In this
work, it is rationalized how the CO2 and water in the constant volume
vessels (rather than just oxygen and nitrogen) reduce soot formation. In
general, it is shown how Spray C produces more soot compared to Spray
D, attributed to a higher equivalence ratio at the lift-off length. This was
substantiated by short injection experiments conducted at Sandia, for
which the total fuel energy was matched between injectors. However,
when temperatures are reduced sufficiently, this trend appears to be
reversed due to the different mixing behavior.
Fig. 12. Top: ensemble-averaged and filtered pressure increase for short injections into an 1200-K ambient at Sandia. All cases eventually reach 35 kPa.
Bottom: total soot mass for short Spray C and Spray D injections at different
injection pressures. The end of injection is also indicated for all cases in both
panels. See text for more details.
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this time, such that the effect of the spray leaving the field-of-view on
the total soot mass is not even noticeable. Given that there is no reason
to assume that combustion efficiency differs between these injectors,
and that the pressure increase due to combustion is sufficiently close to
warrant a comparison, we conclude that Spray C produces more soot at
high ambient temperatures. That means that similar to the analysis
before, enhanced mixing due to the increased spreading angle does not
counterbalance the increased equivalence ratio at the lift-off length
described in Fig. 11.
5. Summary and conclusions
In this work, nominally identical fuel injectors with orifice diameters on the order of 200 µ m have been characterized at three different research institutes. The two different injectors considered in this
work have minimal differences in mass flow and orifice diameter size;
however, one of the injectors was manufactured with a straight hole
and sharp orifice inlet to induce cavitation, while the other injector was
subjected to hydro-erosive grinding and features a converging hole.
From inert vapor penetration measurements at IFPEN and Sandia, it
follows that the spray characteristics of the different injectors in two
different combustion vessels are nearly identical.
When considering typical combustion indicators such as the lift-off
length and the ignition delay, minor differences start to arise between
the results obtained at different research institutes. While lift-off length
values show decent agreement, ignition delay shows a rather ambiguous trend. Based on high-speed OH experiments, IFPEN found shorter
ignition delay times compared to Sandia and Caterpillar. This trend
between IFPEN and Sandia, however, is not clearly observed when
normalizing the pressure increase rate and extracting the ignition delay
from a certain pressure threshold. The discrepancy in OH derived ignition delays among the Sandia and IFPEN data is attributed to a small
difference in the reactivity of the ambient. Considering that the
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