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Because of the complexities involved in measuring andmodeling the performance and properties of finished
fuels, the fuel science communitymust often use surrogatemixtures as substitutes, especially in the absence of
consensus standard mixtures. While surrogate mixtures are often formulated on the basis of the ability of a
particular mixture to reproduce a particular property, there is usually a desire to employ surrogate mixtures
that are physicochemically authentic. This means that, provided that the primary purpose is satisfied,
researchers are inclined to choose mixtures that have physical and chemical properties appropriate to the
finished fuel. In this paper, we apply the advanced distillation curve method as a means to evaluate the
physicochemical authenticity of surrogate mixtures. While the strategy outlined here can be used for any
familyof surrogates,weapply it to surrogatemixtures for Jet-A/JP-8.Mixturesweredivided into twogroups:
(1) simple surrogate mixtures with up to three components and (2) complex surrogate mixtures with more
than three components. We found that the modified Aachen surrogate (among the simple fluids) and the
Schultz surrogate (among the complex fluids) had the best physicochemical authenticity.

Introduction

The study of finished fuels and their performance in
practical engines is necessarily a nontrivial undertaking. Fuels
can contain upward of 1000 components (that can be
identified), some of which can interact with one another
and, thus, affect the properties of the overall mixture.1 In
addition to this complexity, which can be ascribed to each
individual batch of fuel, fuels made primarily from petroleum
feed stocks by refineries or blenders exhibit a pronounced
batch-batch variability in composition that adds to the
complexity.2 Despite this significant chemical ambiguity, the
need to optimize the performance of machinery operating
with practical finished fuels is not diminished. Current pres-
sures for improving efficiency while minimizing environmen-
tal damage, the uncertainties in traditional supply sources,
and introduction of non-traditional supply sources simply
augment the need to deal with these issues. It is and will
continue to be vital to measure and model such fundamental
properties as the fluid thermophysics and kinetics, as well as
engineering properties, such as threshold sooting index (TSI),
ignitability, flame relight ability, flame propagation, etc.

For some fuels, such as gasoline, reference fluid mixtures
have been developed as consensus standards upon which
scientists and engineers can develop and perform such pro-
pertymeasurements.3 The availability of such consensus stan-
dard mixtures ensures that all measurements are performed

on a well-understood or at least an accepted fuel. Aviation
turbine kerosenes are a class of finished fuels for which no set
of consensus standard fluids currently exist. This is partially
because the requirements of testing protocols for turbine fuels
are more diverse; consensus on a detailed set of specifications
is simply more difficult to achieve. Moreover, the required
knowledge base for some of the components of the real fuel
(such as detailed kinetic mechanisms) is often absent. The
resulting approach that has been adopted is to test and model
surrogate fluids (simpler stand-in mixtures that are more
easily characterized) instead of the finished fuel.4-16 An
inherent limitation of this approach is that surrogatemixtures
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often must be developed for specific purposes. Mixtures
developed to represent kinetic parameters17-22 might not be
thebest to represent, for example, theTSI orother engineering
parameters.12,21,23-28 We also note that the term “surrogate
fluid” can have different meanings depending upon the spe-
cific faction of the fuel science community that is coining the
term. Thus, for modeling thermophysical properties, the
Helmholtz free-energy equation of state is often implemented

with a surrogate component slate that allows for the calcula-
tion of density, speed of sound, volatility, etc.29-33 Here, the
surrogate mixture is built only to minimize deviations of a
property-explicit objective function with the experimental
values.Attention is paid to the availability of dataonproperties
relevant to thermophysical model development.34-38 These
surrogate mixtures are not typically prepared for a laboratory
or test rig measurement and may not necessarily resemble the
finished fuel beingmodeled.Moreover, the components of such
amixturemay be lacking in some data critical to other research
needs, such as detailed kinetic mechanisms.

While surrogate mixtures are formulated for specific pur-
poses, there is a clear desire in the fuel research community at
large to achieve physicochemical authenticity with the mix-
tures that are used. This desire is reflected in many of the
above-cited publications, in which authors discuss the agree-
ment of particular surrogate mixtures with at least some
measured or modeled physical properties. A surrogate mix-
ture developed to represent the TSI of Jet-A or JP-8 butwhich
has thermophysical properties that are unrealistic, is far less
desirable than a mixture that does in fact show reasonable
thermophysical properties (density, speed of sound, volatility,
etc.). One can, in principle, attempt to match any given
thermophysical property in an effort to achieve physicochem-
ical authenticity in surrogate mixtures. Indeed, some thermo-
physical properties might have more importance than others
for such a purpose. For example, a measure of the speed of
sound is incorporated into sensors that are used on aircrafts to
measure fuel levels in tanks.39 Thus, the speed of soundmight
be a desirable thermophysical property to match in a surro-
gate for some very specific gas turbine fuel property measure-
ments. The difficulty with this ad hoc approach is that it is too
specific and ignores the overarching goal. More to the point,
the speed of sound shows only a modest variability over the
known composition range of aviation kerosene.40,41 This
means that, over the specified, allowed composition range of
such fuel, the speed of sound may vary by less than a few
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percent. The same is true of thermal conductivity, while density
andheat capacity showeven smaller changes.Viscosity shows a
larger spread but one that decreases significantly with increas-
ing temperature. An evaluation metric that is only modestly
sensitive to the commonly encountered variations of Jet-A and
JP-8 is less useful.

The only property that shows an appreciable change over the
allowable (or customary) composition range is the volatility, as
expressed by the distillation curve.41 Moreover, this property is
directly related to composition, is sensitive to even subtle
compositional variability, andhas theoreticalmeaningprovided
that it is measured properly (see below). Thus, of the common
thermophysical properties, the volatility is one with sufficient
sensitivity and scope to assess physicochemical authenticity.
Indeed, aswill be demonstrated in part 2 (10.1021/ef1004978) of
thiswork, it is possible forotherproperties (suchas thedensities)
of two surrogatemixtures to be very close yet for themixtures to
have very different volatilities. Moreover, the volatility of a
surrogate is actually of critical importance to many of the
purposes for which surrogates are intended to serve. Very
specific engineering properties, such as relight, combustion
and flame characteristics, and fire simulations, require a surro-
gate with a close match in volatility with the real fuel.11,21,23-28

Advanced Distillation Curve (ADC) Measurement. The
most common presentation of the distillation curve is a plot
of the boiling temperature (at ambient pressure) against
volume fraction. The American Society for Testing and
Materials (ASTM) D-86 standard test method provides the
classical approach to the measurement, in which the data
obtained are the initial boiling temperature (IBT), the tem-
perature at volume fractions of 10, 20, 30, 40, 50, 60, 70, 80,
and 90%, and then the final boiling temperature (FBT).42

The method historically suffers from major disadvan-
tages, and we have developed several improvements to
the metrology.2,43-49 These improvements are discussed in
detail elsewhere; therefore, only a very brief summary will be
provided here. Of particular importance is the ability to
model the volatility with an equation of state, as we have
discussed above. This precludes distillation curve determina-
tion with the classical methods that have little or no basis in
theory.Our improvedmetrology is called theADCapproach
and is especially applicable to the characterization of fuels.
Thismethod features (1) a composition-explicit data channel

for each distillate fraction (for both qualitative and quanti-
tative analysis), (2) temperature measurements that are true
thermodynamic state points that can be modeled with an
equation of state, (3) temperature, volume, and pressure
measurements of low uncertainty suitable for equation of
state development, (4) consistency with a century of histori-
cal data, (5) an assessment of the energy content of each
distillate fraction, (6) trace chemical analysis of each dis-
tillate fraction, and (7) a corrosivity assessment of each
distillate fraction. The fuels that we have measured include
rocket propellants, gasolines, turbine kerosene (jet) fuels,
diesel fuels (including oxygenated diesel fuel and biodiesel
fuels), and crude oils.41,50-71 Moreover, the measurements
have facilitated the development of thermodynamic models
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(on the basis of equations of state) to describe complex
fuels.29-33,72 In this paper, we report the application of the
ADC to the evaluation of the physicochemical authenticity
of aviation kerosene surrogate mixtures.

Evaluation of Physicochemical Authenticity of Surrogate

Mixtures. Clearly, the most straightforward way to evaluate
the physicochemical authenticity of surrogate mixtures is to
compare them to the finished aviation kerosene fuels on the
basis of one or more carefully selected metrics. The volatility
of such fluids is very sensitive to compositional variability
andwas therefore chosen as the primary target property. The
problem then becomes defining or selecting benchmark
Jet-A or JP-8 behavior and developing an objective protocol
for the comparison. We approached this problem with the
ADC volatility data for two samples of Jet-A, designated
Jet-A-4658 and Jet-A-3638. The sample designated 4658 is
actually a composite Jet-A fluid prepared bymixing approxi-
mately equal volumes of five individual batches of Jet-A.
This composite sample was prepared at the Air Force
Research Laboratory and was provided for this work (as
well as other research projects in the aviation fuel commu-
nity) to represent what might be considered a typical Jet-A
fluid.73 The sample designated Jet-A-3638 was known to be
unusual in that it showed a remarkably high volatility and an
unusually low aromatic content and density while still meet-
ing all of the specifications for Jet-A.73 While this fluid is
acceptable for use, it is nevertheless understood to be un-
usual. We also note here that, in terms of most thermophysical
and engineering properties, there will be no practical differ-
ence between Jet-A and JP-8, because the difference between

these two fluids is the additive package.74 JP-8 contains an
icing inhibitor, corrosion/lubricity enhancer, and anti-static
additive, often prepared by splash blending from base Jet-A
stock at the end-user tank. Thus, a surrogate mixture pre-
pared to represent the behavior of Jet-A will represent the
behavior of JP-8 in almost all applications.68

When one examines the surrogate fluid mixtures that have
been used or proposed in the past to represent Jet-A or JP-8, it is
possible todivide them into twoclasses. Some surrogates contain
very few components (two or three, listed in Table 1a), while
others havemore components, upwardof 10 (listed inTable 1b).
In each case, the composition specified is on a volume basis,
prepared at ambient temperature and pressure, reflecting the
preparation and use in the engineering measurements that were
discussed earlier in the Introduction. Simplemixtures often show
a bimodal distillation curve behavior, in which the boiling
temperatures of the small number of components act as anchor
points for a highly sigmoidal shaped curve. We noted this kind
of behavior in the early work with the ADC, in mixtures of
n-decane and n-tetradecane.44 The curves resulting from those
simple mixtures were “anchored” at the boiling temperatures of
the pure components, and the curve connecting these two points
was a pronounced sigmoid. More complex mixtures usually
show a less pronounced, subtle sigmoid shape, at least for some
segmentof the curve. It is possible, as shownbelow, for surrogate
mixtures containing a component with a very low boiling
temperature to produce an anchor point in one region of the
curve, while a subtle sigmoid is observed over the remainder of
the curve. This is called a combined bimodal curve. Departures
from the subtle sigmoidof the finished fuel, of either the bimodal
or combined bimodal variation, represent significant departures
from physicochemical authenticity.

We point out that the list of surrogates that we have
presented for study here is not exhaustive. Other mixtures
have been suggested in the literature cited above and at
various fuel conferences.40 This should not be regarded as
a disadvantage, because the present study outlines a
generic strategy by which any surrogate mixture that has
been considered in the past or is proposed in the future can
be evaluated for physicochemical authenticity. We also
point out that the surrogate mixture designations that we
employ are not self consistent. Some are named; some have
number designations; and some have letter designations.
We have done this to be consistent with designations in the
literature and at fuel conferences. Note also that there are
apparent gaps (there is no surrogate 2 or surrogate D), also

Table 1

(a) List of the Simple Surrogate Mixtures Studied in This Work along with Their Compositions
surrogate A 60% n-decane þ 20% methylcyclohexane þ 20% toluene
surrogate B 60% n-decane þ 20% methylcyclohexane þ 20% o-xylene
surrogate C 60% n-dodecane þ 20% methylcyclohexane þ 20% o-xylene
surrogate F 60% n-decane þ 20% butylcyclohexane þ 20% butylbenzene
surrogate G 60% n-decane þ 40% isooctane
Aachen 80% decane þ 20% 1,2,4-trimethylbenzene
modified Aachen 80% dodecane þ 20% 1,2,4-trimethylbenzene

(b) List of the More Complex Multicomponent Surrogate Mixtures and Their Compositions
Utah surrogate 30% n-dodecane þ 20% n-tetradecane þ 20% methylcyclohexane þ 15% o-xylene þ 10% isooctane þ 5% tetralin
Drexel surrogate 1 36% isocetane þ 26% n-dodecane þ 14% methylcyclohexane þ 18% 1-methylnaphthalene þ 6% decalin
Drexel surrogate 2 43% n-dodecane þ 27% isocetane þ 15% methylcyclohexane þ 15% 1-methylnapthalene
Schulz surrogate 21% dodecane þ 16.2% decane þ 15.6% tetradecane þ 10.2% hexadecane þ 5.7% isooctane þ

5.1% methylcyclohexane þ 4.7% cyclooctane þ 4.6% butylbenzene þ 4.5% m-xylene þ 4.4% 1,2,4,5-tetramethylbenzene þ
4.1% tetralin þ 3.9% 1-methylnaphthalene

surrogate 1 30% dodecane þ 20% tetradecane þ 20% methylcyclohexane þ 15% m-xylene þ 10% isooctane þ 5% tetralin
surrogate 3 73.5% n-dodecane þ 10% methylcyclohexane þ 10% toluene þ 5.5% isooctane þ 1% benzene
Violi surrogate 20% tetradecane þ 25% dodecane þ 25% decane þ 20% toluene þ 5% methylcyclohexane þ 5% isooctane

(69) Smith, B. L.; Bruno, T. J. Application of a composition-explicit
distillation curve metrology to mixtures of Jet-A þ synthetic Fischer-
Tropsch S-8. J. Propul. Power 2008, 24 (3), 619–623.
(70) Smith, B. L.; Ott, L. S.; Bruno, T. J. Composition-explicit

distillation curves of diesel fuel with glycol ether and glycol ester
oxygenates: A design tool for decreased particulate emissions. Environ.
Sci. Technol. 2008, 42 (20), 7682–7689.
(71) Smith, B. L.; Ott, L. S.; Bruno, T. J. Composition-explicit

distillation curves of commercial biodiesel fuels: Comparison of petro-
leum derived fuel with B20 and B100. Ind. Eng. Chem. Res. 2008, 47 (16),
5832–5840.
(72) Huber,M. L.; Lemmon, E.; Bruno, T. J. Effect of RP-1 composi-

tional variability on thermophysical properties. Energy Fuels 2009, 23,
5550–5555.
(73) Edwards, J. T. Personal communication. Propulsion Directo-

rate, Air Force Research Laboratory, United States Air Force, 2006.
(74) Detail specification turbine fuel, aviation, kerosene type JP-8

(NATO F-34), NATO F-35, and JP-8 þ 100 (NATO F-37), April 11,
2008; MIL-DTL-83133F.



4270

Energy Fuels 2010, 24, 4266–4276 : DOI:10.1021/ef100496j Bruno and Smith

consistent with the most common fluids presented in the
past.75,76

We also point out that, in this work, we have concentrated
primarily on the thermophysical aspects of physicochemical
authenticity. It is also possible to evaluate surrogate compo-
nents for chemical moiety type andmatch primary, secondary,
tertiary, and quaternary carbons, ring attachments, aromati-
city, etc. While such an evaluation might be sensible for the
multicomponent complex surrogate mixtures (Table 1b), it is
not possible for the simple mixtures (Table 1a). There is simply
too small a variety of bondmoieties available for consideration.
Continuation of this aspect will be a topic for future work on
the more complex mixtures.

Experimental Section

The surrogate mixtures that are listed in parts a and b of
Table 1were prepared volumetrically frompure components that
were obtained from commercial sources. For each component,
we used fluids with purities of at least 99.9% (mass/mass). The
purities of the starting components were verified by gas chromato-
graphy with mass spectrometric detection. All of the pure
starting fluids were found to meet or exceed the purity specifica-
tion of the manufacturer, and all were used as received. Enough
of each mixture was prepared to provide a stock solution suffi-
cient for three replicate measurements for each mixture. Once
prepared, the mixtures were carefully sealed in inert containers
at 7 �C, to minimize the loss of volatiles and the uptake of
moisture.

The samples of Jet-A (designated 4658 and 3638) used for
comparison were obtained from the Fuels Branch of the Air
ForceResearchLaboratory (AFRL,Wright-PattersonAir Force
Base, OH). The samples were maintained in sealed containers at
7 �C during storage to prevent the loss of high-vapor-pressure
components. No solidification or phase separation was noted
during storage. Both samples were analyzed by gas chromato-
graphy (30 m capillary column of 5% phenyl-95%-dimethyl
polysiloxane having a thickness of 1 μm and temperature pro-
gram from 90 to 275 �C, at 9 �C/min) using flame ionization
detection and mass spectrometric detection.77,78 The purpose of
these analyses was to obtain a general overview of the fluid
composition and to determine the value for the constant term
to use in the pressure correction to the distillation temperature
(with the Sydney Young equation; see below).

The required fluid for the distillation curve measurement (in
each case, 200 mL) was placed in the boiling flask with a 200 mL
volumetric pipet. The thermocouples were then inserted into the
proper locations to monitor Tk (the temperature measured
directly in the fluid) and Th (the temperature measured at the
bottom of the take-off position in the distillation head), as
indicated in Figure 1. More details can be found in our prior
work on theADCmethod (see refs 44-48 cited above). Heating
was then commenced with a multi-step program based on a
previously measured distillation curve. The purpose of the

program was to impose a heating profile similar in shape to
the distillation curve but leading the curve by approximately
20 �C. This heating rate applied to the fluid provides a
constant mass flow rate of vapor into the distillation head.
Volume measurements were made in the level-stabilized re-
ceiver, and sample aliquots were collected at the receiver
adapter hammock. In the course of this work, we performed
at least six complete distillation curve measurements for the
Jet-A samples and three for each of the surrogate mixtures.

Because the measurements of the distillation curve are per-
formed at local ambient atmospheric pressure (measured with an
electronic barometer at an elevation of 1655 m), temperature
readings were corrected for what should be obtained at standard
atmospheric pressure. This was performed with the modified
Sidney Young equation, in which the constant termwas assigned
a value of 0.000 109.49,79-81 This value corresponds to a carbon
chain of 12.We chose this constant term because it allows for the
equation to represent the behavior of both Jet-A and JP-8.68,69

This may not be the optimal constant for each of the individual
surrogate mixtures; however, we consider it better to hold this
term constant (optimized for the finished fuel). The uncer-
tainty introduced by this selection is expected to be far less
than the experimental uncertainty of the temperatures. On
balance, this approach is less ambiguous than allowing for
the constant to “float” for each surrogate. Regardless of the
choice of constant, the magnitude of the correction is depen-
dent upon the extent of departure from standard atmospheric
pressure. The location of the laboratory in which the mea-
surements reported herein were performed is approximately
1650 m above sea level, resulting in a typical temperature
adjustment of 8 �C.

Figure 1. Schematic diagram of the ADC apparatus. Expanded
views of the sampling adapter and the stabilized receiver are shown
in the lower half of the figure.

(75) Bruno, T. J. Thermodynamic, transport and chemical properties
of “reference” JP-8. Book of Abstracts, 2006 Army Research Office and
Air Force Office of Scientific Research Contractor’sMeeting in Chemical
Propulsion; Army Research Office and Air Force Office of Scientific
Research: Arlington, VA, June 12-14, 2006; pp 15-18.
(76) Seshadri, K. Autoignition and combustion of diesel and JP-8.

Book of Abstracts, 2007 Army Research Office and Air Force Office of
Scientific Research Contractor’s Meeting in Chemical Propulsion; Army
Research Office and Air Force Office of Scientific Research: Boulder, CO,
June 11-13, 2007.
(77) Bruno, T. J.; Svoronos, P. D. N. CRCHandbook of Basic Tables

for Chemical Analysis, 2nd ed.; Taylor and Francis CRC Press: Boca Raton,
FL, 2004.
(78) Bruno, T. J.; Svoronos, P. D. N.CRCHandbook of Fundamental

Spectroscopic Correlation Charts; Taylor and Francis CRC Press: Boca
Raton, FL, 2006.

(79) Young, S. Correction of boiling points of liquids from observed
to normal pressures. Proc. Chem. Soc. 1902, 81, 777.

(80) Young, S. Fractional Distillation; Macmillan and Co., Ltd.: London,
U.K., 1903.

(81) Young, S. Distillation Principles and Processes; Macmillan and
Co., Ltd.: London, U.K., 1922.
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Results and Discussion

Initial Boiling Temperatures. During the initial heating of
each sample in the distillation flask, the behavior of the fluid
was carefully observed. Direct observation through the flask
window or through the bore scope allowed for measurement
of the onset of boiling for each of the mixtures (measured
with Tk). Typically, to ascertain the initial boiling behavior,
we measure the onset of bubbling, the temperature at which
bubbling is sustained, and the temperature at which the
vapor rises into the distillation head. We have shown that
the vapor rise temperature is actually the initial boiling
temperature (the IBT, an approximation of the bubble point
temperature at ambient pressure) of the initial fluid. This
measurement is significant for amixture because it is thermo-
dynamically consistent and can be modeled with an
equation of state. Measurement of these temperatures for
simple mixtures (such as the surrogates studied in this work)
can be complicated by rapid phase changes. As a result, we
only report the onset and vapor rise temperatures here. The
vapor rise is accompanied by a sharp increase in Th and is
therefore far less subjective to ascertain and, thus, is less
uncertain than the onset of bubbling. Experience with pre-
vious mixtures, including n-alkane standard mixtures that
were prepared gravimetrically, indicates that the uncertainty
in the onset of the bubbling temperature is approximately
1 �C. The uncertainty in the vapor rise temperature is 0.3 �C.
The repeatability in the pressure measurement (assessed by
logging a pressuremeasurement every 15 s for the duration of
a typical distillation) is 0.001 kPa. The transducer itself was
calibrated against an air dead weight pressure balance trace-
able to a National Institute of Standards and Technology
(NIST) primary pressure standard. In each case, a coverage
factor k = 2 was applied to the uncertainty.

As a means of comparison between the surrogate mix-
tures and the finished Jet-A samples chosen for reference,
the IBT is a relatively weak parameter. Even if the IBT of a
surrogate closely matches that of Jet-A, the remainder of
the distillation curve can be significantly divergent. This
is especially true for mixtures whose full distillation
curves exhibit bimodal or combined bimodal shape. We
will discuss this aspect later in the paper, subsequent to
the introduction of the distillation measurements. In
Tables 2a, 3a, and 4a, we present the IBT (obtained as
the vapor rise temperatures from the ADC) for the Jet-A
samples, the simple surrogates, and the complex surro-
gates, respectively. As an objective measure of the depar-
ture of the surrogate mixture IBT from that of the Jet-A,
we calculate the difference between the surrogate and Jet-
A-4658 and Jet-A-3638 and average them while weighting
Jet-A-4658 heavier than Jet-A-3638 by a factor of 2. These
comparisons are provided in Table 5. Smaller values
indicate an IBT closer to that of Jet-A, with the agreement
to Jet-A-4658 (the composite sample) considered more
important. Among the simple surrogates, the modified
Aachen surrogate and surrogate F are closest to the Jet-A,
and among the complex surrogates, the Drexel surrogates
and the Schultz surrogate are closest. It is important not to
overinterpret the absolute numbers, because as noted
above, the IBT is merely the (one) point from which the
distillation curves diverge. While this measure alone can-
not be used to arrive at an overall rating for the surrogates,
one can nevertheless use it to evaluate situations in which
the IBT is of paramount importance.

ADC Measurement. Representative distillation curve data
for the samples of Jet-A and the surrogatemixtures, presented
in bothTk (measured directly in the fluid) andTh (measured in
the distillation head), are provided in Tables 2b, 3b, and 4b.
TheTk data are true thermodynamic state points, while theTh

data allow for a comparison to measurements made with a
classical apparatus. The estimated uncertainty (with a cover-
age factor k= 2) in the temperatures is 0.3 �C. Note that the
experimental uncertainty ofTk is always somewhat lower than
that of Th, but as a conservative position, we use the higher
uncertainty value for both temperatures. The uncertainty in
the volume measurement that is used to obtain the distillate
volume fraction is 0.05 mL in each case. The repeatability in
the pressure measurement (assessed as described earlier) is
0.001 kPa. The relatively low uncertainties in the measured
quantities facilitate modeling the results, for example, with an
equation of state. The measurements for the simple and
complex surrogates are presented in Figures 2 and 3, respec-
tively. Distillation curves for Jet-A-4658 and Jet-A-3638 are
also presented (along with best fit lines). Because of the choice
of these two fluids, we consider the region subtended between
these two curves as acceptable in terms of physicochemical
authenticity.

While it is certainly possible to make coarse judgments
about the physicochemical authenticity of the surrogates by

Table 2

(a) Initial Boiling Behavior of the Two Samples of Jet-A Used as the
Basis of Comparison to the Surrogate Formulationsa

observed
temperature

Jet-A-3638
(�C, at 82.11 kPa)

Jet-A-4658
(�C, at 83.63 kPa)

onset 148.4 139.9
sustained 176.9 185.6
vapor rising 184.2 190.5

(b) Representative Distillation Curve Data of the Two Samples of Jet-A
Used as the Basis of Comparison to the Surrogate Formulationsb

Jet-A-3638
(82.11 kPa)

Jet-A-4658
(83.63 kPa)

distillate volume
fraction (%) Tk (�C) Th (�C) Tk (�C) Th (�C)

5 186.8 179.9 195.4 174.7
10 188.7 184.2 198.5 183.3
15 191.1 187.0 201.5 187.0
20 192.9 185.8 204.7 189.1
25 194.9 189.5 208.1 190.6
30 196.6 191.6 211.3 192.8
35 198.5 193.9 214.3 194.6
40 200.3 196.0 217.6 199.1
45 202.1 197.9 220.7 202.6
50 204.0 199.8 224.2 205.4
55 205.9 202.4 227.6 208.6
60 208.0 204.0 231.2 212.4
65 210.5 205.1 234.7 214.9
70 213.6 207.6 239.4 216.6
75 216.2 210.6 243.3 218.7
80 219.4 210.2 247.9 220.8
85 222.9 215.3 253.6 224.1

aThe vapor rise temperature is that at which vapor is observed to rise
in the distillation head, considered to be the initial boiling temperature of
the fluid. These temperatures have been corrected to standard atmo-
spheric pressure with the modified Sydney Young equation; the experi-
mental atmospheric pressures are provided to allow for recovery of the
actual measured temperatures. The uncertainties are discussed in the
text. bThese temperatures have been corrected to standard atmospheric
pressure with the modified Sydney Young equation; the experimental
atmospheric pressures are provided in parentheses to allow for recovery
of the actual measured temperatures.
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examining Figures 2 and 3, more objective means of assess-
ment are desirable. Two simple approaches to this are (1) an
evaluation, point by point (that is, as a function of the
distillate cut), of the displacements in the temperature of
the surrogate mixtures from the Jet-A fluids and (2) an
evaluation of the displacements in the overall shape and
slope of the distillation curves.

For the point-by-point approach, we used three metrics
for comparison. Metric 1 was simply the average of the
absolute values of the temperature difference (inTk) between
Jet-A-4658 and the surrogate, for each distillate volume
fraction

metric 1 ¼ 1

n

Xn

i¼ 1

jTi
Jet-A-4658 -Ti

surrogatej ð1Þ

where TJet-A-4658 is the distillation temperature of Jet-A-
4658 at a particular distillate volume fraction, Tsurrogate is
the corresponding distillation temperature of the surro-
gate mixture, i is an index corresponding to the distil-
late volume fraction, and n is the total number of tem-
perature and volume pairs. As discussed earlier, we
considered the comparison to Jet-A-4658 to be somewhat
more important than the comparison to Jet-A-3638,
because the former fluid is a composite mixture and the
latter fluid is an individual batch of unusual composition
and properties. The average of these temperature differ-
ences (for all distillate volume fractions) provides a single
number upon which to evaluate the departure of the
surrogate from a typical Jet-A fluid. A lower number for

this metric indicates less of a departure from the finished
fuel.

For the second point-by-point metric, we begin with the
average of the absolute values of the temperature difference
(in Tk) between Jet-A-4658 and the surrogate, for each
distillate volume fraction. We divide this by the absolute
value of the difference in the temperature (again in Tk, for
each distillate volume fraction) of the two Jet-A samples and
calculate the average over all distillate volume fractions

metric 2 ¼ 1

n

Xn

i¼ 1

jTi
Jet-A-4658 -Ti

surrogatej
jTi

Jet-A-4658 -Ti
Jet-A-3638j

ð2Þ

where TJet-A-4658 and TJet-A-3638 are the distillation tempera-
tures of Jet-A-4658 and Jet-A-3638 at a particular distillate
volume fraction.Tsurrogate, i, and n are defined as in eq 1. The
difference between this metric andmetric 1 is that, as the Jet-
A-4658 and Jet-A-3638 diverge later in the distillation,
metric 2 typically decreases. Thus, this metric is more
tolerant of the diverging volatility of (generic) Jet-A late in
the distillation. As with metric 1, a smaller numerical value
indicates less of a departure from the behavior of a “real” Jet-
A fluid.

The third point-by-point metric takes more explicit ac-
count of a comparison to Jet-A-3638, recognizing that this
fluid is indeed an acceptable Jet-A, which meets speci-
fications, despite its unusual physicochemical behavior.
Following this intent, metric 3 evaluates the absolute value
of the difference in the temperature (again in Tk, for each
distillate volume fraction) of the surrogate mixture with

Table 3

(a) Initial Boiling Behavior of the Simple Surrogate Formulations Listed in Table 1aa

observed

temperature (�C)
surrogate A

83.35 kPa

surrogate B

83.70 kPa

surrogate C

83.40 kPa

surrogate F

83.99 kPa

surrogate G

83.53 kPa

Aachen

83.74 kPa

modified Aachen

83.23 kPa

onset 86.8 77.5 64.8 127.9 76.9 135.6 184.1

vapor rise 125.4 138.0 142.5 176.8 126.4 172.2 197.2

(b) Representative Distillation Curve Data of the Simple Surrogate Formulations Listed in Table 1ab

surrogate A

83.35 kPa

surrogate B

83.70 kPa

surrogate C

83.40 kPa

surrogate F

83.99 kPa

surrogate G

83.53 kPa

Aachen

83.74 kPa

modified Aachen

83.23 kPa
distillate volume

fraction (%) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C)

5 127.0 113.1 140.2 134.8 146.6 130.8 176.7 176.0 129.4 118.5 172.2 171.7 198.2 193.0

10 128.6 116.9 142.3 133.6 150.4 126.8 176.7 176.2 131.6 122.6 172.2 171.6 199.2 195.2

15 130.7 121.9 144.5 136.8 155.3 137.5 176.7 176.2 134.1 126.6 172.2 171.6 200.7 197.1

20 132.8 125.3 146.9 141.4 160.6 144.8 176.7 176.1 137.5 131.3 172.3 171.6 202.0 198.9

25 136.4 130.6 149.8 145.6 167.0 153.1 176.8 176.1 140.5 134.7 172.3 171.6 203.5 199.5

30 140.0 134.6 151.9 148.1 174.0 161.2 176.9 176.2 144.4 138.7 172.4 171.6 205.1 196.9

35 143.8 138.8 154.4 151.3 181.4 168.3 176.8 176.1 148.3 142.8 172.4 171.7 206.6 201.1

40 148.0 143.1 156.7 153.9 189.1 177.9 176.8 176.2 152.5 145.2 172.5 171.7 208.2 204.7

45 153.6 149.0 159.3 156.8 196.8 187.0 176.9 176.3 157.9 152.5 172.6 171.7 209.9 206.8

50 158.9 154.6 161.2 158.9 204.0 196.2 176.9 176.2 162.8 157.3 172.7 171.8 211.4 208.6

55 163.7 160.3 163.3 161.4 208.7 203.7 177.0 176.3 166.4 163.0 172.8 171.7 212.9 210.2

60 168.0 165.8 165.1 163.4 212.0 209.7 177.2 176.4 169.1 166.5 172.9 171.8 213.8 211.8

65 170.9 169.6 167.2 165.3 213.9 212.8 177.4 176.4 171.6 169.5 173.1 171.9 214.9 212.9

70 172.8 171.6 168.6 166.9 215.1 214.3 177.6 176.5 173.0 171.3 173.4 171.9 215.5 213.4

75 173.8 172.9 169.9 168.3 215.8 215.1 177.7 176.5 174.1 172.1 173.4 172.0 216.4 213.9

80 174.3 173.3 171.3 169.7 216.2 215.5 177.7 176.6 174.8 173.1 173.5 172.1 216.6 214.9

85 174.8 173.6 172.9 171.3 216.6 215.7 177.9 176.7 175.5 173.4 173.5 172.2 216.7 215.3

90 174.9 173.9 173.9 172.6 216.6 215.6 177.8 176.7 175.5 173.5 173.6 172.3 216.6 215.6

aThe vapor rise temperature is that at which vapor is observed to rise in the distillation head, considered to be the initial boiling temperature of the
fluid. These temperatures have been corrected to standard atmospheric pressure with the modified Sydney Young equation; the experimental
atmospheric pressures are provided to allow for recovery of the actual measured temperatures. The uncertainties are discussed in the text. bThese
temperatures have been corrected to standard atmospheric pressure with the modified SydneyYoung equation; the experimental atmospheric pressures
are provided to allow for recovery of the actual measured temperatures. The uncertainties are discussed in the text.
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Jet-A-4658 and Jet-A-3638 and then chooses the smaller of
the two

metric 3 ¼ 1

n

Xn

i¼ 1

minðjTi
Jet-A-4658 -Ti

surrogatej, jTi
Jet-A-3638 -Ti

surrogatejÞ

ð3Þ
where the temperatures and indices are defined as above. As
with metrics 1 and 2, the average of all values for all distillate
volume fractions provides a numerical evaluation criterion.
A smaller numerical value indicates less of a departure from
the behavior of a “real” Jet-A fluid.

A compilation of the point-by-pointmetrics for each of the
surrogatemixtures is provided in parts a and bofTable 6.We
note that for the simple surrogate mixtures, the modified

Aachen surrogate is physicochemically closest to Jet-A,
followed by surrogate C. Following these two are surrogate
F, theAachen surrogate, and surrogates B,G, andA. For the
complex surrogate mixtures, the Shulz surrogate is closest to
Jet-A, followed by the two Drexel surrogates and then
surrogate 3, followed by the Violi surrogate, the Utah
surrogates, and surrogate 1.

We can also address physicochemical authenticity by
comparing the overall shape and slope of the distillation
curves of the surrogate mixtures to those of the Jet-A
samples. For this criterion, we fit the distillation curve to a
simple linear model (y= mx þ b). Recall that finished fuels
such as Jet-A contain many hundreds of components, and
therefore, the distillation curves are subtle sigmoids in shape
with no abrupt inflections. For this reason, evaluation of the
shape and slope will be a two-step process. We must first
determine if the shape is realistic (that is, subtle sigmoidal),
and then we can evaluate the slope for agreement with the
Jet-A distillation curves. It is not appropriate to use a simple
linear model to fit curves with bimodal and combined
bimodal shapes, because these represent too great of a
departure in shape from the curve of the finished fuel. We
also recognize that a distillation curve might have a very
similar shape and slope to that of a Jet-A fluid but be far
displaced in temperature from the locus subtended between
the curves of Jet-A-4658 and Jet-A-3638.

Fitting the distillation curve to a simple linear model
requires some comment. We acknowledge that the distilla-
tion curve, with its sigmoidal shape, is not in fact linear, and
therefore, a simple linear model cannot account for all of the
structure in the curve. Indeed, if one fits the distillation curve

Table 4

(a) Initial Boiling Behavior of the Complex Surrogate Formulations Listed in Table 1ba

observed temperature (�C)
Utah

83.73 kPa
Drexel 1
83.98 kPa

Drexel 2
83.91 kPa

Schulz
83.62 kPa

surrogate 1
83.60 kPa

surrogate 3
83.53 kPa

Violi
84.15 kPa

onset 91.2 85.9 94.3 71.6 98.0 71.9 118.9
vapor rise 130.4 167.0 164.5 160.0 129.4 139.7 134.3

(b) Representative Distillation Curve Data of the Complex Surrogate Formulations Listed in Table 1bb

Utah
83.73 kPa

Drexel 1
83.98 kPa

Drexel 2
83.91 kPa

Schulz
83.62 kPa

surrogate 1
83.60 kPa

surrogate 3
83.53 kPa

Violi
84.15 kPa

distillate volume
fraction (%) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C) Tk (�C) Th (�C)

5 135.9 113.6 179.3 132.9 176.1 131.2 169.9 119.5 135.4 117.8 145.8 121.3 139.0 125.4
10 139.4 118.8 194.3 144.3 189.3 143.3 176.0 148.0 138.7 123.6 152.7 127.9 142.5 131.4
15 143.5 122.1 215.8 137.3 208.3 128.5 182.6 157.4 143.0 124.8 162.1 132.4 147.7 136.5
20 149.0 126.2 224.7 213.4 223.0 200.8 188.8 156.6 147.8 129.1 174.3 136.2 152.9 141.1
25 155.6 130.9 226.4 219.5 225.1 216.1 194.1 159.2 154.2 134.2 192.9 133.8 160.4 148.2
30 163.5 136.5 227.6 224.4 226.0 221.8 199.1 162.5 162.0 140.3 211.3 181.8 168.6 155.3
35 172.8 142.9 228.3 225.0 226.8 223.8 203.5 165.6 171.3 146.3 214.4 208.7 178.8 164.3
40 183.3 151.8 229.0 225.3 227.4 224.5 207.6 167.8 182.5 155.6 215.3 213.5 189.7 157.5
45 195.5 169.5 229.7 225.4 227.8 223.4 211.9 170.9 195.2 161.5 215.8 214.2 198.8 143.9
50 206.7 173.6 230.3 227.3 228.2 225.3 216.2 175.6 208.9 147.8 216.1 214.6 206.1 143.8
55 216.0 177.5 231.1 229.0 228.7 226.3 220.6 180.4 219.2 153.4 216.3 215.0 212.2 143.9
60 222.0 184.3 231.9 230.1 229.5 227.1 225.2 185.4 224.2 169.8 216.4 215.6 218.1 147.1
65 225.7 190.2 232.9 231.3 230.1 228.1 230.2 190.3 227.2 186.2 216.4 215.8 223.8 153.3
70 228.4 200.3 233.9 232.2 230.8 228.9 235.5 194.8 229.5 196.9 216.5 215.7 229.0 161.4
75 230.8 210.3 235.0 233.2 231.6 229.6 240.9 199.9 231.8 203.9 216.6 215.9 233.9 169.4
80 233.8 217.9 235.8 234.2 232.5 230.5 247.3 203.8 234.6 212.0 216.8 215.8 238.8 177.4
85 237.3 224.7 236.6 235.2 233.7 231.6 254.7 204.2 238.3 215.5 217.0 215.8 244.6 182.3
90 245.7 227.7 237.7 236.8 235.1 233.0 263.4 250.5 243.5 218.7 216.7 215.9 251.4 187.3

aThe vapor rise temperature is that at which vapor is observed to rise in the distillation head, considered to be the initial boiling temperature of the
fluid. These temperatures have been corrected to standard atmospheric pressure with the modified Sydney Young equation; the experimental
atmospheric pressures are provided to allow for recovery of the actual measured temperatures. The uncertainties are discussed in the text. bThese
temperatures have been corrected to standard atmospheric pressure with the modified SydneyYoung equation; the experimental atmospheric pressures
are provided to allow for recovery of the actual measured temperatures. The uncertainties are discussed in the text.

Table 5. Comparison of the IBT of the Surrogate Mixtures with

Jet-A, Weighting Agreement with Jet-A-4658 by a Factor of 2

surrogate name weighted average difference (�C)

surrogate A 63.0
surrogate B 50.4
surrogate C 45.9
surrogate F 11.6
surrogate G 62.0
Aachen surrogate 16.2
modified Aachen surrogate 8.8
Utah surrogate 58.0
Drexel 1 surrogate 21.4
Drexel 2 surrogate 23.9
Schultz surrogate 28.4
surrogate 1 59.0
surrogate 2 49.1
Violi surrogate 54.1
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of Jet-A-4658 or Jet-A-3638 to such a model, the residual
plot is necessarily sinusoidal. Previous work with multiple

samples of Jet-A and JP-8 showed that such a residual plot
has only two nodes. An example (for Jet-A-4658) is provided

Figure 2.Distillation curves of Jet-A-4658, Jet-A-3638 (both presented as lines instead of plotting symbols), and the simple surrogate mixtures.
The uncertainties in the temperature are smaller than the plotting symbols.

Figure 3. Distillation curves of Jet-A-4658, Jet-A-3638 (both presented as lines instead of plotting symbols), and the complex surrogate
mixtures. The uncertainties in the temperature are smaller than the plotting symbols.

Table 6

(a) Evaluation of the Simple Surrogate Mixtures on the Basis of the Metrics Described in the Text

criterion surrogate A surrogate B surrogate C surrogate F surrogate G Aachen modified Aachen

metric 1 69.20 64.00 32.40 44.90 66.50 49.30 13.50
metric 2 4.25 3.77 2.20 2.36 4.06 2.63 0.60
metric 3 50.26 45.11 14.85 26.01 47.58 30.34 4.51
slope validity poor good poor invalid poor invalid good
slope 0.70 0.42 0.99 NA 0.66 NA 0.25

(b) Evaluation of the Complex Surrogate Mixtures on the Basis of the Metrics Described in the Text

criterion Utah Drexel 1 Drexel 2 Schulz surrogate 1 surrogate 3 Violi

metric 1 31.50 10.50 10.70 10.10 31.20 21.00 28.90
metric 2 2.39 0.70 0.70 0.80 2.39 1.46 2.21
metric 3 23.33 9.82 9.02 5.90 23.51 10.51 20.06
slope validity poor invalid invalid fair good invalid fair
slope 0.97 NA NA 0.97 0.99 NA 0.99
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inFigure 4.Theplotbeginswithpositive residuals decreasing to
zero (and becoming negative) after the 30% ((3) distillate
volume fraction, reverting to positive residuals at a distillate
volume fraction of 73% ((3). The typical magnitude of the
residuals (resulting from a linear fit as described earlier) for a
finished fuel is typically less than 1.5 �C. Although the residual
plots are sinusoidal, the normal probability plots are typically
linear (r2 = 0.99).82 An example of such a normal probability
plot is shown inFigure 5a, for Jet-A-4658. Thus, these curve-fit
diagnostics can be used as tools to evaluate the slope of
surrogate fluid distillation curves.

We used the results of the distillation curve fits to the
simple linear model as a means to rate the shape and slope as
good, fair, or poor based on an evaluation of the number of
nodes in the residual plot, the residual magnitude, and the
linearity of the normal probability plot. A fit with a linear
normal probability plot and a residual plot having two nodes
with amaximumdeparture of 2 �Cor less was given a “good”
rating. Ratings of fair or poor were given if the fit met two or
one of these criteria, respectively. When the curve was
bimodal or combined bimodal, we simply rated the shape
evaluation as being invalid and did no further comparison of
the slope.

In terms of the actual calculated slope from the linear
model, Jet-A-4658 showed a slope of 0.70 and Jet-A-3636
showed a slope of 0.43, a significant variation. Experience
shows that approximating the distillation curve slope of a
finished fuel containing hundreds of components with a
surrogate composed of a relatively small number of compo-
nents is very difficult. We therefore report the calculated
slopes from a linear fit but emphasize that we primarily used
the shape evaluation criteria discussed in the previous para-
graph for the overall shape/slope evaluation of the surrogate
mixtures. The slope evaluations are listed in parts a and b of

Table 6, and in the discussion below, we will only consider
the surrogates that performed well in the point-by-point
metrics discussed earlier. On this basis, among the simple
surrogate mixtures, those that were physicochemically
closest to Jet-A were the modified Aachen surrogate and
surrogate C. Between these two, the modified Aachen surro-
gate has a better shape/slope rating. Among the complex
surrogates, the Schultz surrogate, followed by the Drexel
surrogates and then surrogate 3, was physicochemically

Figure 4.Residual plot resulting from the linear fit to the distillation curve data for Jet-A-4658, showing two nodes and the typical temperature
departure, not exceeding approximately 1.5 �C.

Figure 5. Normal probability plot for the simple linear model fit of
the distillation curve of (a) Jet-A-4658 and (b) Drexel 1 surrogate.

(82) National Institute of Standards and Technology (NIST). NIST/
SEMATECH e-Handbook of StatisticalMethods; http://www.itl.nist.gov/
div898/handbook/ (accessed on Feb 16, 2010).
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closest to Jet-A. We note, however, that the Drexel surro-
gates show an unfavorable shape/slope rating, and indeed,
the reason for this can be seen in Figure 2, where combined
bimodal shapes are apparent. Confirmation of the unfavor-
able shape/slope can be seen in the very nonlinear normal
probability plot for theDrexel 1 surrogatemixture, provided
in Figure 4b. Surrogate 3 is also unfavorable in its shape but
for a different reason; the distillation curve shows a nearly
straight line behavior. Thus, after the Schultz surrogate, the
Violi surrogate is physicochemically closest to the behavior
of Jet-A.

Conclusions

In this work, we have used theADCmethod to evaluate the
physicochemical authenticity of a number of Jet-A/JP-8
surrogate mixtures. The ADCmethodmeasures the volatility
and approximates the vapor liquid equilibrium of a complex
mixture; thus, the physicochemical authenticity is evaluated
by analyzing the volatility difference between the finished fuel
(Jet-A or JP-8) and the surrogate mixture. The volatility
measurement is a sensitive method to evaluate the physico-
chemical authenticity, because even minor changes in compo-
sition can affect the volatility strongly, whereas such changes
in composition may have a very modest effect on density,

speed of sound, heat capacity, andmost other thermophysical
properties. We divided the most common Jet-A/JP-8 surro-
gate mixtures into two categories: simple surrogate mixtures
consisting of two or three components and more complex
multicomponent surrogatemixtures.On thebasis of volatility,
we were able to rate the mixtures on the basis of similarity to
the finished fuel, Jet-A/JP-8.We found that among the simple
surrogate mixtures, the modified Aachen mixture was closest
to Jet-A/JP-8, and among the complex surrogatemixtures, the
Shulz surrogate was closest. The components that compose
these two surrogatemixtures have properties thatmost closely
approach a real Jet-A/JP-8 mixture. While we do not make
any kind of a value judgment regarding the mixtures consid-
ered in this study, we recommend that, if physicochemical
authenticity is a consideration in the application of a surro-
gate, an evaluation based on volatility be used in selection.
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