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ABSTRACT: The primary objectives of this work were to formulate, blend, and characterize a set of four ultralow-sulfur diesel
surrogate fuels in quantities sufficient to enable their study in single-cylinder-engine and combustion-vessel experiments. The
surrogate fuels feature increasing levels of compositional accuracy (i.e., increasing exactness in matching hydrocarbon structural
characteristics) relative to the single target diesel fuel upon which the surrogate fuels are based. This approach was taken to assist
in determining the minimum level of surrogate-fuel compositional accuracy that is required to adequately emulate the
performance characteristics of the target fuel under different combustion modes. For each of the four surrogate fuels, an
approximately 30 L batch was blended, and a number of the physical and chemical properties were measured. This work
documents the surrogate-fuel creation process and the results of the property measurements.

1. INTRODUCTION

Significant cost savings, efficiency gains, and emissions
reductions are possible through the computational co-
optimization of engines and evolving commercial fuels. A
number of technological advancements are required to achieve
this goal, including sufficiently accurate (1) compositional
characterization of commercial fuels,1,2 (2) models for the
thermodynamic and transport properties of the compounds
comprising commercial fuels,3,4 (3) chemical-kinetic oxidation
models for mixtures of compounds representative of those
present in commercial fuels,5−11 (4) computational models for
the physical/thermodynamic processes occurring within the
engine including interactions with the kinetics of ignition and
combustion,9,10,12−17 (5) numerical algorithms and computa-
tional hardware that can complete the required calculations in
an acceptable amount of time,15,18,19 and (6) experimental
capabilities to verify the extent to which items 1−5 have been
achieved.12,20−24 The cited references provide some recent
examples showing that considerable progress has been made in
these areas for diesel fuel since a recent review.5 The primary
focus of this work is to further address aspects 1−3 and 6, for
diesel fuel in reciprocating compression-ignition engine
applications.

The composition of a typical commercial diesel fuel is too
complex to model exactly,25 so it is of interest to create a
surrogate fuel, i.e., a simpler mixture that captures the essential
performance characteristics of the commercial diesel fuel to
sufficient accuracy, but for the sake of computational tractability
contains only approximately 10 or fewer pure “palette”
compounds. Because the composition of a fuel uniquely
determines its properties and performance characteristics at a
given engine operating condition, the approach taken in this
study was to characterize the composition of the commercial
“target fuel” using the best available analytical techniques, and
then select and employ representative surrogate palette
compounds to closely match the target-fuel compositional
characteristics and key properties. Fuel properties are largely
interdependent.26 As a result, once a sufficient number of the
key properties have been matched between the target and
surrogate fuels, other target-fuel properties that were not
explicitly selected for emulation by the surrogate should be
accurately reproduced as well,25 providing some confirmation
that the surrogate formulation is sound.
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Albert Einstein has been quoted as saying, “Everything
should be made as simple as possible, but not simpler.”27 This
concept certainly applies to the creation of surrogate fuels,
where it is of primary importance to determine how much
compositional accuracy the surrogate fuel must have in order to
adequately match the performance of the target fuel.28

Typically, the answer to this question will depend on the
details of the intended application. A related question with
application-specific answers is whether fuel-composition effects
are large enough to justify the increased computational cost
that comes with increased surrogate-fuel compositional
accuracy (e.g., computational cost has been shown to scale
with the cube of the number of species in a detailed chemical-
kinetic mechanism29).
Lower-compositional-accuracy diesel surrogate fuels are

usually composed of a smaller number of readily available
compounds, often with lower purities. Such surrogates are
frequently used because they are relatively inexpensive and easy
to procure, blend, and computationally model. Some potential
drawbacks of lower-compositional-accuracy surrogates are:
sufficient property matching is not possible; the effects of the
impurities are unknown or large; and some of their primary
constituents are not representative of compounds found in
commercial diesel fuels (e.g., 2,2,4,4,6,8,8-heptamethylnonane25

and/or compounds whose molecular weights are too low).
Higher-compositional-accuracy surrogates are usually com-
posed of a larger number of palette compounds in higher
purities, with molecular structures and weights that are more
representative of those found in commercial diesel fuels. Such
surrogates are desirable because they can provide a better
match to the target-fuel composition and properties. The
downsides of higher-accuracy surrogates include the higher
costs associated with high-purity, ultralow-sulfur, representative
palette compounds; the increased complexities of treating and
blending processes; and greater difficulties in kinetic modeling.

To address these and other issues, the research described
herein was conducted to create a set of chemically and
physically well-characterized, high-purity, ultralow-sulfur diesel
surrogate fuels that can be studied experimentally and
numerically to better understand the many trade-offs between
surrogate compositional accuracy on one hand and simplicity
on the other. Using the eight-component “version 1” (V1)
surrogate for the CFA target fuel from our previous study25 as a
baseline, two lower-accuracy surrogates and one higher-
accuracy surrogate were formulated. The lower-accuracy
surrogates, denoted V0a and V0b, are composed of four and
five palette compounds, respectively. V0a contains palette
compounds that have been used in other studies,15,16 and V0b
is similar but contains a compound to better match the heavy
end of the distillation curve. The higher-accuracy, nine-
component surrogate, denoted V2, provides the best match
to the compositional characteristics of the target fuel and
contains five new palette compounds.
This work describes the formulation, blending, and property

testing of ∼30 L batches of the V0a, V0b, V1, and V2 diesel
surrogate fuels to support planned future testing in
compression-ignition engines, combustion vessels, and other
experimental setups. The goal of the testing is to quantify the
extent to which each surrogate emulates the target-fuel
performance over a wide range of applications and to provide
insights into the underlying reasons for any disagreements. The
experimental results will also be compared to numerical
simulations using the same surrogate fuels, to assist in
identifying and overcoming barriers to accurate and cost-
effective computational fuel/engine system optimization.

2. MATERIALS AND METHODS
This section covers target-fuel characterization techniques; palette-
compound selection; the regression model used to formulate the
surrogate fuels; the procurement, safe handling, analysis, treatment,

Figure 1. GC×GC-FID chromatogram for no. 2 diesel certification fuel (CF), acquired using “normal” column configuration. Annotations showing
the carbon numbers and boiling points of the individual n-alkanes are provided for reference. The second retention time is proportional to polarity/
polarizability. The three-ring aromatic content of CF is difficult to discern because it is so low.
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and additization of the palette compounds; and the blending of the
surrogate fuels.
2.1. Target-Fuel Characterization. The target fuel for this study

was a grade no. 2-D S15 diesel30 emissions-certification fuel from
Chevron-Phillips Chemical Co.,31 denoted in this work as CF. This is
one of the same target fuels (including batch number) that was used in
our previous work,25 and Table 1 therein provides many of the
properties of CF as previously measured. Table S1 in the Supporting
Information shows the CF specifications as originally provided by the
supplier. Although there can be wide variability in commercial diesel
fuels,32 CF was deemed to be sufficiently representative of an average
commercial diesel fuel in North America to be selected as the target
fuel for this research.
Because one objective of this research was to match target- and

surrogate-fuel compositional characteristics as closely as possible (as
opposed to matching properties alone), a hybrid approach was
employed to precisely and accurately quantify the target-fuel
composition. First, the composition of CF was characterized using
two-dimensional gas chromatography with flame ionization detection
(GC×GC-FID) techniques.1,2 This perspective was critical for
identifying and selecting palette compounds that are representative
of the actual constituent molecules of the CF target fuel. Second,
proton-decoupled 13C (carbon-13) and 1H (proton) NMR spectros-
copy techniques were used to determine the mole fractions of 11
different carbon types (CTs) in CF, as shown in Figure 7 of our
previous paper25 and described therein. (The 11 CTs are also shown
in Figure 3 of the current paper.) The CT mole fractions determined
for CF were used in a regression model to blend the selected palette
compounds such that each surrogate fuel matched these CT mole
fractions as closely as possible within the other constraints of the
regression model (see section 2.3).
2.1.1. Two-Dimensional Gas Chromatography with Flame

Ionization Detection. A GC×GC-FID chromatogram for CF is
shown in Figure 1. This chromatogram was generated using the
“normal” column configuration, wherein the first column separates the
constituent compounds by boiling point and the second column
separates by polarity/polarizability.1 The mass fraction of each
constituent compound is proportional to the area of its corresponding
colored circle in Figure 1,2 and different hydrocarbon structural classes
are indicated with different colors. Many different hydrocarbon classes
are evident in Figure 1, including normal alkanes, branched alkanes,
cycloalkanes, aromatics, and naphthoaromatics.
Figure S1a in the Supporting Information shows a GC×GC-FID

chromatogram for CF that was generated using an alternative,
“reversed” column configuration, wherein the first semipolar column
separates the constituent compounds by polarity/polarizability and
volatility, and the second nonpolar column separates primarily by
volatility. This alternative approach enables more-accurate separation
of cycloalkanes into one-ring, two-ring, and multiring subgroups, as
well as improved differentiation from other hydrocarbon classes (see
section 3.1.2) but otherwise gives information that is generally similar
to that shown in Figure 1. Details of the GC columns and temperature
programs used in the separations are provided elsewhere.1

The normal- and reversed-column GC×GC-FID chromatograms
for the CF target fuel that are shown in Figure 1 and Supporting
Information Figure S1a, respectively, were each separately measured
three times. The normal GC×GC-FID chromatogram for CF was
found to comprise 3723 individual peaks, with a standard deviation
over the three replicates of 83 peaks, whereas the reversed-column
GC×GC-FID chromatogram comprised 4969 ± 81 individual peaks.
This indicates that the CF target fuel contains on the order of 5000
individual compounds/isomers, because each peak nominally corre-
sponds to at least one compound/isomer (i.e., peaks corresponding to
different species can overlap on the chromatogram). This is believed to
be the first published quantification of the number of species in diesel
fuel.
There was some concern that the bulk composition of the CF target

fuel may have changed due to weathering and/or degradation between
this group’s first publication25 and the current study. GC×GC-FID
was used to address this concern by quantitatively comparing

chromatograms acquired in early 2013 vs late 2014. No significant
differences in bulk composition (>0.5 wt %) were observed.
Nevertheless, it was found that the derived cetane number (DCN)
of CF was gradually increasing over time. This might be due to
peroxide formation, because peroxides can affect ignition delay even
when they are only present at parts per million levels.33 This
phenomenon is discussed in more detail in section 3.2.

2.1.2. NMR Spectroscopy. The technique for using 13C and 1H
NMR spectroscopy to classify the carbon atoms in the CF target fuel
into 11 distinct types and quantitatively determine the mole fraction of
each of these types is described in detail in previous research.25,34 A
key feature of this approach is the estimation of C and H mole
fractions in the fuel from the CT mole fractions determined from
NMR spectroscopy. When the carbon content of the NMR dataset
was set to that measured by elemental analysis, the NMR-derived
hydrogen content was found to be within 0.8 wt % of that measured by
elemental analysis.35

The results of the previous analysis of CF were used in the current
study, with one exception. The reversed-column GC×GC-FID results
for CF, which were conducted after the previous publication25 and are
considered more accurate, showed a higher level of >1.2 wt %
cycloalkanes with three or more rings. Based on the known range of
structures of those cycloalkanes and the potential impacts on the
sooting tendency of a fuel from cycloalkane dehydrogenation (to
aromatics), the target mole fraction for CT6 (CH bridgehead between
two cycloalkane rings; see Figure 3) was revised upward from 0.81 to
1.61 mol %. To compensate for this increase, the target mole fraction
of CT3 (branched-alkane CH; see Figure 3) was decreased from 5.70
to 4.90 mol %, which kept the CT3 mole fraction within its uncertainty
bounds. V0a, V0b, and V2 were formulated using these new target CT
mole fractions, whereas the V1 formulation had been determined
previously, using the original target CT mole fractions. The CT mole
fractions for the target and surrogate fuels are defined and illustrated in
Figure 3 (CF, V0a, and V2) and Supporting Information Figure S3
(CF, V0b, and V1).

2.2. Palette-Compound Selection. Palette-compound selection
is an exercise in balancing multiple trade-offs, including the following:
molecular structure, molecular weight, ignition quality, boiling point,
melting point, density, viscosity, availability, purity (including
isomeric), cost, safety, and availability of detailed and/or reduced
chemical-kinetic oxidation mechanisms. No palette compound is
perfect in all respects, though some are certainly more desirable than
others. The fundamental trade-off is that the branched alkanes,
cycloalkanes, aromatics, and naphthoaromatics that are truly
representative of those found in commercial diesel fuels are
challenging to procure in high purity and with low sulfur content,
and hence few of their property data are available in the literature.

The palettes for the surrogates with lower compositional accuracy
(V0a and V0b) were composed of compounds used in simpler
surrogates from the literature. These simpler palettes are subsets of the
palette for the V1 surrogate for CF, which is shown in Figure 9 of our
previous paper.25 For the V2 surrogate, however, four of the
compounds in the V1 palette for CF were replaced with five new
compounds that are more representative of species found in
commercial diesel fuels, while still facilitating procurement and kinetic
modeling, but at potentially higher cost. All of the palette compounds
are shown in Figure 2, and selected properties are provided in Table 1,
including references to detailed and/or lumped chemical-kinetic (C-K)
oxidation mechanisms (a dash indicates that no mechanism could be
found in the literature or online). All palette compounds contained
<15 ppmw of sulfur and were supplied at ≥98 wt % purity. Table 2
provides the number of carbon atoms of each CT in each palette-
compound molecule, information that is required for determining the
CT mole fractions in the surrogate fuels.

The five new compounds that were added to the V2 surrogate
palette were selected to improve its ability to match the composition
and properties of the CF target fuel, as follows. First, n-eicosane (NEI)
was selected to facilitate better matching of the heavy end of the
distillation curve. Second, 2-methylheptadecane (2MHPD) was
selected to replace HMN as the branched-alkane compound in the
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V2 palette, because 2MHPD is more representative than HMN of the
types of branched alkanes found in commercial diesel fuels, and
because the starting material for 2MHPD synthesis (methyl palmitate)
is relatively inexpensive. This being said, all representative diesel-range
branched alkanes are relatively expensive, and 2MHPD is certainly no
exception (see Table 4). Despite their high costs, it was decided to
keep a branched alkane in the palette to mitigate problems with fuel
solidification at low temperatures and/or high pressures (see section
3.5.3). Third, 1,3,5-triisopropylbenzene (TIPB) and 1,3,5-triisopro-
pylcyclohexane (TIPCX) were added to the palette because they are
characteristic of the multiply substituted, low-cetane, C14 and larger
monoaromatics and monocycloalkanes, respectively, that are found in
commercial diesel fuels. The structural similarity between TIPB and
TIPCX (in terms of identical substituents at analogous locations
around a central, six-membered ring) was compelling because it could
simplify kinetic modeling and because TIPCX can be produced by
hydrogenating TIPB, simplifying procurement. Some key data for
TIPCX were not initially available, but these have since been
measured.24,52 Finally, perhydrophenanthrene (PHP) was selected
because it reasonably represents the polycycloalkanes found in
commercial diesel fuels and can be produced by hydrogenating
phenanthrene, which is readily available at 98% purity for a reasonable
cost.
One trade-off involved in including TIPCX and PHP in the V2

palette was that they have two24 and five53 isomers, respectively, that

are not easily separated and may have different physical or chemical
properties (as has been observed with decalin isomers54). The
enhanced compositional accuracy afforded by including TIPCX and
PHP in the V2 palette was deemed worthy of this additional
complexity. The isomer fractions will not change if the production
conditions for the compounds are held constant, which seems likely if
the same suppliers are used.

2.3. Regression Model. Although changes to the surrogate-
formulation approach were considered (e.g., adding cost as a
surrogate-design parameter, matching hydrocarbon-class mass frac-
tions from GC×GC-FID rather than carbon types from NMR
spectroscopy, and switching to a volatility parameter that could be
measured to the end boiling point of the fuel and modeled with
publicly available software), it was decided to use the same surrogate-
formulation approach as in our previous work,25 to better elucidate the
effects of changing the palette compounds without the confounding
effects of employing a new methodology. The design parameters were
as follows: composition as quantified by mole fraction of each CT,25

ignition quality as quantified by the derived cetane number (DCN),55

volatility as quantified by the advanced distillation curve (ADC),56−58

and density.59 As in our previous work, the goal was to match the 11
CTs, DCN, ADC points, and density to within 3 mol %, 1.5 numbers,
±7 °C, and 5%, respectively, between CF and each surrogate. The
same procedure was used to formulate the V0a, V0b, and V2
surrogates as was used to formulate the V1 surrogate, as described in

Figure 2. Surrogate palette compounds. For each palette compound,
the abbreviation of the compound name is shown in green text after
the chemical formula of the compound, and the red text enclosed by
curly braces indicates the surrogate fuels that contain the compound.

Table 1. Selected Properties of the Palette Compounds

palette compd name abbrev CAS no.
mol wt
(g/mol) MPa (°C) BPb (°C)

densityc

(kg/m3) DCNd
LHVe,36

(MJ/kg)
C-K mech
available?

n-hexadecane NHXD 544-76-3 226.4 17.9 286.8 756 100g 43.946 yes37−42

n-octadecane NOD 593-45-3 254.5 27.9 316.8 766 10643 43.897 −
n-eicosane NEI 112-95-8 282.5 36.9 343.8 774 11043 43.854 −
heptamethylnonanef HMN 4390-04-9 226.4 − 246.4 768 15.1 43.853 yes37,38,44,45

2-methylheptadecane 2MHPD 1560-89-0 254.5 4.8 311.1 763 91 43.937 yes39

n-butylcyclohexane NBCX 1678-93-9 140.3 −74.9 183.0 785 47.6 43.418 yes46

1,3,5-triisopropylcyclohexane TIPCX 34387-60-5 210.4 − ∼25024 809 23.6 43.532 −
trans-decalin TDEC 493-02-7 138.2 −31.2 187.3 851 31.8 42.538 yes47

perhydrophenanthrene PHP 5743-97-5 192.3 − − 928 37.8 43.461 −
1,2,4-trimethylbenzene TMB 95-63-6 120.2 −46.2 169.4 856 8.9 41.024 yes48

1,3,5-triisopropylbenzene TIPB 717-74-8 204.4 −7.4 236.3 836 2.9 41.987 −
tetralin TET 119-64-2 132.2 −35.2 207.7 949 8.9 40.525 yes47

1-methylnaphthalene 1MN 90-12-0 142.2 −29.2 244.8 986 0g 39.352 yes49,50

aMelting point at 0.10 MPa from NIST Webbook51 unless noted otherwise. bBoiling point at 0.10 MPa from NIST Webbook51 unless noted
otherwise. cFrom NIST equation of state model at 45 °C and 0.10 MPa.3 dDerived cetane number measured at NREL using ASTM D6890 unless
noted otherwise. eLower heating value (i.e., net heat of combustion). f2,2,4,4,6,8,8-heptamethylnonane (aka isocetane). gDefined value.

Table 2. Number of Carbon Atoms of Each Carbon Type in
Each Palette-Compound Molecule

Palette
Compound
Abbrev.

Carbon Type (CT)

1 2 3 4 5 6 7 8 9 10 11

NHXD 2 14 0 0 0 0 0 0 0 0 0
NOD 2 16 0 0 0 0 0 0 0 0 0
NEI 2 18 0 0 0 0 0 0 0 0 0
HMN 9 3 1 0 0 0 0 0 0 0 3
2MHPD 3 14 1 0 0 0 0 0 0 0 0
NBCX 1 3 0 5 1 0 0 0 0 0 0
TIPCX 6 0 3 3 3 0 0 0 0 0 0
TDEC 0 0 0 8 0 2 0 0 0 0 0
PHP 0 0 0 10 0 4 0 0 0 0 0
TMB 3 0 0 0 0 0 3 3 0 0 0
TIPB 6 0 3 0 0 0 3 3 0 0 0
TET 0 0 0 4 0 0 4 0 2 0 0
1MN 1 0 0 0 0 0 7 1 0 2 0
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section 3.3 of our previous work, except that the palette compounds
and weighting factors were different, and no limits were imposed on
the mole fractions of CT9 or CT10 in the current research. The final
weighting factors on CT, DCN, ADC points, and density that were
used in the regression model to formulate the various surrogates are
provided in the Supporting Information in Table S2. The surrogate-
fuel compositions determined using this approach are provided in
Table 3.
2.4. Palette-Compound Procurement, Safe Handling, Anal-

ysis, Treatment, and Additization. A great deal of effort was
expended in obtaining and characterizing high-purity, ultralow-sulfur
palette compounds to establish a strong foundation for the research
community to formulate high-quality diesel surrogate fuels. High-
purity palette compounds were desired to minimize the uncertainties
in ignition quality, emissions, and other performance characteristics
introduced by unknown impurities. The ultralow-sulfur levels support
the objectives that these surrogate fuels should (1) have sulfur levels
consistent with those found in commercial on-road diesel fuels, and
hence be compatible with sulfur-sensitive exhaust-gas aftertreatment
systems; and (2) not require a more-complicated interpretation of
particulate-matter emissions results due to the presence of sulfate in
the exhaust stream.
2.4.1. Procurement. Many compounds were easily procured from

well-known chemical suppliers, but some of the palette compounds
had to be obtained by custom synthesis and/or purification. The
palette compounds and their sources are provided in Table 4. Of these,
the procurement of ultralow-sulfur, high-purity 1-methylnaphthalene
(1MN) was particularly challenging. As shown in Table 3, 1MN is
found in all four surrogates. It is the only commonly available palette
compound with a boiling point in the middle of the typical diesel
boiling range that is also representative of compounds found in
commercial diesel fuels. Unfortunately, analyses of samples from
domestic and international suppliers showed that commercially
available 1MN generally has relatively low purity (∼95 wt %) and
high sulfur levels (5000−20000 ppmw), so significant effort was
required to develop a source of >98 wt % purity, <15 ppmw sulfur
1MN. Approximately 10 purification and custom-synthesis approaches
were explored to achieve these specifications, and a successful source is
included in Table 4.
2.4.2. Safety and Handling. Established chemical-safety guide-

lines66 should be followed when handling and using any of the palette
compounds and fuels described in this research. In addition, some of
the palette compounds pose special hazards. TDEC and TET are
known peroxide-forming compounds,67,68 and 1MN is sufficiently
toxic that its Safety Data Sheet (SDS) recommends the use of a full-
face respirator during handling.69 Given the structural similarities
between TDEC and PHP, it is advisable to treat PHP as a peroxide-
forming compound as well. A thorough treatment of palette-
compound hazards is outside the scope of this research; hence, the
user is encouraged to read the SDSs for all of the palette compounds

before working with them or their mixtures. Filling the headspaces of
fuel containers with nitrogen is also recommended to inhibit peroxide
formation during storage and use.

2.4.3. Initial Analyses. Upon receipt from the supplier, the purity
and sulfur content of each batch of each palette compound were
verified by GC×GC-FID70 (for purity) as well as ASTM D545371

and/or GC×GC-SCD70 (for sulfur content). In addition, DCNs were
measured for palette compounds with previously unknown ignition
qualities.43

2.4.4. Silica-Gel Treatment. Each palette compound was treated
with activated silica gel to remove peroxides (and/or other polar
contaminants), using a procedure similar to that reported by Wallace
and Renz.33 The silica gel was activated by heating in a muffle furnace
at 250 °C for about 60 h, after which it was cooled, and a column of
100 g was loaded into a buret. This column was used to treat up to
1050 g of a given palette compound (or mixture of palette
compounds) by gravity drainage, after which the silica gel was

Table 3. Surrogate-Fuel Compositions

Palette Compound Abbrev.

V0a (4-comp.) V0b (5-comp.) V1 (8-comp.) V2 (9-comp.)

mol % wt % mol % wt % mol % wt % mol % wt %

NHXD 27.8 32.2 0 0 2.7 3.2 0 0
NOD 0 0 23.5 32.1 20.2 27.3 10.8 15.2
NEI 0 0 0 0 0 0 0.8 1.2
HMN 36.3 42.0 27.0 32.8 29.2 35.1 0 0
2MHPD 0 0 0 0 0 0 7.3 10.2
NBCX 0 0 0 0 5.1 3.8 19.1 14.8
TIPCX 0 0 0 0 0 0 11.0 12.8
TDEC 14.8 10.5 0 0 5.5 4.0 0 0
PHP 0 0 0 0 0 0 6.0 6.4
TMB 0 0 12.5 8.1 7.5 4.8 0 0
TIPB 0 0 0 0 0 0 14.7 16.6
TET 0 0 20.9 14.8 15.4 10.8 16.4 12.0
1MN 21.1 15.3 16.1 12.3 14.4 10.9 13.9 10.9

Table 4. Palette-Compound Procurement Informationa

purity (wt %)

palette
compd
abbrev supplierb product no. stated measdd

approx
coste

($/kg)

NHXD FS AC120460100 99 99.1 160
NOD SA O652 99 99.3 370
NEI SA 219274 99 98.9 390
HMN FS AC156250010 98 99.1 470
2MHPD ES CSc ≥ 98 98.5 5000
NBCX TCI B0822 >99 99.8 840
TIPCX SA H (from TIPB)c ≥98 98.6 4590
TDEC TCI D0007 >98 99.5 550
PHP SA H (from PA)c ≥98 98.7 8910
TMB FS 50−700−0019 98 99.2 30
TIPB SA CSc ≥98 98.1 1990
TET SA 522651 99 99.2 100
1MN ES Pc ≥98 99.5 4000

aCommercial equipment, instruments, or materials are identified only
in order to adequately specify certain procedures. In no case does such
identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
products identified are necessarily the best available for the purpose.
bES = Eastern Sources,60 FS = Fisher Scientific,61 SA = Sigma-
Aldrich,62 and TCI = TCI America.63 cCS = custom synthesis, H =
hydrogenation, P = purification, and PA = phenanthrene. dMeasured
at CanmetENERGY by GC×GC-FID.64,65 eFor estimation purposes
only, in 2014 U.S. dollars. Rounded to nearest $10. Costs for nonstock
items may include supplier development costs.
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replaced with a fresh batch. The low space velocities afforded by
gravity drainage were found to be critical for effective peroxide
removal. Just under 10% of each palette compound was lost due to
being retained in the column after silica-gel treatment (SGT).
The aforementioned treatment was applied to most of the palette

compounds in their pure forms, rather than to the fully blended
surrogate fuels. Although this approach was more labor-intensive, it
was employed due to experimental evidence that more-polar/
polarizable compounds tend to be preferentially adsorbed to the silica
gel, which can change the composition of a fuel blend, particularly for
blends of nonpolar compounds (e.g., alkanes) with polarizable
compounds (e.g., aromatics). The preferential removal of low-DCN
aromatic compounds could help explain why SGT of two blended
surrogate fuels failed to lower the measured DCNs to expected values
in a prior study (see Figure 13 of our previous paper25). SGT was not
applied to the CF target fuel for this reason. The potential for
preferential adsorption during SGT provides another motivation for
using surrogate fuels; namely, once the target fuel contains peroxides,
it may not be possible to remove those peroxides without also altering
the target-fuel composition.
SGT as described previously could not be conducted on the two

heaviest n-alkanes (NOD and NEI) individually because they are
solids at room temperature. Instead, these compounds were first
dissolved in either HMN (for V0b and V1) or 2MHPD (for V2), and
then these solutions were treated in columns packed with baked silica
gel as described earlier, but heated to about 50 °C to prevent
solidification (and hence loss) of NOD or NEI in the columns.
Upon receipt from their respective suppliers, the pure palette

compounds had peroxide levels ranging from ∼2 to 3 ppm (for HMN,
TDEC, and NBCX) to 95 ppm (for TMB). After SGT, the peroxide
levels of all palette compounds fell within the range of 0−11 ppm.
2.4.5. Additization. Each palette compound was individually

additized to inhibit its oxidation rate and to improve its lubricity.
The antioxidant (AO) used was a hindered phenol (Nalco EC5208A),
and it was added at a treat rate of 100 ppmw. The AO was added
immediately following SGT because it does not remove peroxides that
are already present; it simply inhibits the formation of new peroxides.
The lubricity improver (LI) used was Infineum R696, and it was added
at a treat rate of 150 ppmw. The total AO and LI treat rates by mass in
the surrogate fuels are identical to those in the individual palette
compounds because the AO and LI mass fractions were held constant
in all of the palette compounds. The AO and LI72 additives are not
expected to change the ignition quality of their base fuel beyond the

uncertainty limits of the ASTM D6890 test method for DCN because
the additives are not peroxides and they were added at such a low level
(250 ppmw total = 0.025 wt %).

2.5. Surrogate-Fuel Blending. The surrogate fuels were not
blended until after purity, sulfur, and DCN analyses, SGT, and the
addition of AO and LI. Approximately 30 L of each surrogate fuel was
blended by adding the desired mass of each component to a container
and mixing. Proper blending was verified by GC×GC-FID analysis of
the finished surrogate fuels.

3. PHYSICAL AND CHEMICAL PROPERTY TESTING OF
TARGET AND SURROGATE FUELS

Once the surrogate fuels were blended, their chemical and
physical properties were characterized. Results from analyses of
the surrogate-design properties of composition, ignition quality,
volatility, and density are presented first, followed by results for
a number of other properties that were not explicitly matched
between the target and surrogate fuels.

3.1. Composition. Target- and surrogate-fuel compositions
were quantified in terms of CT mole fractions and hydro-
carbon-class mass fractions.

3.1.1. CT Mole Fractions. Figure 3 shows comparisons
between the CT mole fractions in the CF target fuel (as
quantified by NMR spectroscopy, described in section 2.1.2) vs
CT mole fractions in the V0a and V2 surrogates (as calculated
from their known compositions). A quick visual comparison of
the stacked vertical bar graphs in Figure 3a,b shows that, as
expected, the V2 surrogate provides a closer match to the target
fuel than the V0a surrogate. The V2 surrogate contains all of
the CTs identified in CF with a 1.2 mol % average absolute
difference across all CTs. In contrast, the V0a surrogate does
not contain CTs 5 or 9 that were identified in CF, it does
contain CT11 that was not found in CF, and it has a
significantly larger (5.4 mol %) average absolute difference
across all CTs. Corresponding graphs for the V0b and V1
surrogates are provided in the Supporting Information as
Figure S3a,b, and their average absolute differences across all
CTs are 5.1 and 4.5 mol %, respectively. This indicates that the
compositional accuracy relative to the CF target fuel, as

Figure 3. CT mole fractions for CF target fuel (as quantified by NMR spectroscopy, left-hand vertical bar of each pair) vs CT mole fractions
determined from known surrogate composition (right-hand vertical bar of each pair): (a) V0a surrogate; (b) V2 surrogate. Each gray horizontal bar
in the background corresponds to a numbered CT, and a structural diagram with the given CT circled in red is provided near the right-hand end of
each bar for reference.
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quantified by CT mole fraction, increases from V0a → V0b →
V1 → V2, as expected.
3.1.2. Hydrocarbon-Class Mass Fractions. Panels a and b of

Figure 4 show GC×GC-FID chromatograms acquired for the
V0a and V2 surrogates, respectively, using the normal-column
configuration. Using a convention similar to that in Figure 1,
the palette compounds found in each surrogate are indicated by

labeled, colored circles, with the area and color of each circle
corresponding to the mass fraction and hydrocarbon class,
respectively, of the compound. The gray circles in the
background show the composition of the CF target fuel, for
reference. Panels a and b of Figure S4 in the Supporting
Information are the corresponding plots for the V0b and V1
surrogates, respectively.

Figure 4. GC×GC-FID chromatograms acquired with the “normal” column configuration, showing surrogate palette compounds (in color and
labeled) overlaid on CF target-fuel composition (in gray): (a) V0a surrogate; (b) V2 surrogate. The area and color of the circle for each palette
compound/isomer correspond to its mass fraction and hydrocarbon class, respectively. The individual isomers of TIPCX and PHP are evident in the
chromatogram for the V2 surrogate. Annotations showing the carbon numbers and boiling points of the individual n-alkanes are provided for
reference.
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From Figure 4a, it is evident that each palette compound in
V0a falls into one of two general categories: highly polar/
polarizable (long retention time along the y-axis) or highly
nonpolar (short retention time along the y-axis) for its given
boiling point (position on the x-axis). As shown in the
Supporting Information (Figure S4), surrogates V0b and V1
have chromatograms similar to that of V0a and are thus
composed of palette compounds representing either high or
low polarizability for their given boiling points, but not
intermediate. In contrast, Figure 4b shows that the V2 palette
compounds exhibit a wider range of polarizability at their given
boiling points, demonstrated by intermediate retention times in
the y-dimension, due to the inclusion of TIPB and PHP. As a
result, the V2 surrogate better covers the area of the CF
chromatogram than the other surrogates.
Comparison of Figure 4b with Figure 1 reveals that most of

the palette compounds elute into the expected regions
identified in the CF chromatogram (i.e., their retention times
in the GC columns place them within expected regions based
on observations for similar compounds within the same
hydrocarbon class), but the PHP isomers are found in the
“indanes/tetralins” rather than the “cycloalkanes” region of the
chromatogram. This is a good example of hydrocarbon-class
assignments being challenging for some compounds due to
overlapping elution times. As shown in Supporting Information
Figure S1b, the PHP isomers correctly fall within the “ >2-ring
cycloalkanes” region of the GC×GC chromatogram when the
reverse-column configuration is employed, which was one
motivation for using the reverse-column configuration.
Figure 5 provides comparisons between the hydrocarbon-

class mass fractions in the CF target fuel (as quantified by
GC×GC-FID, described in section 2.1.1) vs the hydrocarbon-
class mass fractions in the V0a and V2 surrogates (as

determined from their known compositions). The correspond-
ing graphics for the V0b and V1 surrogates are provided in the
Supporting Information as Figure S5. Whereas the V0a
surrogate contains only four of the nine hydrocarbon classes
specified in Figure 5, the V2 surrogate contains seven. The V0b
and V1 surrogates contain five and seven of the specified
classes, respectively. Although CT mole fractions were chosen
as the composition-design parameter rather than hydrocarbon-
class mass fractions, the hydrocarbon-class mass fractions of the
higher-accuracy surrogates also more closely match those of the
target fuel, as expected. The absolute differences between the
CF target fuel and the surrogates, averaged over the nine
specified hydrocarbon classes, are 9.6, 8.0, 7.2, and 4.4 wt %,
respectively, for the V0a, V0b, V1, and V2 surrogates. In other
words, the compositional accuracy with respect to the CF target
fuel increases from V0a → V0b → V1 → V2, as expected.

3.2. Ignition Quality. Figure 6 shows the ignition quality of
the CF target fuel and each of the surrogate fuels as quantified
by DCN (i.e., ASTM D689055), as well as the DCN for each
surrogate fuel as predicted by a volume-fraction-weighted linear
blending rule (eq 4 in our previous paper25) employing the
DCNs of the palette compounds provided in Table 1. For CF,
both bars represent measured values, with the left-hand bar
representing the average of measurements from 2009 to 2011
reported in previous work,25 and the right-hand bar
representing the average value measured in October 2014.
The DCNs for the surrogate fuels were all measured during the
last quarter of 2014 as well. For the surrogate-fuel measure-
ments conducted in 2014, the left-hand, non-cross-hatched bar
in each pair represents the average of two replicates. The
greatest difference between the two replicates was 0.3 DCN
(for V2), which is significantly better than the stated
repeatability of the technique. The measured values of all of

Figure 5. Hydrocarbon-class mass fractions in target fuel (left side, as quantified by GC×GC-FID) vs surrogate fuel (right side, from known
surrogate composition): (a) V0a surrogate; (b) V2 surrogate.
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the surrogates match the average DCN of CF within the ±2.85
reproducibility of the technique for a 45-DCN fuel.55 V0a has
the largest positive deviation (+1.9) relative to the CF average
(44.3), whereas V2 has the largest negative deviation (−1.7).
The DCN for V1 has a deviation of 1.2, and V0b has the
smallest deviation at 0.1.
All of the predicted values for the surrogates are tightly

clustered near the low end of the measured DCN range for CF.
This is expected because the older DCN value for CF of 43.7
was used as the target value in the regression model when the
surrogate-fuel formulations were determined. Comparing
predicted to measured values for the surrogates, the measured
values are higher for all of the surrogates except V2.
Based on previous work showing that ignition-accelerating

contaminants (likely peroxides) could form in fuels over time,
and their presence at levels of ∼10 ppm could noticeably affect
DCN values,25,33 the peroxide contents of the fuels were
measured in 2014 using a proprietary method developed at
Chevron. These results are shown in Figure 7. The relatively

higher peroxide content of CF may be due to a buildup of
peroxides over time because it is the oldest fuel, and SGT was
not performed on CF due to concerns that this could affect its
composition (see section 2.4.4). Although peroxide measure-
ments were not made for CF in 2009, a slow increase in
peroxide content could help explain the slowly increasing DCN
of CF with time evident in Figure 6. The relatively higher
peroxide content of V2 and it being the only surrogate with a
measured DCN less than its predicted DCN suggest that at

least one of the DCNs for the V2 palette compounds could be
too low (see section 3.5.2 of our previous paper25 for a
discussion of uncertainties in palette-compound DCNs), or that
a more-sophisticated blending model featuring blend factors
may be beneficial.73

3.3. Volatility. Target- and surrogate-fuel volatilities were
quantified using the advanced distillation curve technique56−58

as well as simulated distillation (ASTM D2887)74 and standard
distillation (ASTM D86)75 techniques.

3.3.1. Advanced Distillation Curve. ADC distillation points
were used in the regression model for matching the volatilities
of the target and surrogate fuels. Figure 8 shows the ADC data
as measured for the CF target fuel, as measured and predicted
for the V0a and V2 surrogates, and the differences between the
measured values for the target fuel and the V0a and V2
surrogates. Figure S8 in the Supporting Information provides
the corresponding information for the V0b and V1 surrogates.
The details of the ADC measurements, including determination
of the enthalpy of combustion as a function of distillate fraction
and uncertainty analyses, are provided in Burger et al.76

The simple, four-component V0a surrogate provides the
poorest match to the ADC of the CF target fuel, a trend that is
also found when volatility is quantified using the simulated
distillation74 or standard distillation75 test methods (see
sections 3.3.2 and 3.3.3, respectively). V0a is not volatile
enough at the light end of the distillation range, but above T20
(the temperature at which 20 vol % of the fuel has been
recovered) V0a transitions to being too volatile, with the
mismatch increasing toward the heavy end of the distillation
curve. All of the surrogates are more volatile than the target fuel
at the heavy end of the distillation curve (T80 and higher),
though to a lesser extent than observed with V0a. This
mismatch is likely to result in shorter in-cylinder liquid-phase
fuel penetration lengths (i.e., liquid lengths) for V0a relative to
those of CF, because liquid lengths have been shown to
correlate well with the heavy end of the fuel distillation
range.77,78

The V0b, V1, and V2 surrogates all provide reasonable
matches to the measured ADC of CF, with V0b featuring the
smallest absolute difference averaged over the measured
distillation range (the average absolute differences between
the measured ADC points for the CF target fuel and the V0a,
V0b, V1, and V2 surrogate fuels are 14.5, 4.3, 6.0, and 9.0 °C,
respectively). It is interesting that the five-component V0b
surrogate provides such an improved match to the ADC of CF
relative to V0a, because V0b contains only one more
compound than V0a. Comparing Figure 8a and Supporting
Information Figure S8a indicates that the matching at the heavy
end of the curve is dramatically improved for V0b. Based on
palette-compound normal boiling points, it is likely that the
compound responsible for the improved heavy-end matching is
NOD, which is present in V0b but not in V0a. The light-end
improvement likely comes from replacing TDEC with TET and
TMB, both low-boiling-point components, but having values
bracketing TDEC. The simulated distillation results presented
in the next subsection provide further support for this
hypothesis.
In general, the agreement between the measured and

predicted ADC values for a given surrogate are good (i.e.,
within ∼5 °C) over the distillation range, with predicted ADC
temperatures being systematically higher than measured values.
The V2 surrogate shows poorer agreement than V0a, V0b, and
V1, with predicted ADC temperatures ∼10 °C higher than

Figure 6. Target- and surrogate-fuel ignition qualities as quantified by
derived cetane number (DCN)55 or estimated using a volume-fraction-
weighted linear blending rule.25

Figure 7. Target- and surrogate-fuel peroxide contents.
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measured values from ∼T10 to T65. This is likely due to larger
uncertainties in the equations of state (EOS) for the five palette
compounds that are unique to V2. In particular, there were very
limited density, speed-of-sound, heat-capacity, and vapor-
pressure data available to construct accurate EOS for TIPB
and PHP at the time the predicted ADC data were calculated,
and the model for predicting the ADC is known to be especially
sensitive to the vapor-pressure data used to construct the EOS
for each palette compound.
3.3.2. Simulated Distillation. Figure 9 shows simulated

distillation (ASTM D288774) data as measured for the CF
target fuel and the V0a and V2 surrogates, the measured

palette-compound elution range (PCER) for each palette
compound in each surrogate, and the differences between the
measured values for the target fuel and the V0a and V2
surrogates. Figure S9 in the Supporting Information provides
the corresponding information for the V0b and V1 surrogates.
Simulated distillation is a gas-chromatography-based method
that simulates the distillation process via measured elution
times through a column.74

As was observed in the ADC results, V0a provides the
poorest match to the target-fuel distillation characteristics,
being too heavy at the light end of the distillation curve and too
light at the heavy end. Whereas measured ADC data are

Figure 8. Fuel volatility as quantified by the ADC technique: (a) V0a surrogate; (b) V2 surrogate. Subscripts M, P, MS, and MT denote measured,
predicted, measured surrogate-fuel, and measured target-fuel values, respectively.

Figure 9. Fuel volatility as quantified by the simulated distillation (ASTM D2887) technique: (a) V0a surrogate; (b) V2 surrogate. Elution ranges for
each palette compound (PCER) in each surrogate are shown and labeled with their corresponding palette-compound abbreviations. Subscripts MS
and MT denote measured surrogate-fuel and measured target-fuel values, respectively.

Figure 10. Fuel volatility as quantified by the standard distillation (ASTM D86) technique: (a) V0a surrogate; (b) V2 surrogate. Subscripts MS and
MT denote measured surrogate-fuel and measured target-fuel values, respectively.
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available to T85 for the surrogates, the D2887 measurements
are available to T100. The D2887 data indicate that the trend of
poorer matching between V0a and CF continues to worsen all
the way to T100. Also, as was evident from the ADC results,
there is a comparable degree of matching between the target
fuel and the V0b, V1, and V2 surrogates, but the magnitudes of
the target-vs-surrogate temperature differences are larger when
quantified using the D2887 method.
In contrast to the ADC method, the D2887 method yields

plateau regions that correspond to individual palette com-
pounds, giving the D2887 distillation profiles a stair-step shape
for the surrogates (also see, e.g., Figures 6 and 7 of Reiter et
al.4). The PCERs in Figure 9 and Supporting Information
Figure S9 provide additional valuable information regarding
when each palette compound elutes as the D2887 procedure is
conducted. For example, comparison of Figure 9a and
Supporting Information Figure S9a lends further support to
the hypothesis that it is the inclusion of NOD in the V0b
palette that leads to the improved target-fuel matching at the
heavy end of the distillation curve. In general, the palette
compounds elute in order of increasing normal boiling point.
As was evident in the ADC results, all of the surrogates have
distillation temperatures that are too high at the light end of the
distillation range and too low at the heavy end (relative to the
CF target fuel).
3.3.3. Standard Distillation. To facilitate comparisons of

ADC and simulated distillation results with the industry-
standard volatility-quantification technique, Figure 10 shows
standard distillation (ASTM D86)75 data as measured for the
CF target fuel and the V0a and V2 surrogates, as well as the
differences between the measured values for the target fuel and
the V0a and V2 surrogates. Figure S10 in the Supporting
Information provides the corresponding information for the
V0b and V1 surrogates.
The same general volatility trends are observed as were

evident using the other methods, namely, the following: V0a
exhibits the poorest matching to the CF target fuel; the V0b,
V1, and V2 surrogates show comparable matching; and all of
the surrogates have distillation temperatures that are too high at
the light end of the distillation range and too low at the heavy
end (relative to the target fuel). This general agreement is
noteworthy given that the ranges and absolute values of the
distillation temperatures determined from the ADC, simulated
distillation, and standard distillation techniques show such
significant differences.
3.4. Density. Target- and surrogate-fuel densities at 20 °C

were quantified using the ASTM D4052 method,59 and
surrogate-fuel densities at 20 °C were estimated using an
EOS-based method developed at NIST.3 The results are shown
in Figure 11. It is evident from the measured values that V2
provides the closest match to the target-fuel density (within
<1%), which is expected because one criterion for selecting the
new compounds in the V2 palette was that they have densities
more representative of compounds found in the target fuel. V0b
provides the next-best match, followed by V1 and then V0a. All
of the measured surrogate-fuel densities fall within 3.4% of the
target-fuel density. The predicted density for each surrogate is
1−2% lower than its corresponding measured value, presum-
ably due to incomplete information on palette-compound
properties and mixture parameters.
3.5. Other Properties. A number of additional properties

of the target and surrogate fuels were measured to assist in
further assessing the soundness of the current surrogate-

formulation methodology as well as the suitability of the
surrogate fuels for testing in engines and other experimental
setups.

3.5.1. Net Heat of Combustion. The net heats of
combustion for the target and surrogate fuels were quantified
using ASTM D4809.79 In addition, the net heats of combustion
(aka lower heating values, LHVs) for the surrogate fuels were
estimated from the net heats of combustion of their constituent
palette compounds shown in Table 1 and the known
compositions of the surrogate fuels using a mass-fraction-
weighted linear-blending rule. The measured and estimated
values are presented in Figure 12. All values agree with the
average measurement for the target fuel within a tolerance of
±1%.

3.5.2. Lubricity. The lubricity of the target fuel was measured
using ASTM D607980 (high-frequency reciprocating rig), as
were the lubricities of the surrogate fuels before and after
addition of lubricity improver (LI; see section 2.4.5). The
results shown in Figure 13 indicate that none of the surrogate
fuels met the maximum wear-scar diameter of 520 μm per the

Figure 11. Measured target-fuel densities, as well as measured and
predicted surrogate-fuel densities at 20 °C and ∼0.1 MPa ambient
pressure. For CF, both bars represent measured values, with the left-
and right-hand bars corresponding to measurements made by different
testing laboratories in 2009 and 2014, respectively. Each non-cross-
hatched bar represents a single measurement acquired per the ASTM
D4052 test method.59

Figure 12. Measured target-fuel net heats of combustion, as well as
measured and predicted surrogate-fuel net heats of combustion. For
CF, both bars represent measured values, with the left- and right-hand
bars corresponding to measurements made by different testing
laboratories in 2009 and 2014, respectively. Each non-cross-hatched
bar represents a single measurement acquired per the ASTM D4809
test method.79
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ASTM D975 specification for grade no. 2-D S15 diesel fuel30

prior to addition of the LI, but all of them met the specification
after additization.
3.5.3. Cloud Point and Final Melting Point. The cloud

points and final melting points of the fuels in this study were
quantified using ASTM D577381 and a similar procedure
developed at NREL,82 respectively. The measurements were
made at constant cooling/heating rates of magnitude 1.5 °C/
min at ∼0.1 MPa ambient pressure. The cloud point (CP) is
the temperature at which, as the fuel temperature is lowered,
crystals of solidified fuel become visible. The final melting point
(FMP) is the temperature at which, as the fuel temperature is
raised, the last crystals of solidified fuel disappear. From a low-
temperature performance perspective, it is desirable to have
CPs and FMPs as low as possible, because crystals/waxes in the
fuel can plug fuel filters and cause fuel-injection system
malfunctions.
The measured CPs and FMPs for the fuels in this study are

provided in Figure 14. It is clear that the CF target fuel has the
most-desirable low-temperature performance characteristics,

followed by V2 and V0a (which have comparable perform-
ance), then V1, and finally V0b. It is also evident that the FMP
for a given fuel is always higher than its CP; i.e., the
temperature at which solids first appear as the fuel is cooled is
colder than the temperature at which solids disappear as the
fuel is heated. This hysteresis appears to be related to difficulty
in re-dissolving the crystals/waxes upon reheating of the
sample.
Comparing V0a and V0b, it is noteworthy that the improved

matching at the heavy end of the distillation curve afforded by
the addition of NOD to V0b comes at the expense of low-
temperature performance, where V0b is clearly inferior to V0a.
(It has been verified by GC that the first-to-solidify material in
V0b is NOD.) It is also interesting that although V2 contains
both NOD and the heavier n-alkane NEI, it has low-
temperature performance similar to V0a, which contains no
n-alkanes heavier than NHXD. V2 also exhibits the largest
difference between CP and FMP. The underlying reasons for
these observations likely involve intricacies of the co-solvencies
of the various palette compounds in their respective surrogate-
fuel blends, a topic that is beyond the scope of this study.

3.5.3.1. Fuel Solidification at Atmospheric Pressure. The
relatively high (even close to room temperature for V0b) CPs
and FMPs of the surrogates provided an initial indication that
care needs to be taken to minimize the effects of fuel
solidification when storing and testing the surrogates at
atmospheric pressure. It is recommended that the surrogates
be simultaneously warmed to at least 16 °C and stirred before
and during use, to melt any crystallites and ensure mixture
homogeneity, respectively.

3.5.3.2. Fuel Solidification at Elevated Pressures. Subse-
quent measurements at elevated pressures typical of those
present in modern common-rail fuel-injection systems showed
that fuel solidification occurs at even higher temperatures for
the surrogates, with FMP increasing approximately linearly with
pressure. For example, at 250 MPa rail pressure, a fuel
temperature of ∼80 °C (conservative estimate) is required to
keep all of the surrogates in the liquid phase. In contrast to the
behavior of the surrogates, the FMP for CF appears to remain
approximately constant at its atmospheric-pressure value to at
least 250 MPa.
For high-pressure testing of the surrogates, it is recom-

mended that all of the high-pressure components of the fuel
system be maintained at a sufficiently high temperature to avoid
solidification. A possible alternative to heating the fuel system
would be to add a cold-flow improver to each surrogate. In
either case, careful attention should be paid to ensure that no
fuel solidification occurs during experimental testing.

3.5.4. Elemental Analysis. The carbon and hydrogen mass
fractions of all of the fuels used in this study were quantified
using ASTM D5291.35 These values are shown in Figure 15, as
well as the carbon and hydrogen mass fractions of the surrogate
fuels that would be expected based on their known
compositions. Excellent agreement is evident in that the
measured values for the surrogate fuels all fall within 1% (abs)
of the measured value for the target fuel and within 0.4% (abs)
of their predicted values.

3.5.5. Smoke Point. The smoke points of all of the fuels used
in this study were measured using the ASTM D132283 test
method, and the resultant values are presented in Figure 16.
The smoke point and parameters based on the smoke point are
used to estimate the sooting propensities of jet fuels, with a
lower smoke point indicating a greater propensity to form soot.

Figure 13. Target- and surrogate-fuel lubricities measured using
ASTM D6079.80 Each bar represents a single measurement acquired
per the test method. Dashed line indicates the maximum wear-scar
diameter of 520 μm for grade no. 2-D S15 diesel fuel from the ASTM
D975 specification. A small batch of each surrogate fuel created
without LI additive was tested to give the values shown by the cross-
hatched bars. As indicated in Table S1 of the Supporting Information,
CF was provided with LI already added, and no further LI was added
to this fuel.

Figure 14. Target- and surrogate-fuel cloud points and final melting
points. Each bar represents a single measurement acquired per the
corresponding test method (at ∼0.1 MPa ambient pressure).
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Based on the results in Figure 16 alone and if the smoke point
is well-correlated with soot emissions under diesel-combustion
conditions, then V0b would be expected to best match the soot
emissions of the CF target fuel, followed by V1 and V2 (which

should provide a similar match to CF but with V1 producing
less soot than V2), and finally V0a providing the poorest
agreement with CF and the lowest soot levels. It will be
interesting to see whether these trends are confirmed in engine,
combustion-vessel, and other experiments.

3.5.6. Other Measured Fuel Properties: Sulfur Content,
Flash Point, Corrosivity, Kinematic Viscosity, Aromatic
Content, and Surface Tension. Table 5 provides the values
of these properties for the CF target fuel and each of the
surrogates, as well as the method by which each property was
quantified, except for surface tension (the measurement
procedure for which is described in the following paragraph).
The ASTM D975 specification for grade no. 2-D S15 diesel
fuel30 requires <15 ppmw sulfur, >52 °C flash point, corrosivity
better than no. 3, and kinematic viscosity at 40 °C between 1.9
and 4.1 cSt (note, 1 cSt = 10−6 m2/s). Table 5 shows that CF
and each of its surrogate fuels conform to these limits, with
considerable margins. The ASTM D975 specification does not
limit aromatic content as measured by ASTM D5186.84 Rather,
these results are included simply to show that, by comparing
with the known surrogate mass fractions shown in Figure 5 and
Supporting Information Figure S5, that the D5186 method is
accurate to within 1.4 wt % for monoaromatics and
polyaromatics in all cases except for V2 monoaromatics,
where the error is a 7.4 wt % overestimation of aromatic
content. The D5186 method also systematically overestimates
the mass fractions of polyaromatics (i.e., 1MN) by ∼1 wt %.

3.5.6.1. Surface Tension. Table 5 shows that, in general, as
the surrogate-fuel compositional accuracy increases, so does its
match to the surface tension of the target fuel. The surface-
tension measurements were performed using a Krüss force-
balance K-12 Mk. 6 tensiometer using the “plate method” with
a Wilhelmy platinum measuring plate. The sample being
analyzed was held in a clean quartz sample vessel of 66.5 mm
diameter and 37.5 mm height and filled to ∼80% capacity with
the performance-check standard liquid or with the sample to be
analyzed. The sample vessel was rigorously cleaned according
to the manufacturer’s recommended procedures prior to each
measurement to remove chemical residues. After washing, the
sample vessel and measuring plate were heated directly using a
propane torch to remove any remaining organic residues. The
sample vessel and measuring plate were allowed to cool to
room temperature prior data acquisition. Performance checks
using certified pure water and certified ethanol were conducted
prior to each measurement to ensure that the instrument was

Figure 15. Target- and surrogate-fuel carbon and hydrogen mass
fractions. Measured values represent a single replicate determined
using ASTM D5291,35 whereas predicted values were determined
using the known compositions of the surrogate fuels. The two columns
for the CF target fuel correspond to measurements made in 2009 (left-
hand side) and 2015 (right-hand side). Some of the measured values
do not sum to 100.0 wt % because this is not a requirement of the test
method.

Figure 16. Target- and surrogate-fuel smoke points as measured using
the ASTM D1322 test method.83 The value for CF is an average of
measurements of 13.4 and 15.0 mm from 2011 and 2014, respectively.
The values for the surrogate fuels are from single replicates of the test
method.

Table 5. Additional Measured Target- and Surrogate-Fuel Propertiesa

property test method CF V0a V0b V1 V2

sulfur (ppmw) ASTM D545371 13.6 1.2 1.2 1.2 0.8
flash point (°C) ASTM D9385 68 88 83 80 80
corrosivity ASTM D13086,b 1A 1A 1A 1A 1A
kinematic viscosity (cSt) ASTM D44587,c 2.284 2.452 2.303 2.331 2.378
aromatics by SFCd (wt %) ASTM D518684

monoaromatics 19.8 {18.4} 0.1 {0.0} 24.0 {22.9} 16.5 {15.6} 36.0 {28.6}
polyaromatics 12.4 {13.3} 16.7 {15.3} 13.2 {12.3} 11.8 {10.9} 11.9 {10.9}
total aromatics 32.1 {31.7} 16.8 {15.3} 37.3 {35.2} 28.3 {26.5} 47.9 {39.5}

surface tension (mN/m) see text 28.15 (22.9) 26.39 (23.1) 27.41 (22.8) 27.30 (22.6) 27.68 (22.7)

aAromatic-content values for the CF target fuel (determined using GC×GC-FID) and the surrogate fuels (determined from known surrogate
compositions) from Figure 5 and Supporting Information Figure S5 are provided in curly braces for reference. The temperature (°C) at which each
surface-tension measurement was made is provided in parentheses next to the corresponding measured value. b3 h at 50 °C. cAt 40 °C. dSFC =
supercritical fluid chromatography.
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performing within the manufacturer’s tolerances. Each reported
measurement is the average of two separate replicates, the
standard deviation of which was ≤0.05 mN/m in all cases. The
temperature in °C at which each surface-tension measurement
was made is provided in parentheses next to the corresponding
measured value.
3.5.7. Other Calculated Fuel Properties. Additional proper-

ties required for computational modeling include the critical-
point properties of the fuel and the following temperature-
dependent properties at the bubble point for a liquid of the
surrogate composition: pressure (analogous to the vapor
pressure of a pure compound); liquid density; difference
between vapor and liquid enthalpies (analogous to the heat of
vaporization of a pure compound, except that the vapor has a
different composition than the liquid, and liquid and vapor
compositions and enthalpies will change during vaporization);
and liquid heat capacity. Estimates of these properties
generated using the NIST REFPROP code3 from 20 °C to
the critical temperature in 10 K increments are shown in the
Supporting Information in Tables S3−S6 for the V0a, V0b, V1,
and V2 surrogates, respectively. It is understood that dynamic-
viscosity, thermal-conductivity, and surface-tension estimates
over the same temperature range also are required as inputs for
numerical simulations, and it is planned that these will be
reported in a future publication.

4. SUMMARY AND CONCLUSIONS
In this research, a surrogate-fuel-formulation methodology was
applied that focuses on matching compositional characteristics
between target and surrogate fuels, based on the understanding
that the composition of a fuel determines its properties and
performance characteristics at a given engine operating
condition. The diesel target-fuel composition was quantified
using a hybrid approach employing NMR spectroscopy and
two-dimensional gas chromatography. The compositional
information was used to select surrogate palette compounds
with molecular structures and weights representative of the
constituents of the target diesel fuel. The palette compounds
were used in a regression model to determine four surrogate-
fuel formulations with increasing levels of compositional
accuracy relative to the target fuel, in addition to explicit
emulation of the target-fuel ignition quality, volatility, and
density. High-purity, ultralow-sulfur palette compounds were
procured, treated to remove peroxides, additized to inhibit
oxidation and to enhance lubricity, and blended to produce
∼30 L batches of the four surrogate fuels. The surrogate
compositions were verified by the techniques that were initially
employed to characterize the target fuel. To assist in assessing
the soundness of the current surrogate-formulation method-
ology as well as the suitability of the surrogate fuels for testing
in engines and other experimental setups, a range of property
measurements were made, including the following: ignition
quality, volatility, liquid density, net heat of combustion,
lubricity, cloud point, final melting point, fuel solidification at
elevated pressures, elemental analysis, smoke point, sulfur
content, flash point, corrosivity, kinematic viscosity, aromatic
content, and surface tension. These measurements show that,
in general, the more accurately a surrogate embodies the
compositional characteristics of the target fuel, the more
accurately it also matches the target-fuel properties. The
surrogates are suitable for use in systems with modern fuel-
injection equipment and sulfur-sensitive aftertreatment devices,
although measures likely will be required to prevent fuel

solidification at elevated pressures. Estimated values of
additional surrogate thermodynamic properties (critical proper-
ties and properties along the bubble-point curve) are provided
in the Supporting Information to assist researchers conducting
numerical simulations with the surrogate fuels, for whom these
data are required as input parameters.
The varying levels of compositional accuracy relative to the

target fuel embodied by the set of surrogate fuels are intended
to assist researchers in determining the minimum level of
surrogate-fuel compositional accuracy required to adequately
emulate the performance characteristics of the target fuel under
different combustion modes. Rigorous engine and combustion-
vessel testing is planned to identify which diesel surrogate fuel
is indeed “as simple as possible, but not simpler,” as well as to
provide insights into the underlying reasons for any
discrepancies between fuels. It is also planned to compare the
results from the combustion testing to results from numerical
simulations using the same surrogate fuels, to assist in
identifying and overcoming barriers to, and ultimately enabling,
accurate and cost-effective computational fuel/engine system
optimization.
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■ ABBREVIATIONS AND ACRONYMS
1H = proton
13C = carbon-13 (implies proton-decoupled 13C NMR
analysis)
1MN = 1-methylnaphthalene (see Figure 2)
2MHPD = 2-methylheptadecane (see Figure 2)
ADC = advanced distillation curve
AO = antioxidant (fuel additive)
ASTM = ASTM International (formerly American Society
for Testing and Materials)
C = carbon
CF = grade no. 2-D S15 diesel emissions-certification fuel
from Chevron-Phillips Chemical Co., batch A (aka CFA)
CI = compression ignition
C-K = chemical-kinetic
CN = cetane number
CP = cloud point
CRC = Coordinating Research Council, Inc.
CT = carbon type
D86 = ASTM D86 standard method and data
DCN = derived cetane number
DOE = Department of Energy
EBP = end boiling point
EOS = equation of state
FMP = final melting point
GC-FID = gas chromatography with flame ionization
detection
GC×GC-FID = two-dimensional gas chromatography with
flame ionization detection
GC×GC-SCD = two-dimensional gas chromatography with
sulfur chemiluminescence detection
H = hydrogen
HMN = 2,2,4,4,6,8,8-heptamethylnonane (see Figure 2)
ID = ignition delay
IQT = ignition quality tester
LHV = lower heating value (aka net heat of combustion)
LI = lubricity improver (fuel additive)
MS = measured surrogate (a property value from a surrogate
fuel)
MT = measured target (a property value from a target fuel)
NBCX = n-butylcyclohexane (see Figure 2)
NEI = n-eicosane (see Figure 2)
NHXD = n-hexadecane (see Figure 2)

NIST = National Institute of Standards and Technology
NMR = nuclear magnetic resonance spectroscopy
NOD = n-octadecane (see Figure 2)
PCER = palette-compound elution range
PHP = perhydrophenanthrene (see Figure 2)
PNNL = Pacific Northwest National Laboratory
ppmw = parts per million by weight
PS = predicted surrogate (a property predicted for a
surrogate fuel)
SFC = supercritical fluid chromatography
SGT = silica-gel treatment
TDEC = trans-decalin (see Figure 2)
TET = tetralin (see Figure 2)
TIPB = 1,3,5-triisopropylbenzene (see Figure 2)
TIPCX = 1,3,5-triisopropylcyclohexane (see Figure 2)
TMB = 1,2,4-trimethylbenzene (see Figure 2)
ULSD = ultralow-sulfur diesel
U.S. = United States
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