
Subscriber access provided by SANDIA NATL LAB

Energy & Fuels is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Diesel Fuel Property Effects on In-Cylinder Liquid
Penetration Length: Impact on Smoke Emissions and

Equivalence Ratio Estimates at the Flame Lift-Off Length
Cosmin Emil Dumitrescu, Christopher J. Polonowski, Brian T. Fisher, Gregory K. Lilik, and Charles J. Mueller

Energy Fuels, Just Accepted Manuscript • DOI: 10.1021/acs.energyfuels.5b01754 • Publication Date (Web): 05 Oct 2015

Downloaded from http://pubs.acs.org on October 9, 2015

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

SAND2016-12385J



-------------------------------------- 
+
 Research was primarily conducted while the author was employed at Sandia National Laboratories, Livermore, CA 

 

Diesel Fuel Property Effects on In-Cylinder Liquid 

Penetration Length: Impact on Smoke Emissions 

and Equivalence Ratio Estimates at the Flame Lift-

Off Length  

Cosmin E. Dumitrescu,
 1,+,

* Christopher J. Polonowski,
2
 Brian T. Fisher,

3
 Gregory K. Lilik,

4
 and 

Charles J. Mueller 
4
 

1
West Virginia University, 275 Eng. Sci. Bldg., Morgantown, WV 26506, 

2
Ford Motor 

Company, 1 American Ave, Dearborn, Michigan 48125, 
3
Naval Research Laboratory, 4555 

Overlook Ave. SW , Washington, DC 20375, and 
4
Combustion Research Facility, Sandia 

National Laboratories, 7011 East Ave, Livermore, California 94550. 

Keywords: fuel effects, liquid length, lift-off length, mixture formation, diesel engine, FACE 

fuels 

Abstract. In this study, elastic scattering was employed to investigate diesel fuel property effects 

on the liquid length (i.e., the maximum extent of in-cylinder liquid-phase fuel penetration) using 

select research fuels: an ultra-low-sulfur #2 diesel emissions-certification fuel (CF) and four of 

the CRC FACE diesel fuels (F1, F2, F6, and F8). The experiments were performed in a single-

cylinder heavy-duty optical CI engine under time-varying, non-combusting conditions to 
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 2

minimize the influence of chemical heat release on the liquid-length measurement. The FACE 

diesel fuel and CF liquid lengths under combusting conditions were also predicted using Siebers’ 

scaling law and pressure data from previous work using the same fuels at similar in-cylinder 

conditions. The objective was to observe if the liquid length under non-combusting or 

combusting conditions provides additional insights into the relationships among the main fuel 

properties (i.e., cetane number (CN), the 90 vol% distillation recovery temperature (T90), and 

aromatic content) and smoke emissions. Results suggest that liquid-length values are best 

correlated to fuel distillation characteristics measured with ASTM D2887 (simulated distillation 

method). This work also studied the relationship between liquid length and lift-off length, H (i.e., 

distance from the fuel-injector orifice exit to the position where the standing premixed 

autoignition zone stabilizes during mixing-controlled combustion). Two possible cases were 

identified based on the relative magnitudes of liquid length under combusting conditions (Lc) and 

H. The low-CN fuels are representative of the first case, Lc<H, in which the fuel is always fully 

vaporized at H. The high-CN fuels are mostly representative of the second case, Lc≥H, in which 

there is still liquid fuel at H. Lc≥H would suggest higher smoke emissions, but there is not 

enough evidence in this work to support a compounding effect of a longer liquid length on top of 

the aromatic-content effect on smoke emissions for fuels with similar CN, supporting previous 

findings in the literature that lift-off length plays a more important role than liquid-length on 

diesel combustion. At the same time, the experimental results suggest a decrease in the fuel-jet 

spreading angle, i.e., a decrease in the entrainment rate into the jet at and downstream of H, 

under combusting conditions, that is not accounted for in the model used to predict the values of 

φ(H). As a result, Lc may be of interest for accurate predictions of ϕ(H), especially for 
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 3

combustion strategies designed to lower in-cylinder soot by operating near or below the non-

sooting ϕ(H)-value (i.e., ϕ(H) ~ 2). 

1. Introduction 

In diesel engines, particularly larger-displacement engines operating at moderate and higher 

loads, engine power is produced in a predominantly mixing-controlled combustion process. This 

combustion mode can produce high levels of particulate matter (PM) and/or nitrogen oxides 

(NOx). Currently diesel-engine emissions are mostly lowered through a combination of exhaust-

gas aftertreatment technologies. One alternative to aftertreatment is in-cylinder emissions-

reduction strategies like low-temperature combustion (LTC). Thus far, LTC strategies combined 

with recent advances in engine design, turbochargers, high-pressure fuel-delivery systems, and 

exhaust-gas recirculation (EGR), have proven less effective in reducing both NOx and soot 

emissions to current and future legislated levels. As a result, modern diesel engines currently use 

a combination of in-cylinder and aftertreatment methods. 

At the same time, the diminishing supply of conventional fossil fuels has prompted the 

development of alternative fuels (e.g., synthetic fuels, biofuels, unconventional petroleum-based 

fuels), which often have different physical and chemical properties compared to traditional diesel 

fuel.
1
  In addition, increased research effort is being directed toward the development of cleaner 

diesel fuels to lower the costs associated with emissions aftertreatment,
2
 but the open-loop 

control strategies of current diesel engines are not capable of adapting to major changes in fuel 

properties. A better understanding of fuel-property effects on diesel combustion will facilitate the 

cost-effective transition to cleaner-burning fuels for future high-efficiency engines. 

A critical step in diesel-engine design optimization is to obtain a better understanding of fuel 

effects on diesel-fuel spray penetration and dispersion. In modern diesel engines the fuel is 
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 4

directly injected into the combustion chamber at very high injection pressures. The fuel-injection 

event can span at least several tens of crank-angle degrees (CAD), especially at high engine 

loads, which means that in-cylinder conditions can change substantially as the fuel is being 

injected. At lower in-cylinder charge densities (i.e., corresponding to advanced or late-injection 

timings), liquid fuel may reach the cylinder wall and/or piston bowl.
3-7

  Wall-wetting from 

liquid-fuel impingement was shown to dilute engine oil, increasing piston-to-wall friction and 

engine-component wear,
8,9

 and reducing combustion efficiency through higher unburned 

hydrocarbon (HC) and carbon monoxide (CO) emissions.
6,10-12

  At the same time, liquid-fuel 

impingement can form fuel films that subsequently combust separately from the main 

combustion event and contribute to increased soot and NOx levels.
6
  As a result, predictions of 

liquid length (i.e., the maximum extent of in-cylinder liquid-phase fuel penetration, L) under all 

operating conditions benefit diesel-engine design by avoiding the negative effects of wall 

impingement. 

L is usually measured under steady conditions in combustion vessels (CVs). Using Schlieren 

imaging and Mie scattering, Siebers 
13

 demonstrated the liquid-length dependency on parameters 

such as injector orifice diameter, fuel volatility, and charge-gas density and temperature. Further, 

Siebers 
14

 developed a non-dimensional scaling law based on the assumption of 1D mixing-

limited vaporization (i.e., atomization processes are neglected), which accurately predicts 

L-values for a variety of fuels, injection pressures, and ambient-gas conditions relevant to 

modern diesel engines. However, this model 
14

 tends to over-predict L for temperatures below 

700 K. L has also been measured in diesel engines for traditional operating conditions with 

injection occurring near TDC,
15-20

 as well as in CVs. In an effort to better understand the physics 

of the injection process under conditions more representative of advanced combustion strategies, 
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 5

other studies observed spray penetration when the fuel is introduced at more advanced or 

retarded timings.
3,4,21,22

 The common findings of these studies are that L shortens at higher 

ambient-gas densities and temperatures, increases linearly with orifice diameter, decreases for 

fuels with lower boiling points at similar specific heat and latent heat, and is independent of 

injection pressure. 

While these studies explain processes governing L under diesel operating conditions, the 

connections among emissions, efficiency, fuel physical and chemical properties, L, and other 

frequently used combustion parameters like ignition delay and lift-off length (H) are less clear (H 

is defined as the distance between the fuel-injector orifice exit and the position where the 

standing premixed autoignition zone stabilizes during mixing-controlled combustion).
23-25

  While 

it has been shown that the equivalence ratio at H, ϕ(H), correlates with engine-out smoke 

emissions,
24,26

 it is not known how dependent smoke emissions could be on the relative 

magnitudes of L and H. 

Figure 1 shows two cases that can be encountered in mixing-controlled diesel combustion 

based on the relative magnitudes of L and H (actual L and H values will depend on fuel and 

charge-gas characteristics). In the first case, when L is shorter than H, all of the fuel immediately 

upstream of H is completely vaporized, with the fuel-rich partially premixed reaction zone 

closely positioned to H and surrounded by the diffusion flame. In the second case, when H is 

smaller than L, part of the fuel close to the jet centerline is still in the liquid phase and the fuel-

rich partially premixed reaction zone can be imagined as a truncated ellipsoid around this 

supercritical mixture of fuel and ambient-gas with its upstream edge at H and surrounded by the 

diffusion flame. In this case, some of the energy released in the reaction zone is used to vaporize 
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 6

the fuel still in the liquid phase, suggesting a lower local temperature around the jet centerline at 

H compared with the first case. 

There is some debate about whether ϕ(H) calculated using Naber and Siebers’ relationship 
27

 is 

more representative of a cross-sectional-average equivalence ratio as stated in the original work, 

or of a jet-centerline equivalence ratio as suggested by Pickett et al.
28

  For the second case in 

Figure 1, it seems very likely that the finite ϕ(H) calculated using Ref. 27 is more representative 

of the cross-sectional-average equivalence ratio, because of the higher fraction of liquid fuel on 

the jet centerline at H, which corresponds to very large values of the equivalence ratio. 

Regardless, ϕ(H) calculated using the methods described in Ref. 27 is an approximation of the 

range of equivalence ratios that can be found in a plane perpendicular to the jet axis and 

containing H, and the fuel distribution in the fuel-rich partially premixed reaction zone will be 

different in each one of the above cases. The first case is expected to have a more uniform ϕ(H) 

distribution, in which the fuel-air mixture richness increases gradually from the diffusion flame 

at the jet periphery toward the jet centerline, while in the second case the ϕ(H) distribution is 

expected to increase more rapidly from the diffusion flame at the jet periphery toward the jet 

centerline due to slower momentum transfer between droplets and vapor and/or local evaporative 

cooling (measurements to confirm or deny this hypothesis apparently do not yet exist). At the 

same time, the jet spreading angle may change substantially from its liquid-phase portion 

downstream to the vapor-phase portion of the fuel jet.
28

  Jet spreading angle is shown to be an 

important parameter in the cross-sectional average ϕ(H) equation.
14,27

  An interesting line of 

inquiry is to determine whether these differences in the equivalence-ratio distribution or spray 

spreading angle at H based on the relative position of L and H will affect the soot formation 

inside the combusting diesel plume. 
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Payri et al. 
31

 studied the relationship between L and H for neat rapeseed methyl ester biodiesel 

and its blends with petroleum diesel (5 and 30%), and Fischer-Tropsch fuels in an optically 

accessible rapid-compression machine using a single-hole injector, but found no clear correlation 

between L, H, and soot formation. The current study takes a new view by investigating the 

correlations among L, H, and engine-out smoke emissions by focusing only on fuels for which 

detailed composition and property data are available. 

Our research group recently developed a robust, comprehensive, engine-based screening 

methodology for quantifying fuel effects on mixing-controlled combustion. A great deal of effort 

has been focused on quantifying every important engine input and output parameter, including 

using optical diagnostics to measure in-cylinder parameters believed to have strong effects on 

emissions and efficiency. This methodology employs three high-speed optical-imaging 

techniques: Mie scattering for liquid-length measurements, combustion natural luminosity to 

show the distribution of hot in-cylinder soot, and OH-radical chemiluminescence (OH*) for lift-

off length measurements. The first fuels tested using this approach were a subset of the nine 

FACE diesel fuels
32

 designed by the Fuels for Advanced Combustion Engines (FACE) Working 

Group of the Coordinating Research Council (CRC) Advanced Vehicles, Fuels, and Lubricants 

(AVFL) Committee to help researchers study the effects on diesel combustion of varying fuel 

cetane number (CN), aromatic content, and volatility (represented by the 90 vol% recovery 

temperature or T90, as quantified by ASTM D86 
33

). The FACE diesel-fuel matrix, presented in 

Figure 2, was designed so that eight of the nine fuels form the corners of a cubic space defined 

by variations in CN from 30 to 55, T90 from 270 to 340 °C, and aromatic content from 20 to 

45 vol%, while the ninth fuel has property values near the center of the design space. Four of the 

nine diesel fuels in Figure 2 (#1, 2, 6, and 8) were used in this study together with an ultra-low-

Page 7 of 56

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 8

sulfur #2 diesel emissions-certification fuel that also has properties close to the center of the 

FACE matrix design space. 

A first set of results from the FACE-fuels study discussed the relationships among the main 

fuel properties (i.e., CN, T90, and aromatic content), engine-out emissions, efficiency, and H.
30

 

The objective of the work described herein was to observe if liquid-length information can 

provide additional insights into these relationships. 

 

2. Experimental Setup and Procedure 

Engine and Fuel System. The experiments were performed in a single-cylinder version of a 

heavy-duty engine modified to provide optical access to the combustion chamber. Figure 3 

presents schematics of the optical-engine imaging setup, and Table 1 provides the primary 

specifications of the optical engine. The piston bowl is the major difference between the optical 

engine and a comparable production metal engine. The optical piston has a flat bottom, vertical 

walls, and a larger land above the top compression ring, which allows optical access through a 

notch in the bowl-rim and prevents the rings from riding over the cylinder-wall windows. The 

above differences lead to a lower geometric compression ratio (CR) of 12.3:1 for the optical 

engine versus ~16:1 for a comparable production engine. To compensate for the lower CR of the 

optical engine, the intake temperature and pressure are elevated in this study to closely match the 

conditions in the production engine.
4
 

Fuel was injected once every 15 engine cycles in these experiments for a total of 63 injected 

cycles per engine run (9 replicates at 7 different start-of-injection (SOI) timings). This approach 

was used to allow the vaporized fuel to be completely purged from the combustion chamber 

before the next injection event. To minimize the influence of chemical heat release on measured 
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 9

liquid lengths, combustion was purposely avoided by adding N2 and CO2 to the dry intake air for 

a final intake mixture composition of 2.0 mol% O2, 1.7 mol% CO2, and 96.3 mol% N2. The dry-

air/N2/CO2 composition was designed to match the constant-pressure specific heat of the charge-

gas mixture at -10 CAD ATDC to that of the mixtures with higher O2 contents used in Ref. 30. 

Fuel delivery was accomplished using a high-pressure common-rail fuel-injection system, the 

principal components of which include a diaphragm pump (Newport Scientific, Model 

46-16060) modified at Sandia for improved durability at injection pressures above150 MPa, and 

a near-production Caterpillar electronically actuated solenoid-operated fuel injector. The fuel-

wetted internals of the pump are fabricated from stainless steel, Kalrez, or Teflon, making the 

system suitable for handling a wide range of conventional and unconventional fuels having high 

corrosivities, low viscosities, or other properties that can cause conventional piston-type pumps 

to fail. 

Table 2 provides the fuel-injector specifications. X-ray tomography was used to confirm the 

orifice diameter, length-to-diameter ratio, and included spray angle listed in Table 2. Figure 4 

presents typical injection-rate profiles for the 2-hole nozzle tip at the fuel injection pressures 

(Pinj) used in this work, 80 and 180 MPa, as measured using a momentum-based rate-of-injection 

meter developed at Sandia.
34

 

A flush-mounted, water-cooled pressure transducer (AVL Model QC32C) was used to measure 

cylinder-pressure every 0.5 CAD during both fired (i.e., cycles where the fuel was injected) and 

motored cycles. 

Fuels. The FACE diesel fuels are complex fuels composed of the same major hydrocarbon 

classes as CF, but their proportions and compositions are necessarily different to achieve the 

desired specifications. This created other differences between the FACE diesel fuels and typical 
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 10

market diesel fuels. Furthermore, Table 3 shows that there are differences between the intended 

and actual FACE design property values (e.g., F8 has a CN of ~50 instead of 55). 

The present study investigated four of the nine diesel fuels designed by the CRC FACE 

Working Group, namely F1, F2, F6, and F8 (i.e., the non-yellow-colored fuels in Figure 2), 

together with CF, which has properties that are more representative of diesel fuels currently in 

the US market. CF has property values near the center of the FACE design space. Reference 30 

provides a detailed discussion about the fuels used in this study.  

The selection of F1, F2, F6, and F8 enabled the study of the effects of different fuel properties 

individually: T90 effects at low CN and low aromatic content (F1 vs. F2), CN effects at low 

aromatic content and high T90 (F2 vs. F6), aromatic content effects at high CN and high T90 (F6 

vs. F8), and the effects of all variables at their low and high values (F1 vs. F8). Table 3 and 

Table 4 present the measured property values for these fuels and the FACE fuel pairings, 

respectively.  

As is the case in general for fuels containing multiple components with different boiling 

points, T90 does not fully characterize the distillation curves for the FACE diesel fuels. This is 

evident from Figure 5. For example, F1 and F2 have similar distillation curves from T20 to T80, 

but T90-values that differ by ~ 60 °C. A similar observation can be made for F2, F6, and F8, 

which have similar T90 values, but there is a difference of as much as 100 °C between the 

distillation curves for F2 and F6/F8 from the initial boiling point to T80. All of these differences 

among the FACE diesel fuels introduce confounding effects that make the FACE matrix less 

than ideal for its intended purpose of studying the effects of varying CN, aromatic content, and 

T90. 
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 11

Engine Operating Conditions. Table 5 presents the engine operating conditions for the 

liquid-length experiments. These operating conditions were not specifically designed to observe 

the connections among smoke emissions, fuel properties, L, and H, but simply duplicated those 

used in Ref. 30. Similar to Ref. 30, the intake-charge pressure and temperature were increased to 

simulate higher-compression-ratio operation. The intake charge, cylinder liner, and head were 

maintained at the same temperature to minimize the uncertainty in charge-gas temperature at the 

beginning of the compression stroke due to heat transfer among these elements of the system. 

The fuel was injected at SOIactual timings of -50, -40, -30, -20, -10, 0, and 10 CAD ATDC, where 

SOIactual is the time when fuel is observed to enter the combustion chamber. Replicate 

experiments were performed on different days for a total of 9 engine runs (i.e., 81 fuel-injection 

events) at each SOI to ensure a good statistical sample.  

The experiments were performed at constant engine speed, intake pressure, and intake 

temperature. The non-combusting gas-mixture composition was selected so that the temperature, 

density, pressure, and specific heat at -10 CAD ATDC of 850 K, 26 kg/m
3
, 63 bar, and 

32 J/mol/K, respectively, matched those used in previous work.
30

 

In this study the non-combusting liquid-length measurements were also adjusted for 

combusting conditions using experimental data from Ref. 30 (which studied the same fuels using 

the same experimental equipment at similar initial operating conditions, with the exception of 

oxygen concentration). This allowed us to compare estimates of FACE diesel fuel liquid lengths 

in mixing-controlled diesel combustion at three dilution levels—21, 18, and 16 mol% O2—

simulating the effects of using zero to moderate EGR rates. 

Optical Measurements. High-speed visualization of Mie-scattered light from the liquid 

portion of the diesel spray was used in this study for the liquid-length measurements. The optical 
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setup is provided in Figure 3. The 532-nm laser light for the spray illumination was provided by 

a Nd:YAG laser (Lee Laser, Model LDP-100MQG) at 50 kHz and ~0.5-µs pulse width. Spray-

visualization images were acquired at 50 kHz (i.e., ~0.2-CAD resolution at 1500 rpm), using a 

collection system consisting of a Phantom v7.3 high-speed CMOS camera equipped with an 

Abakus Ltd., 20-mm-diameter variable-focal-length borescope with a nominal 115° field of 

view. 

Figure 3 shows that the 5-mm-wide laser sheet entered the combustion chamber from below 

through the piston window and was aligned in the same plane with the two fuel jets. The 50 kHz 

data-acquisition rate limited the area of the CMOS chip that could be used, thus the camera field 

of view contained only one of the fuel jets. As a result, the laser sheet spanned the camera field 

of view from the injector tip to the piston bowl to ensure that the maximum liquid penetration 

distance was measured (see Figure 3). The light scattered from liquid-fuel droplets was collected 

through a window in the cylinder wall which faced a notch cut from the bowl-rim to allow 

continuous optical access into the piston bowl through TDC. The curved cylinder-wall window 

and wide-angle borescope lens distorted the acquired images, necessitating geometric correction. 

The spatial resolution of the corrected images was ~0.3 mm/pixel. Acquired images were also 

corrected for non-uniformities in the laser sheet intensity profile and in the collection efficiency 

of the imaging system. The correction procedures are described in detail in a previous study.
4
 

The maximum measured signal in the raw images was kept at ∼50-75% of the CMOS sensor 

full scale (i.e., detector saturation was avoided). The liquid length was determined along the 

spray axis after application of the corrections described above, using a fixed threshold intensity 

of 2% of maximum intensity (Ref. 4 shows that liquid-length measurements are nearly constant 

when the threshold is lowered to ~ 1-4% of full scale). 
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3. Results and Discussion 

Liquid Length. Figure 6 shows the measured non-combusting liquid-length results for the 

FACE diesel fuels and CF, at 80 and 180 MPa injection pressure, and SOIactual injection timings 

from -50 CAD ATDC to 10 CAD ATDC in increments of 10 CAD. Similar to previous 

studies,
3,4,22

 the effects of in-cylinder flows, such as swirl or bulk flow due to piston motion, 

have been neglected and all SOI and end-of-injection (EOI) transients have been omitted. The 

bowl radius limited the maximum measured liquid length under some conditions. Figure 6 

indicates that for a particular fuel liquid length depends on in-cylinder conditions (pressure and 

temperature). Liquid length is relatively independent of injection pressure despite the minor 

increase in the L-values spread with injection pressure for a specific fuel at a specific crank 

angle, which was probably due to the different spray-induced turbulent eddies near the edge of 

the spray plume at 180-MPa Pinj compared to 80-MPa Pinj.
36

  Similar to the results in Ref. 4, 

liquid lengths for overlapping injections do not agree perfectly in the overlapping crank-angle 

range, probably due to the different effect of fuel vaporization on in-cylinder cooling for 

overlapping injections (i.e., the quantity of fuel already injected at a specific crank angle was 

proportional with the SOI timing, thus cooler charge gas for advanced SOI timings). It can also 

explain the larger degree of disparity in the overlapping crank-angle range at 180-MPa Pinj 

compared to 80-MPa Pinj as the mass flowrate of fuel injected increased with injection pressure. 

There is also a similar degree of asymmetry with liquid length being longer in the expansion 

stroke (i.e., after TDC) compared with the equivalent crank-angle position in the compression 

stroke (i.e., before TDC). Further, Figure 6 shows that in-cylinder conditions also influenced the 

liquid-length differences between fuels (e.g., liquid length differences between F2 and CF 

increased in the expansion stroke after 25 CAD ATDC). These differences are probably due to 
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the thermodynamic (i.e., temperature and/or density) history of the charge gas during fuel 

injection (see Ref. 3 for a detailed discussion). 

There are obvious liquid-length differences among the fuels, which can be explained by the 

differences in fuel properties shown in Table 3. F1, the low-T90, lower-density, and lower-

viscosity fuel has the shortest liquid lengths, while F8, the high-T90, higher-density, and higher-

viscosity fuel, has the longest liquid lengths, regardless of operating conditions. At the same 

time, liquid-length measurements for CF (mid-T90, mid-density, mid-viscosity), F2 (high T90, 

lower density, lower viscosity), and F6 (high T90, mid-density, higher viscosity) present no large 

differences. The liquid-length change between the two lower-density, lower-viscosity fuels F1 

and F2 is the result of their different volatilities. Figs. 4.1 and 4.2 of Ref. 32 show that F1 and F2 

have similar hydrocarbon compositions up to C12, but F2 has almost no hydrocarbons in the 

range C14-C19, those being replaced by a large fraction of heavy hydrocarbons (C22 and C23) with 

high boiling points, thus the substantial jump in the distillation temperature of F2 around T80 

seen in Figure 5. 

The FACE fuel L-values are perhaps best correlated to their distillation characteristics, as 

might be expected (see Table 3 and Figure 5). It stands to reason that the higher volatility near 

the end of the distillation profile of F1 compared to F2, F6, F8, and CF would result in a shorter 

liquid length. Neither of the two methods used to characterize diesel fuel volatility, ASTM D86 

and ASTM D2887 
37

, are run at engine-relevant conditions, but they are the standard methods to 

determine the distillation characteristics of diesel fuel. Appendix A shows that the highest R
2
-

values for the best-fit lines at each fuel-injection pressure are obtained when liquid-length at 

TDC (LTDC) is plotted against the highest distillation-recovery temperature (i.e., T99) regardless 

of the ASTM method used and Pinj. To account for the effect of fuel density on liquid length 
38

,
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LTDC was corrected by dividing it by the square root of fuel density, ���. The correlation 

between ����/��� and T99 supports other observations in the literature that the liquid length of 

a multi-component fuel is controlled by the components with the lowest volatility, with fuel 

vaporization occurring as a batch-distillation process with the low-volatility components 

vaporizing last.
4,13

 At the same time, Figure 7 shows that R
2
 was higher for the correlation 

between ����/���  and T99ASTM D2887 compared with R
2 

for the correlation between ����/���  

and T99ASTM D86 (R
2
=0.96 versus R

2
=0.91; see Appendix 1). This is likely caused by the higher 

dependence of ASTM D86 measurements on the apparatus and setup used compared with ASTM 

D2887 measurements 
32

 (Table 2.2. in Ref. 32 shows that up to 2.7 % of the total fuel volume 

was lost or in residual form at the end of ASTM D86 measurements, while all of the fuel is 

normally recovered at the end of ASTM D2887 measurements). As a result, Appendix A and the 

results in this work suggest that ASTM D2887 is better suited than ASTM D86 for predicting L 

based on fuel distillation characteristics. 

If L under non-combusting conditions is influenced by fuel physical properties (mainly the fuel 

volatility near the end point), then under combusting conditions the chemical heat release after 

the start of combustion but before the end of injection could influence L-values through its 

effects on in-cylinder ambient temperature and density. For example, a sharp heat release can 

increase fuel vaporization and reduce the liquid length. Usually, the chemical heat release 

depends on the operating condition, and predictions of L under combusting conditions can be 

used to investigate the interaction between L and the combustion process during the fuel 

injection event.  

Siebers’ scaling law 
14

 predicts liquid-phase fuel penetration based on mixing-limited 

vaporization, but the model does not account for multi-component effects such as distillation, so 
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multi-component fuels have been modeled using single-component surrogate fuels with similar 

density and volatility. Fisher and Mueller 
22

 showed good agreement between liquid-lengths 

measured under combusting conditions and those predicted with Siebers’ scaling law using the 

in-cylinder temperature and density estimated from cylinder-pressure measurements for various 

single- and multi-component fuels over a wide range of conditions. They found that the ratio 

between the liquid length under non-combusting and combusting conditions was almost 

independent of fuel at a specific in-cylinder temperature and ambient-gas density. Consequently, 

the FACE diesel fuels and CF liquid-lengths under combusting conditions were predicted in this 

study using Siebers’ model and pressure data (i.e., thermodynamic conditions) from Ref. 30 

which studied the same fuels at similar in-cylinder conditions (the exception being the oxygen 

concentration). The in-cylinder temperature and density from non-combusting conditions 

together with those estimated over the crank angles of interest in Ref. 30 (i.e., from the end of the 

premixed-burn (EOPMB) until EOI) were then used in Siebers’ scaling law with n-hexadecane 

as the surrogate fuel. 
22

 Finally, the measured non-combusting liquid lengths of the FACE fuels 

and CF were multiplied by the ratio of the n-hexadecane liquid length under combusting and 

non-combusting conditions to estimate the liquid lengths of the FACE fuels and CF under 

combusting conditions from EOPMB until EOI. See Appendix B for further details. 

Predicted Liquid Length under Combusting Conditions. Figure 8 shows that higher in-

cylinder ambient temperatures and densities due to combustion curtail the liquid length under 

combusting conditions, Lc. The Lc trend is similar to the one observed in Figure 7, suggesting 

that fuel-volatility effects were more important than combustion effects for the operating 

conditions in this study. Compared to L, Lc increased at similar rate for all fuels at a specific Pinj 

after TDC according to Eq. 1: 

Page 16 of 56

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 17

�
 = �
� + ��																																																																											(1) 

where C1 and C2 are constants. It is interesting that while C1 seems relatively independent of fuel 

properties (probably the result of using n-hexadecane as surrogate fuel; see Appendix B), C2 is 

fuel dependent. This can be explained by the differences in the heat release during the 

combustion process. Figure 9 shows the apparent heat-release rate for the three high-T90 fuels: 

F2, F6, and F8. A comparison of the Lc-values reveals that low-CN fuels have the largest liquid-

length reduction under combusting conditions because their heat release occurs closer to TDC, 

hence there is greater compression heating, which further increases in-cylinder ambient 

temperatures and densities compared with F6 and F8 combustion at a similar crank angle after 

the start of combustion (SOC). At the same time, a comparison of Figure 8a and Figure 8b 

indicates that the liquid-length reduction was larger at the high injection pressure, but this is 

likely due to the higher load and higher in-cylinder ambient temperatures and densities at the 

180-MPa injection-pressure condition (i.e., larger heat-release rates and premixed-burn fractions) 

rather than the higher injection pressure itself. It is interesting to observe that at a specific fuel-

injection pressure there was almost no effect of charge dilution on predicted liquid-length at 

similar in-cylinder temperature and pressure (the exception is the low-CN, low aromatic content, 

high-T90 fuel, F2, which has a larger premixed burn at the 16-mol%-O2 condition compared 

with the 21-mol%-O2 condition). This is explained by the particular experimental design in Ref. 

30, which matched charge-gas mixture specific heats regardless of the dilution level. A different 

behavior might be expected in a real engine where charge-gas mixture specific heats will also 

depend on the EGR level. Appendix B provides further details about the “goodness of fit” of data 

presented in Fig. 8. 
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Liquid-Length Effect on Smoke Emissions. One of the objectives of this work was to 

observe the effect of liquid length on soot formation for similar values of jet- and cycle-averaged 

ϕ(H) calculated with Naber and Siebers’ relationship 
27

, but different ϕ(H) distribution at the lift-

off location. High-speed imaging of soot natural luminosity (NL) and OH* chemiluminescence 

(CL), and predicted liquid length under combusting conditions were used to qualitatively observe 

the relationships among Lc, H, and the in-cylinder mechanisms leading to the soot emissions 

differences among the fuels (see Ref. 30 for a detailed discussion of the NL and CL imaging 

procedures). Figure 10 presents superimposed NL and CL images acquired during the same 

engine cycle at 18 mol% O2, 80-MPa injection pressure, and at different crank angles during the 

combustion process. From left to right, the images were acquired: at TDC (which is also 

immediately after the end of premixed-burn), during fuel injection, immediately before EOI, and 

a few CAD after EOI; the CAD position is indicated in the image top-left-corner. The hot-soot 

NL is presented in pink, while the OH-radical CL is shown in green. The areas containing both 

high-intensity NL and CL signals are colored in gray. The reader is advised against attempting to 

use visual comparisons of brightness levels between images because NL and CL intensities are 

normalized to the maximum NL and CL signal levels, respectively (see Ref. 30 for samples of 

individual NL and CL images and the corresponding discussion). The piston bowl defines each 

image boundary and the injector tip is represented by the black dot in the middle of the image. 

The position of Lc and H relative to the injector tip are shown with red and yellow lines, 

respectively. Regardless of the actual signal intensity, differences in NL and CL distributions and 

levels as well as differences in Lc and H are evident, and these are discussed below. 

The images of the low-CN fuels F1 and F2 are representative of the case when Lc < H, 

meaning that all the fuel immediately upstream of H is completely vaporized. For this case the 
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areas of hot-soot NL are much smaller in size and closer to the edge of the piston bowl in the 

images of the low-CN and low-aromatic-content fuels F1 and F2. CF, the medium-CN, medium-

T90, medium-aromatic-content fuel, is representative of the case when Lc ~ H. CF has Lc-values 

in between those of F2 and F6, but its hot-soot areas in Figure 10 are much closer in size and 

position to those of F6 compared to F2. The areas of hot-soot NL further increase in the images 

of the high-CN, high-T90 fuels F6 and F8 which are representative of the second case illustrated 

in Figure 1, when Lc ≥ H and some of the fuel close to the jet centerline is still in the liquid 

phase. Figure 10 also shows that between the two high-CN, high-T90 fuels F6 and F8, the fuel 

with a higher aromatic content (F8) has the largest areas of hot-soot NL, regardless of their Lc 

and H similarities. The observations based on the images shown in Figure 10 are supported by 

actual smoke emissions shown in Figure 11, which plots Lc against the filter smoke number 

(FSN) measurements from Ref. 30. Figure 11 shows no clear correlation between Lc and smoke 

emissions for the fuels and the operating conditions studied here even if having some of the fuel 

in liquid phase in the rich premixed-zone at H might suggest otherwise. To the contrary, Figure 

12, which plots ϕ(H) at the end of the premixed burn (EOPMB) against the filter smoke number 

(FSN) suggests an H effect on the smoke emissions of these fuels at similar fuel-injection 

pressure and dilution level. While the results in Figure 11 and Figure 12 don’t rule out Lc effects 

on smoke emissions, they support similar findings in the literature indicating that fuel 

composition (i.e., fuel chemistry) usually plays a more important role in diesel combustion than 

fuel physical properties. These fuel-composition effects can be explained further by more 

analysis of natural-luminosity and OH* chemiluminescence images, as shown by Figure 13 and 

Figure 14. 
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Figure 13 andFigure 14 present the effect of fuel type, charge dilution, and injection pressure 

on spatially integrated natural luminosity (SINL) signal, jet- and ensemble-averaged time-

resolved lift-off length, H, as well as the estimated equivalence ratio at H, ϕ(H), for all tested 

fuels. Some observations related to the possible effect of Lc on the equivalence ratio distribution 

at H and, subsequently, on smoke emissions are discussed next.  

Figure 13 indicates that increased charge dilution curtailed SINL due to the decrease in hot-

soot temperature with dilution (SINL is strongly dependent on soot temperature 
39

), while the 

lower engine load at reduced fuel-injection pressure increased combustion duration, hence the 

longer period over which SINL was observed compared with measurements at the higher fuel-

injection pressure. At the same time, Figure 13 shows that for a similar dilution level and fuel-

injection pressure, fuel type affected SINL. For a specific operating condition, the low-CN fuels 

have much lower SINL, therefore it is perhaps not surprising that their engine-out smoke 

emissions were an order of magnitude lower compared with those of the high-CN fuels (see Ref. 

30 for complete engine-out emissions plots). On the other hand, the shorter liquid length of F1 

didn’t decrease its SINL or smoke emissions compared with F2, perhaps because the H-values 

for both fuels are so much larger than their corresponding Lc-values. As expected based on its 

lower CN, F2 also had a longer ignition delay, i.e., more advanced SOI for constant SOC, hence 

F2 had more time for premixing, which could result in similar overall fuel-to-air mixing at SOC 

for both fuels regardless of their different liquid lengths. Figure 14 shows that between the two 

low-CN fuels, F2 had longer H and slightly lower ϕ(H), hence its lower smoke emissions 

compared with F1. At the same time, the slightly larger aromatic content of F1 compared with F2 

probably further affected smoke levels, as it has been shown that aromatic content usually 

correlates with smoke emissions.
30
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From the two high-CN, high-T90 fuels (F6 and F8), the one having both Lc>H and higher 

aromatic content (F8) had higher smoke emissions, regardless of their similar ϕ(H) in Figure 14. 

It is perhaps expected that having liquid fuel on the jet centerline at H will lower the fuel-to-

charge-gas mixing compared with the Lc<H case due to slower momentum transfer between 

droplets and vapor and/or local evaporative cooling, but to what extent is less clear. There are no 

obvious differences, however, in Figure 10 between NL and CL distributions during the F6 and 

F8 combustion processes, even if Figure 13 shows a higher maximum SINL for F8 regardless of 

operating conditions. At the same time, Figure 14 shows that F8 and F6 had similar H and ϕ(H), 

more so at the higher fuel-injection pressure, suggesting comparable fuel-to-charge-gas mixing 

rates. Though the trends are in the right direction, there is not enough evidence in this work to 

support a compounding effect of a longer liquid length on top of the aromatic-content effect on 

smoke emissions. Thus, it is most likely that higher smoke levels for F8 can be attributed simply 

to its higher aromatic content. 

The difference in smoke emissions between the high-CN fuels was smaller than the difference 

between the low-CN fuels: F8 has ~60% larger smoke emissions compared to F6, while F1 has 

~100% higher smoke emissions compared to F2 at all operating conditions (note: the FSN 

measurements for the low-CN fuels were close to the detection limit of the AVL 415S smoke 

meter). One explanation for these results may be the deviation between the intended and actual 

FACE fuel properties. Between the low-CN fuels, the one with a higher aromatic content had 

higher CN (CN=30 for F1 versus CN=28 for F2), while the opposite is true for the high-CN 

fuels. F8, the fuel with a higher aromatic content, has a lower CN compared with F6, the fuel 

with a lower aromatic content (CN=50 for F8 versus CN=54 for F6). Smoke emissions of the 

FACE fuels in Ref. 30 were correlated with CN, therefore a fuel having similar aromatic content 
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and T90 to F8 but a higher CN will be expected to produce higher smoke emissions because the 

higher CN will further shorten H and increase ϕ(H). Therefore it is unclear if in this case a 

shorter liquid length as the result of a higher local temperature closer to the injector tip will have 

any effect on the rate at which smoke emissions will increase due to a higher CN. 

Fuel characteristics and engine operating conditions are expected to affect both absolute and 

relative Lc and H values. Figure 15 shows H relative to Lc for the operating conditions studied in 

Ref. 30 presented as (H-Lc)/H. A positive ratio means that the fuel is always vaporized at H, 

while a negative ratio means that there is still a liquid-fuel core at H. One of the reasons for 

observing this ratio relates to the discussion in Pickett et al. 
28

 about differences in the cross-

sectionally averaged equivalence ratio based on the uniform-profile model of Naber and 

Siebers 
27

 compared to the variable-profile model of Musculus and Kattke.
40

 The uniform-profile 

model was developed to measure the liquid portion of the developing fuel jet. The variable-

profile model was developed to measure the jet penetration in the vaporized portion of the fuel 

jet and estimate ambient entrainment in the far-field of the jet. Vapor-penetration experiments 
28

 

have shown that the fuel jet has a smaller spreading angle in the near-field (i.e., in the liquid-

portion of the jet) and transitions progressively to a larger angle in the far-field jet (i.e., in the 

vaporized portion of the fuel jet). The (H-Lc/H) ratio would indicate differences in the fuel-spray 

spreading angle between fuels and/or engine operating conditions, improving the ϕ(H) estimates, 

as discussed later in this section. 

Figure 15 indicates that both dilution level and fuel-injection pressure have a large effect on 

(H-Lc)/H, but the magnitude depends on fuel properties. Low-CN fuels are completely vaporized 

at H (with the exception of F2 in the last stages of the fuel-injection process at 21 mol% O2 and 

Pinj = 80 MPa), regardless of their T90. On the other hand, the high-CN, high-T90 fuels have 
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longer Lc than H at low fuel-injection pressure, regardless of charge dilution. The higher fuel-

injection pressure increases H without significantly affecting Lc so that Lc was longer than H 

only at the 0%-EGR (21 mol% O2) operating condition at Pinj of 180 MPa. Figure 15 also shows 

that between the two low-CN fuels, F1 has a higher (H-Lc)/H ratio at all operating conditions, 

but its smoke emissions were slightly larger regardless of the operating conditions. As F1 has a 

higher aromatic content than F2, this suggests that in the case of low-CN fuels, the Lc effect on 

smoke emissions is negligible compared with the aromatic-content effect at similar H-values. 

It is also interesting that fuel properties and injection pressure affected the (H-Lc)/H ratio 

change during fuel injection. The (H-Lc)/H ratios of low-CN fuels decrease monotonically after 

TDC, but they are relatively constant for the high-CN fuels throughout the fuel-injection process. 

Figure 15 also shows that the magnitude of the (H-Lc)/H change between fuels at the same 

conditions is larger for the high-CN fuels, but also depends on the operating condition. At the 

same time, the (H-Lc)/H rate of decrease with CA for the low-CN fuels at a particular operating 

condition was larger at lower Pinj, but this is probably due to the lower load and lower in-cylinder 

temperatures at the 80-MPa injection-pressure condition which increase Lc during the late fuel-

injection stages relative to the 180-MPa Pinj condition, as seen in Figure 8. The higher (H-Lc)/H 

ratios of the low-CN fuels compared with the high-CN fuels shown in Figure 15 and the 

discussion in Ref. 28 also suggest that ϕ(H) for low-CN fuels may be underestimated in Figure 

14 when calculated with Naber and Siebers’ relationship if a constant spreading angle is used, 

especially in the early combustion stages (i.e., (H-Lc)/H ~ 0.4-0.6 close to TDC). Reference 30 

estimated the fuel-jet spreading angle using the following relationships from Refs. 14 and 27: 

tan	��2� = � ��������.
! − 0.0043&����'																											(2) 
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Equation 2 shows that the spreading angle depends on the ambient-gas/injected-fuel density ratio 

(ρa/ρf) and the constant c, whose values were estimated for different sizes of the injector-nozzle 

orifice at an orifice pressure drop of 1400 bar,
14

 but it doesn’t take into account the actual 

position of Lc relative to H. A larger spreading angle will decrease ϕ(x) in Naber and Siebers’ 

relationship. That the spreading-angle value determined with Eq. 2 might be greater than the 

actual value might explain the non-zero SINL signal between 0 and 5 CAD ATDC at 180-MPa 

injection pressure in Figure 13 for the low-CN fuels even though the Naber and Siebers model 

gives a non-sooting ϕ(H)-value (i.e., ϕ(H)~2)), as shown in Figure 14. The non-zero SINL results 

suggest that the fuel-jet spreading angle decreased under combusting conditions due to the heat 

released during combustion. Reference 30 didn’t measure liquid-length under combusting 

conditions, therefore the effect of the differences between actual and predicted fuel-jet spreading 

angle on ϕ(H) are unknown. 

Further analysis of Figure 8 and Figure 14 shows that the change of (H-Lc)/H ratio seen in 

Figure 15 is mostly due to changes in H, because Lc increased with CAD at a similar rate for all 

of the fuels (even though the rate increase was influenced by Pinj because of the load effect). This 

suggests that H and the corresponding ϕ(H) play more important roles in diesel combustion, 

though more work and analysis are necessary to prove it. At the same time, there may be 

differences between the actual values of the equivalence ratio at the lift-off length, ϕ(H), of the 

low- and high-CN fuels and those calculated with Naber and Siebers’ relationship due to the 

model not capturing the decrease in fuel-jet spreading angle associated with heat released during 

combustion (i.e., higher temperature and lower density in the reaction zone at the lift-off 

location), especially for operating conditions where H>>Lc. As a result, measurements or 

estimates of Lc may be of interest when accurate knowledge of ϕ(H) is required because it can 
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help in choosing the correct model to predict the equivalence ratio during the steady period of 

injection, be it the uniform-profile model of Naber and Siebers 
27

 or the variable-profile model of 

Musculus and Kattke.
40 

 

4. Summary and Conclusions 

In this study, high-speed visualization of Mie-scattered light from liquid fuel was employed to 

investigate fuel-property effects on the diesel-spray liquid length (L) using select research fuels, 

i.e., an ultra-low-sulfur #2 diesel emissions-certification fuel (CF) and four of the CRC FACE 

diesel fuels (F1, F2, F6, and F8). 

The experiments were performed in a 1.72-liter single cylinder heavy-duty optical CI engine 

using a two-hole injector at injection pressures of 80 and 180 MPa and actual start of injection 

(SOIactual) timings from -50 CAD ATDC to +10 CAD ATDC in increments of 10 CAD, under 

non-combusting conditions (i.e., 2 mol% O2 concentration in the intake gas) to minimize the 

influence of chemical heat release on the L measurement. The liquid lengths under combusting 

conditions (Lc) of the FACE and CF diesel fuels were predicted in this study using Siebers’ 

scaling law and pressure data from Ref. 30, which studied the same fuels at similar in-cylinder 

conditions (the exception being the oxygen concentration).  

Two possible cases were identified based on the relative magnitudes of Lc and H. The low-CN 

fuels are representative of the first case, Lc<H, in which the fuel is always vaporized at H. The 

high-CN fuels are mostly representative of the second case, Lc≥H, in which there is still liquid 

fuel at H. This work also observed the H relative to Lc for the operating conditions studied in 

Ref. 30 and presented as (H-Lc)/H. A positive ratio means that the fuel is always vaporized at H, 

while a negative ratio means that there is still liquid fuel at H.  
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The major observations in this study are: 

• At similar start of combustion, low-CN fuels have the smallest Lc/L ratios because their 

heat release occurs closer to TDC, hence there is greater compression heating, which 

further increases in-cylinder ambient temperatures and densities compared with high-

CN-fuel combustion at a similar crank angle after SOC.  

• There was no effect of charge dilution on Lc at similar in-cylinder temperature and 

injection pressure because of the experimental design. This behavior may not hold in a 

real engine where charge-gas mixture specific heats will also depend on the EGR level. 

• Combustion natural luminosity and smoke emissions correlated with fuel aromatic 

content regardless of their Lc values. As a result, there is not enough evidence in this 

work to support a compounding effect of a longer liquid length in addition to the 

aromatic-content effect on smoke emissions. 

• The (H-Lc)/H ratios are dependent on both fuel and operating condition. The change of 

(H-Lc)/H ratio throughout the fuel-injection process is mostly due to changes in H 

because Lc changes with CAD at a similar rate for all of the fuels.  

Based on the observations, the most important conclusions from this study are: 

• The FACE fuel L-values are perhaps best correlated to their distillation characteristics. 

����/��� has the highest correlation with T99 as measured with ASTM D2887 

(R
2
=0.96). 

• No conclusive correlations were found between liquid length and smoke emissions, 

supporting previous findings in the literature that lift-off length plays a more important 

role than liquid length on diesel combustion. At the same time, due to the dependence 

of ϕ(H) on the jet spreading angle, Lc may be of interest for accurate predictions of 
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ϕ(H). The experimental results suggest a decrease in the fuel-jet spreading angle, i.e., a 

decrease in the entrainment rate into the jet at and downstream of H, under combusting 

conditions. The decrease is due to the heat released during combustion which would 

increase the temperature and decrease the density in the reaction zone at the lift-off 

location. The model used in Ref. 30 to predict the values of φ(H), the Naber and 

Siebers’ relationship, doesn’t account for this decrease in the jet spreading angle. The 

difference between the predicted and actual value of ϕ(H) is expected to increase at 

operating conditions where H>>Lc, because these conditions are usually characterized 

by a larger pre-mixed heat release.  Lc can help in choosing the correct model to predict 

the equivalence ratio during the steady period of injection, be it the uniform-profile 

model of Naber and Siebers 
27

 or the variable-profile model of Musculus and Kattke.
40

 

This is of interest, especially for combustion strategies designed to lower in-cylinder 

soot by operating near or below the non-sooting ϕ(H)-value (i.e., ϕ(H) ~ 2). 
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Figure 1. Schematic of a combusting DI diesel jet during the quasi-steady period of combustion 

(adapted from Ref. 29 and slightly modified based on current study results and Ref. 30). 

 

 

Figure 2. The positions of the ultra-low-sulfur #2 diesel emissions-certification fuel (CF) and 

FACE diesel fuels studied in this work (F1, F2, F6, and F8) within the FACE diesel-fuel 

property matrix. 
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Figure 3. Schematics of the optical-engine imaging setup as configured for measuring liquid 

length. The cutaway overview (a) shows how a laser sheet is directed via the piston mirror 

through the piston window into the combustion chamber and is aligned with the plane of the fuel 

jets. The close-up view (b) shows how a notch in the piston bowl-rim enables optical access to 

the piston bowl when the piston is near TDC. 

 

 

 

Figure 4. Injection-rate profiles per injector orifice. 

(a) (b) 
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Figure 5. Distillation curves of the studied fuels using the (a) ASTM D86 and (b) ASTM D2887 

methods. 
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Figure 6. Effect of fuel properties and fuel-injection pressure (Pinj) on the average liquid length 

with respect to injection timing and CAD. Injection duration was ~ 32 CAD. SOIactual timings of 

-50, -40, -30, -20, -10, 0, and 10 CAD ATDC resulted in overlapping CAD ranges. SOI and EOI 

transients were neglected. Line color and each tested fuel property value relative to the FACE 

diesel fuel matrix are defined in the inset of Part b of the figure (M-middle, L-low, H-high). 
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Figure 7. Effect of fuel volatility on the average liquid length, shown as the correlation between 

T99 measured with ASTM D2887 method, and L at TDC corrected by the square root of fuel 

density, L)*+/�ρ-. The circle and triangle symbols represent  L)*+/�ρ- at 80- and 180-MPa 

injection pressure, respectively. The error bars represent the standard deviation. The best-fit line 

through the L)*+/�ρ- -data and the corresponding R
2
-value are also shown. 
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Figure 8. Predicted liquid length under combusting conditions (Lc) versus the measured liquid 

length under non-combusting conditions (L) at 80-MPa (a) and 180-MPa (b) fuel-injection 

pressure, for combusting conditions similar to Ref. 30. 
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Figure 9. Apparent heat-release rate (AHRR) for F2, F6, and F8 at operating condition with 

180-MPa injection pressure and 16% XO2. 
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Figure 10. Superimposed NL and CL images acquired during the same engine cycle at different 

crank angles during the combustion process, for 18 mol% O2 charge dilution and at 80-MPa fuel-

injection pressure. The hot-soot NL is presented in pink, while the OH-radical CL is shown in 

green. The areas containing both high-intensity NL and CL signals are colored in gray. The 

position of the Lc and H relative to the injector tip (represented by the black dot in the center of 

the image) are shown with red and yellow lines, respectively. Also shown are: the CAD after 

TDC when the image was acquired (top-left corner), time after SOI (bottom-left), image number 

(bottom-right), and fired cycle number (top-right). 
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Figure 11. The effect of fuel liquid length on engine-out smoke emissions for the tested fuels at 

80-MPa (a) and 180-MPa (b) fuel injection pressure. 
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Figure 12. The effect of lift-off length at the actual end of injection (EOIa) on engine-out smoke 

emissions for the tested fuels at 80-MPa (a) and 180-MPa (b) fuel injection pressure. 
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Figure 13. The effect of fuel type, dilution, and Pinj on spatially integrated natural luminosity 

(SINL) for the tested fuels. 

 

Figure 14. The effect of fuel type, dilution, and Pinj on (a) jet- and ensemble-averaged lift-off 

length (H) and (b) estimated equivalence ratio at H (ϕ(H))for the tested fuels. 
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Figure 15. Effect of fuel type, dilution, and Pinj on the relative difference between H and Lc. 
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Table 1. Optical engine specifications. 

Research engine type Single-cylinder 
Cycle 4-stroke CIDI 

Valves per cylinder 4 

Bore 125 mm 

Stroke 140 mm 

Intake valve open
a
 32º BTDC exhaust 

Intake valve close
a
 153º BTDC comp. 

Exhaust valve open
a
 116º ATDC comp. 

Exhaust valve close
a
 11º ATDC exhaust 

Connecting-rod length 225 mm 

Piston-pin offset None 

Piston-bowl diameter 90 mm 

Piston-bowl depth 16.4 mm 

Squish height 1.5 mm 

Swirl ratio
b
 0.59 

Displacement 1.72 liters 

Compression ratio (geometric) 12.3:1 
a
All valve timings are for 0.03 mm lift 

b
Measured at the Caterpillar Technical Center using an AVL swirl meter 

 

 

 

Table 2. Common-rail fuel-injector specifications. 

Injector type Caterpillar CR350 

Injector tip style Mini-sac 

Number of injector orifices 2 

Orifice diameter (nom.) 110 µm 

Orifice length-to-diameter ratio 8 

Hydro-erosion 20 ± 2% 

Included spray angle 140º 
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Table 3. Tested fuel properties. FACE and certification diesel-fuel properties are from Refs. 32 

and 35, respectively. 

Parameter ASTM 

method 

Cert. 

fuel 

FACE fuel no. 
1 2 6 8 

Specific gravity [g/ml] D4052 0.848 0.8084 0.8037 0.8411 0.8688 

Cetane number D613 43.3 30.3 28.4 53.7 49.5 

Distillation temperature [ºC] D86/D2887 
     

T10 
 

211/194 184/170 181/170 223/206 248/253 

T50 
 

253/256 199/200 193/196 275/283 273/278 

T90 
 

310/325 284/301 346/362 339/366 342/368 

T100  342/401 324/393 360/403 357/411 364/414 

Carbon [mass %] D5291 87.04 85.74 85.71 86.25 87.40 

Hydrogen [mass %] D5291 13.03 13.82 13.94 13.62 12.42 

Molar C/H ratio  0.561 0.521 0.516 0.532 0.591 

Aromatics [mass %] D5186 29.7 26.6 23.3 21.5 44.4 

Kinematic Viscosity @ 40ºC [cSt] D445 2.3 1.7 1.8 3.1 3.2 

Net heat of combustion [MJ/kg] D240 42.9 42.8 43.2 42.8 42.2 

 

Table 4. FACE fuel pairings, where ↗ indicates a difference in fuel design parameter, while 

“High” and “Low” indicate a similarity in design parameter between pairs of fuels. 

FACE Fuel pair CN Aromatic % T90 
F1 vs. F2 Low Low ↗ 
F2 vs. F6 ↗ Low High 

F6 vs. F8 High ↗ High 

F1 vs. F8 ↗ ↗ ↗ 

 

Table 5. Engine operating conditions. 

Speed [rpm] 1500 
Intake manifold absolute pressure [bar] 2.5 

Intake manifold temperature [°C] 95.0 

Intake mixture 2.0% O2, 1.7% CO2, 96.3% N2 

Injection pressure [MPa] 80, 180 
Start of injection timings for non-combusting 

condition, actual [CAD ATDC] 
-50, -40, -30, -20, -10, 0, 10 
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DEFINITIONS / ABBREVIATIONS 

ATDC, After top-dead-center; CAD, Crank angle degree; CL, Chemiluminescence; CN, Cetane 

number; DOI, Duration of injection; EGR, Exhaust-gas recirculation; EOI, Actual end of 

injection; EOPMB, End of pre-mixed burn; FSN, Filter smoke number (AVL); H, Lift-off 

length; L, Liquid length; Lc, Liquid length for combusting conditions; NL, Natural luminosity; 

OH*, Electronically excited hydroxyl radical; Pinj, Fuel-injection pressure; SINL, Spatially-

integrated natural luminosity; SOI, Start of injection; SOC, Start of combustion; TDC, 

Top-dead-center; ϕ(H), Equivalence ratio at lift-off length 
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Appendix A. 

Figures A1 and A2 present the effect of fuel volatility on L, shown as the correlation between 

T90 (Figs. A1.a and A2.a) and T99 (Figs. A1.b and A2.b) measured with ASTM D86 
33

 and 

ASTM D2887 
37

 methods, respectively, and L at TDC. (Note: neither ASTM D86 nor ASTM 

D2887 is run at engine-relevant conditions, but they are the standard methods to determine the 

distillation characteristics of diesel fuels). To account for the effect of fuel density on liquid 

length 
38

,
 
LTDC was corrected by dividing it by the square root of fuel density, ���.The highest 

R
2
-values of the best-fit lines at each fuel-injection pressure are obtained when ����/��� is 

plotted against the highest distillation-recovery temperature (i.e., T99), regardless of the ASTM 

method used and Pinj. This supports other observations in the literature that the liquid length of a 

multi-component fuel is controlled by the components with the lowest volatility, with fuel 

vaporization occurring as a batch-distillation process with the low-volatility components 

vaporizing last.
4,13

 At the same time, R
2
 was higher for the correlation between ����/��� and 

T99ASTM D2887 compared with R
2 

for the correlation between ����/��� and T99ASTM D86 

(R
2
=0.96 versus R

2
=0.91). This is probably caused by the higher dependence of ASTM D86 

measurements on the apparatus and setup used compared with ASTM D2887 measurements 
32

 

(Table 2.2. in Ref. 32 shows that up to 2.7 % of the total fuel volume was lost or in residual form 

at the end of ASTM D86 measurements, while all of the fuel is normally recovered at the end of 

ASTM D2887 measurements). 

Page 49 of 56

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 50

 

Figure A1. Effect of fuel volatility on the average liquid length, shown as the correlation 

between T90 and T99 measured with ASTM D86 method, and L at TDC corrected by the square 

root of fuel density, ����/���. The circle and triangle symbols represent ����/���	 at 80- and 

180-MPa injection pressure, respectively. The best-fit line through the ����/��� -data at TDC 

and the corresponding R
2
-value are also shown. 
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Figure A2. Effect of fuel volatility on the average liquid length, shown as the correlation 

between T90 and T99 measured with ASTM D2887 method, and L at TDC corrected by the 

square root of fuel density, ����/���. The circle and triangle symbols represent ����/���	 at 

80- and 180-MPa injection pressure, respectively. The best-fit line through the ����/��� -data 

at TDC and the corresponding R
2
-value are also shown. 

Figure A3 shows the distillation recovery results obtained with ASTM D86 compared with 

ASTM D2887. TX results (where X varies from 0 to 99) were normalized by their temperature 
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range (i.e., from T0 to T99) so T0 and T99 would correspond to zero and one on the normalized 

temperature range, respectively. This enabled plotting the location of a specific TX measurement 

on the ASTM D86 temperature range against the location of the same TX measurement on the 

ASTM D2887 temperature range. If both methods would have similar sensitivity over their 

measurement temperature range, this plot would be a straight line at 45º. However, Fig. A3 

shows that ASTM D86 and ASTMD2887 responded differently to fuel volatility over the 

normalized temperature range, based on the fuel composition. This would explain the uncertainty 

found in the literature with respect to the optimum fuel distillation characteristic that can be used 

to predict in-cylinder mixing and combustion results. For a multi-component fuel like the ones 

studied in this work, both methods would obtain similar distillation characteristics for fuels with 

chemistry similar to CF and F6, but would produce a large difference on the lower part of their 

temperature range for fuels with chemistry similar to F1, F2, and F8 (i.e., fuels with a large 

fraction of highly-volatile, low-mass components). At the same time, the inset in Fig. A3 shows 

a close-to-vertical line in the top-right corner. This supports the previous discussion about the 

ASTM D86 uncertainty in the volume-recovered temperature of the less volatile fractions 

because it indicates that it needs a larger temperature increase to recover most of what would be 

otherwise lost or in residual form at the end of ASTM D86 measurements. The results in this 

work suggest that ASTM D2887 is better suited than ASTM D86 for predicting L based on fuel 

distillation characteristics.  
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Figure A3. The volume-recovered temperature determined by ASTM D86 versus the mass-

recovered temperature determined by ASTM D2887 for the fuels studied in this work. The inset 

in the figure details their relationship in the low-volatility range of the measurements. 
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Appendix B. 

Siebers’ scaling law 
14

 predicts liquid-phase fuel penetration based on mixing-limited 

vaporization. The scaling law accounts for injector, fuel, and in-cylinder gas temperature, density 

and pressure effects on liquid length: 

� = /0 &���1
��1 ∙ 3tan(�/2)	&4 25671, 91, 7�: + 1;� − 1																																																						(B. 1) 

where a, b are constants, ρf and ρa are fuel and ambient densities, Ca is the orifice area-

contraction coefficient, d is the orifice diameter, θ is the full cone angle of the real spray, and B 

is the ratio of the fuel and ambient gas mass flow rates resulting in complete vaporization of the 

fuel, defined by: 

5 = =1(7>, 91 − 9>) ∙ 9> ∙ ?�=�(7>, 9>) ∙ [91 − 9>] ∙ ?1 = ℎ1(71, 91) − ℎ1(7>, 91 − 9>)ℎ�(7>) − ℎ�(7� , 91) 																														(B. 2) 

where Za and Zf are the are the ambient gas and vaporized fuel compressibilities, respectively, Ta, 

Pa, Tf, Pa, Ts, Pa are the ambient, fuel, and saturation temperature and pressure, respectively, Mf 

and Ma are fuel and ambient gas molecular weights, respectively, hf and ha are fuel and ambient 

gas specific enthalpies (refer to Ref. 14 for complete details). 

Siebers’ scaling law does not account for multi-component effects such as distillation, so 

multi-component fuels have been modeled using single-component surrogate fuels with similar 

density and volatility. Fisher and Mueller 
22

 showed good agreement between liquid-lengths 

measured under combusting conditions and those predicted with Siebers’ scaling law using the 

in-cylinder temperature and density estimated from cylinder-pressure measurements for various 

single- and multi-component fuels over a wide range of conditions. They found that the ratio 

between the liquid length under non-combusting and combusting conditions was almost 

independent of fuel at a specific in-cylinder temperature and ambient-gas density. As a result, 
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Siebers’ scaling law 
14

 with n-hexadecane as the surrogate fuel was used in this study to predict 

the ratio of combusting over non-combusting liquid length, Lc/L at each crank angle. Ref. 30 

which studied the same fuels at similar in-cylinder conditions (the exception being the oxygen 

concentration) provided the combusting pressure data (i.e., thermodynamic conditions).  

The ratio of combusting over non-combusting liquid length of the n-hexadecane predicted with 

Eqs. B.1 and B.2 multiplied the experimentally measured non-combusting liquid lengths of the 

FACE fuels and CF to estimate Lc. Table B.1 presents the regression coefficients p1, p2, and the 

corresponding R2 values for the resulting linear regression model �
 = C
 ∙ � + C�.   

 

Table B.1. The coefficients and corresponding R2 for the linear regression �
 = C
 ∙ � + C� in 

the CA range of interest. 

Fuel F1 F2 F6 F8 CF 

In
je

ct
io

n
 P

re
ss

u
re

 [
M

P
a]

 

80 

D
il

u
ti

o
n

 [
m

o
l%

 O
2
] 21 

p1 -0.011 -0.011 -0.012 -0.011 -0.011 

p2 0.921 0.911 0.956 0.944 0.945 

R
2
 0.999 1.000 0.999 0.999 0.999 

18 

p1 -0.011 -0.011 -0.011 -0.011 -0.011 

p2 0.923 0.907 0.963 0.941 0.945 

R
2
 1.000 0.999 0.998 0.998 0.999 

16 

p1 -0.010 -0.010 -0.011 -0.010 -0.010 

p2 0.906 0.887 0.948 0.940 0.931 

R
2
 1.000 1.000 0.998 0.998 0.999 

180 

D
il

u
ti

o
n

 [
m

o
l%

 O
2
] 21 

p1 -0.014 -0.014 -0.015 -0.014 -0.014 

p2 0.877 0.864 0.914 0.899 0.909 

R
2
 1.000 0.999 1.000 1.000 1.000 

18 

p1 -0.014 -0.013 -0.015 -0.014 -0.014 

p2 0.872 0.853 0.917 0.914 0.908 

R
2
 0.999 0.998 1.000 1.000 1.000 

16 

p1 -0.014 -0.013 -0.014 -0.014 -0.014 

p2 0.863 0.835 0.910 0.904 0.904 

R
2
 0.999 0.996 1.000 1.000 1.000 
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The non- and combusting experiments had similar DOI, but slightly different SOI timings. 

Liquid-length experiments under non-combusting conditions had SOI timings of -50, -40, -

30, -20, -10, 0, and 10 CAD ATDC. The SOI timing in Ref. 30 was adjusted from ~ -15 CAD 

ATDC to -7 CAD ATDC to keep the SOC constant at – 5 CAD ATDC. As a result, average L-

values from injections under non-combusting conditions with SOI timings that enclosed those in 

Ref. 30 multiplied Lc/L of n-hexadecane at a specific crank angle to predict the liquid length 

under combusting conditions for FACE fuels and CF. Figure 6 shows that L for overlapping 

injections did not agree perfectly in the overlapping crank-angle range. Subsequently, the slightly 

larger differences in L in the overlapping crank-angle range at 180 MPa injection pressure 

affected the average L-value at a specific CA and reduced the “goodness of fit” for the data set in 

Fig. 8 at higher injection pressure (i.e.., lower Lc vs. L linearity at 180 MPa injection pressure 

compared to the 80 MPa injection pressure).  
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