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Abstract

Isobaric specific heat capacities were measured for nine separate aviation turbine fuel samples.
The nine samples span the range of fuel types available, including four conventional petroleum-
derived fuels, three synthetic fuels derived from the Fischer-Tropsch process, and two renewable
fuels derived from biomass feedstocks. All measurements were made using modulated differential
scanning calorimetry over the combined temperature range of (223 to 442) K. Experimental data,
including an assessment of the associated expanded uncertainties, have been reported.
Additionally, measurement results for the nine fuels were compared with one another and with

available literature data and existing surrogate mixture models.
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1. Introduction

According to the International Civil Aviation Organization (ICAO), the world’s airlines
carried 4.3 billion passengers in 2018; this represents a 6.4% increase over 2017 [1]. Those
numbers are expected to keep increasing, along with fuel costs and consumption. Consequently,
improving efficiencies and securing stable fuel supplies are critical industry objectives [2].
Realizing these objectives could also potentially help the industry achieve its goal of
environmental sustainability. In 2015, civil aviation consumed approximately 160 million tons of
fuel, resulting in approximately 506 million tons of carbon dioxide (CO:) emissions; a number that
represents approximately 2% of global anthropogenic carbon emissions [3]. In 2008, the
International Air Transport Association (IATA) committed to the goals of an average improvement
in fuel efficiency of 1.5% per year through 2020, carbon neutral growth from 2020, and a 50%
reduction in CO» emissions relative to 2005 levels by the year 2050 [4]. Both the ICAO Group on
International Aviation and Climate Change (GIACC) [5] and the Federal Aviation Administration
(FAA) [6] have agreed to similar goals. Given that improvements in operational and equipment
efficiencies alone are not expected to be sufficient to meet carbon neutral growth targets [3], the
pursuit of sustainable fuels is critical [7-10].

Jet fuels are complex mixtures made up of hundreds of different hydrocarbons; they
predominantly consist of paraffins, and the relative abundance of paraffin type (normal, iso, and
cyclic) varies depending on both the crude oil source and the particular refining process utilized
[11]. Since jet fuels from different sources are often blended within an aircraft fuel tank, it is
essential that all fuels meet the same technical specifications. Jet A and Jet A-1 are the most
commonly used commercial aviation fuels, with Jet A being primarily used in the United States

(US). The primary differences between the two fuels are their freeze point (233 K for Jet A vs 226



K for Jet A-1) and the fact that Jet A-1 contains a static dissipater additive [12]. Both fuels are
covered under ASTM D1655, which sets requirements for composition, volatility, density,
viscosity, thermal stability, materials compatibility, etc. [13].

To date, significant progress has been made in the pursuit of alternative aviation fuels. A
number of possible options have been identified including synthetic fuels derived via a Fischer-
Tropsch (FT) process from coal or natural gas and renewable fuels derived via a wide range of
processes from multiple biomass feedstocks (e.g., vegetable oils, waste grease, algae, etc.) [7, 14].
Currently there are seven conversion processes for sustainable aviation fuel (SAF) production that
have been approved under ASTM D7566 [15], thereby certifying the resulting fuels for
commercial use as blends with conventional fuels. The seven approved processes are: FT
synthesized paraffinic kerosene (FT-SPK), hydroprocessed esters and fatty acids SPK (HEFA-
SPK), synthesized isoparaftins from hydroprocessed fermented sugars (SIP), SPK plus aromatics
(SPK/A), alcohol-to-jet SPK (ATJ) for both isobutanol and ethanol, catalytic hydrothermolysis jet
(CHJ), and SPK from bioderived hydroprocessed hydrocarbons, esters, and fatty acids (HC-HEFA
SPK) [15]. This list could grow as additional process development is ongoing [16]. Furthermore,
more than 180,000 commercial flights have been completed using conventional fuel that has been
blended with SAF and there are currently seven airports regularly distributing SAF [3, 17].
Although these milestones represent a significant increase in the development and use of SAF over
the last decade, large capital investments and significant policy developments are required to
produce sustainable fuels in large enough quantities to make the realization of their full emissions
reduction potential possible [3, 18].

A variety of factors, including feedstock availability and processing costs, ultimately
determines the commercial viability of a particular alternative fuel. But more importantly, the strict

quality controls surrounding aviation fuels, along with the relatively long life of a commercial jet,



necessitates that any potential alternative fuel be drop-in ready. In other words, an ideal fuel
candidate would exhibit properties that would allow it to be blended with, or completely replace,
existing petroleum-based fuels, without requiring modifications of the aircraft fuel system or fuel
distribution network [19-22]. Important fuel properties to consider include density, thermal
stability, volatility, viscosity, and heat capacity; heat capacity measurements are described in this
work.

The specific heat capacity of a substance is the amount of heat-energy that must be added to
one unit of mass to produce a unit change in temperature. Petroleum refinery operations and related
processes require knowledge of heat capacity data over a wide range of temperatures. For example,
specific heat capacity data are instrumental to the design of plant equipment, as well as to process
decisions related to issues such as prolonged storage or low temperature operability. In fuel system
analyses for aviation turbine engines, where the fuel is being used as a coolant, specific heat
capacity data are required for heat transfer calculations. Furthermore, heat capacity can be used to
evaluate other basic thermodynamic properties of a fuel. In this work, we report measurements of
isobaric specific heat capacity for nine aviation fuels, including four conventional and five
alternative fuels. Measurement results for six additional conventional turbine fuel samples can be

found in Fortin and Bruno [23].

2. Materials and Methods

2.1 Aviation Fuel Samples
Nine samples of aviation turbine fuels, representing both conventional and alternative fuel
sources, were provided by the Air Force Research Laboratory (AFRL) Propulsion Directorate at

Wright-Patterson Air Force Base. For many of these nine samples, the heat capacity data presented



here complements more extensive research efforts at NIST examining the chemical and
thermophysical properties of aviation fuels [24-37].

Four of the nine samples represent conventional, petroleum-based aviation turbine fuel.
These include one sample each of Jet A (POSF 4658), Jet A-1 (POSF 4877), JP-8 (POSF 4751),
and JP-5 (POSF 5095). The number in parentheses is the AFRL identification number, which
identifies specific fuel batches. In the US, Jet A is the most commonly used commercial aviation
fuel. To be eligible for sale, it must comply with the requirements detailed in ASTM D1655 [13].
This standard is primarily a performance specification since a significant degree of compositional
variability is expected among fuels as a result of differences in crude sources and refining
processes [13]. The sample measured in this work, Jet A (POSF 4658), is a composite mixture of
several available batches of Jet A and was intended to be representative of an “average” Jet A
sample. As was previously mentioned, Jet A-1 is the most common commercial aviation fuel used
outside the US. It is governed by the same fuel specification as Jet A; the primary differences
between the two fuels are their freeze point and the inclusion of a static dissipater additive in Jet
A-1 [13]. JP-8 was first introduced at US Air Force (USAF) bases in the late 1970s and it remains
the primary fuel used by the US military today, not only for aviation but for use in government
diesel fueled ground vehicles as well [38]. JP-8 complies with the MIL-DTL-83133 fuel
specification; it is very similar to Jet A-1 but, in addition to a static dissipator, it also contains
additives to inhibit corrosion and icing [39]. Finally, JP-5 was developed in 1952 by the US Navy
and remains in use today [38]. JP-5 has a higher flash point than JP-8 (333 K vs. 311 K) [39, 40],
making it more suitable for use aboard aircraft carriers where fire risks are especially dire.

Three of the nine samples represent FT-SPK, which is produced by first generating a
synthesis gas of primarily carbon monoxide and hydrogen from the feedstock (e.g., coal, natural

gas, or biomass), and then catalytically converting the synthesis gas, via a series of chemical



reactions, to liquid fuel [41]. The first, S-8 (POSF 5018), is derived from natural gas [42]. It was
developed for the USAF as a synthetic substitute for JP-8 and has been certified for use in 50/50
blends with JP-8 in B-52 aircraft [39, 42]. The second, S-5 (POSF 4705) is also derived from
natural gas. It was developed as a synthetic substitute for JP-5 and conforms to most of the
MIL-DTL-5624 [40] fuel specifications except for the minimum density requirement [43]. The
final fuel sample, designated IPK (POSF 5642), is derived from coal [42]. It is approved for
commercial use in blends of up to 50% with conventional fuels [15] and has been in use at O. R.
Tambo International Airport in Johannesburg, South Africa, since 1999 [42].

The final two aviation turbine fuel samples are derived from two different bio-derived oil
feedstocks. Since hydrodeoxygenation and hydroprocessing are required for fuel production, these
fuels are often referred to as either hydrotreated renewable jet (HRJ) fuels or HEFA-SPK. HRJ
Camelina (POSF 6152) is derived from the seeds of Camelina sativa, which is a broadleaf
flowering plant in the Brassicaceae family [44]. The seed’s relatively high lipid content (30% to
40% by weight) [45], as well as the crop’s ability to grow well on marginal land and to tolerate
drought stress conditions [46], make it attractive as a potential energy crop. Additionally,
camelina’s specific fatty acid profile lends itself to easier conversion into aviation fuel compared
to other oilseed crops such as canola [45]. In fact, camelina derived jet fuels have been used in
blends during test flights on multiple commercial and military aircraft since 2009 [47]. HRJ Tallow
(POSF 6308) is derived from residual animal fats from the meat-processing industry. The
comparatively low cost, as well as the possibility of reducing environmental impacts otherwise
associated with their disposal, make the productive use of such feedstocks an attractive option
[10]. Additionally, it is estimated that approximately five million tons of residual animal fats are
produced worldwide on an annual basis; this, combined with the estimated 25 million tons of used

cooking oil produced annually worldwide, is equivalent to approximately 10% of the global



aviation fuel production in 2016 [10]. As of 2016, jet fuels derived from animal fats have been
used in blends during test flights on Lufthansa’s A-321 and on NASA’s DC-8 [47].

The chemical composition of each of the nine fuel samples was determined by gas-
chromatography-mass spectrometry (GC-MS). Jet A, Jet A-1, JP-8, IPK, and HRJ Camelina were
analyzed as part of earlier research efforts and the corresponding experimental details can be found
in the literature [31, 32, 34]. The remaining four samples (JP-5, S-8, S-5, and HRJ Tallow) were
analyzed as part of this work using the same methodology as was used for the others. Experimental
details can be found in the Supplemental Information, along with tables containing the major
components identified for each of the four newly-analyzed fuel samples (see Tables S1-S4 in the
Supplemental Information). The previously reported [31, 32, 34] compositional analysis results
for the other five fuels are shown in Tables S5-S9 for reference. In each of these tables (Tables
S1-S9), chemical names and corresponding CAS registry numbers are listed, sorted by the
uncalibrated chromatographic peak area. Only components with peak areas of > 1% are listed; for
each of the nine fuels those listed components account for approximately 42% to 80% of the total
measured chromatographic peak area. Tables S1 through S9 indicate that all nine fuel samples are
primarily composed of linear and branched alkanes.

A mass spectral fragment classification method based on ASTM Method D-2789 [48] can
be utilized to categorize hydrocarbon samples into six families: paraffins (P), monocycloparaffins
(MCP), dicycloparaffins (DCP), alkylbenzenes (AB), indanes and tetralins (I&T), and
naphthalenes (N). It should be noted that ASTM Method D-2789 is specified for low olefinic
gasoline and, therefore, suffers from significant limitations, but can still be effective for comparing
related fluids [49]. The hydrocarbon classification analysis results for Jet A, Jet A-1, JP-§, IPK,
and HRJ Camelina have previously been reported [31, 32, 34]; the remaining four fuels were

analyzed as part of this work. The results for all nine samples are represented schematically in Fig.



1. Generally speaking, apart from JP-5, all the fuel samples are predominantly composed of linear
and branched paraffins and appear to contain significant quantities of monocycloparaffins.
Appreciable quantities of aromatics are only observed in the petroleum-derived samples.
Additional discussion of the hydrocarbon classification analysis can be found in the accompanying

Supplemental Information.

2.2 Experimental Methods

A commercial modulated differential scanning calorimeter (MDSC) was utilized to measure
the isobaric specific heat capacity of the nine jet fuel samples. MDSC offers two primary
advantages over conventional DSC. First, MDSC allows for the determination of heat capacity
from a single experiment rather than the two required with conventional DSC [50-53]. Second,
with MDSC, it is possible to separate the total heat flow into a “reversing” (or heat capacity)
component and a “nonreversing” (or kinetic) component [50-53]. All measurements in this work
utilized a linear heating rate of 3 K-min™! with a modulation of £1 K every 120 s, as well as a
continuous purge of 50 mL-min! of dry nitrogen. Each sample pan was initially held for 10 min
at 183 K before being heated to a maximum temperature of 453 K.

Calibration of temperature, heat flow, and heat capacity are all required for the
determination of accurate heat capacities. Details concerning the calibration materials and methods
used in this work can be found in the accompanying Supplemental Information. However, it should
be noted here that all calibration measurements were performed utilizing the same experimental
conditions that were used for the jet fuel samples.

All calibration and jet fuel samples were encapsulated in hermetically sealed aluminum
pans, and an empty hermetically sealed pan served as the reference. Details concerning the

weighing scheme employed to determine sample masses can be found in the accompanying
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Supplemental Information. In short, sample masses were determined prior to measurements and
then again once measurements were complete to check for mass loss. In this work, just one pan of
Jet A was discarded for exhibiting a mass change of > 0.3% [54]. Initially, four pans were prepared
for each jet fuel sample; the one exception was Jet A for which a total of 12 pans were prepared.
However, concerns that the enthalpy of vaporization could contribute significantly to the apparent
heat capacity for low-mass samples, combined with some anomalous measurement results, led to
the exclusion of all samples with masses < 7 mg, leaving two or three pans for each fuel (seven
for Jet A). The masses of the remaining samples ranged from 7.09 mg to 16.32 mg.

The following procedure was employed for the measurements reported here. Prior to starting
sample measurements, the instrument’s temperature and heat flow were calibrated as described in
the accompanying Supplemental Information. The instrument’s performance was verified
approximately every 24 h during continuous operation via repeat baseline scans, followed by a
single indium measurement. For the jet fuels, the sample pan was placed in the measurement cell
and three replicate runs were performed without moving the pan. Measurements for each sample
pan were bracketed by a single sapphire calibration run. Ultimately, an average of the 109 separate
sapphire calibrations, I?Cp (T) was used to more accurately represent the significant degree of
random variability that was observed among the calibration runs. Finally, the instrument’s

performance and overall procedure were validated via measurements of high-purity hexadecane

(Sigma Aldrich, anhydrous, > 99%, lot # SHBG25 82\7).i Hexadecane was chosen because its heat
capacity is relatively well known [55] and, as a long-chain hydrocarbon, it is representative of the

jet fuel samples. The agreement between hexadecane measurement results and values calculated

$In order to describe materials and experimental procedures adequately, it is occasionally necessary to identify
commercial products by manufacturers' names or labels. In no instance does such identification imply endorsement
by the National Institute of Standards and Technology, nor does it imply that the particular product or equipment is
necessarily the best available for the purpose.
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using an equation of state [55] was within approximately 3%; this knowledge was also

incorporated into the subsequent uncertainty analysis.

3. Results and Discussion

Averaged isobaric specific heat capacity measurement results (C,) for Jet A, Jet A-1, JP-8,
JP-5, S-8, S-5, IPK, HRJ Camelina, and HRJ Tallow are reported in Tables S10-S18 of the
Supplemental Information, respectively. It should be noted that only liquid phase data derived
from the stable portion of the heat flow curves are presented in Tables S10-S18. Furthermore, the
data have been reduced to a point every 1 K to make the amount of tabulated data more
manageable.

As was previously discussed, for each fuel, two to three samples were each measured three
times for a total of six to nine measurement runs per fuel. For a given fuel, first, replicate
measurement results for each pan/mass were averaged (Cp), and then those mass averages were
averaged together to produce a single overall average (C,); these overall averages are reported in
Tables S10-S18. Although three replicate measurements were made for each sample pan, only the
second and third replicates have been included in the final data analysis. Most pans measured
showed systematically higher values for the first replicate relative to the other two replicates. The
lack of observed mass loss for these pans seemed to rule out the loss of very volatile components
upon initial heating as an explanation. Efforts were made to verify this conclusion via additional
composition measurements, but it was not possible to extract sufficient sample from the sealed
pans for testing. However, it should be noted that this phenomenon was also observed with the
pure hexadecane samples for which loss of volatile components should not be an issue. Having

eliminated compositional changes as an explanation, additional attempts were made to determine
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if thermal history effects could explain the observed behavior. Even though the thermal history
test results were not conclusive, it was decided that the initial replicate measurement would be
excluded from the analysis for all sample pans, thus ensuring all pans were treated identically.

The associated absolute expanded uncertainty estimates (U(C,)) are also included in Tables

S10-S18. These are calculated using the expression
U(Gp) = tos (dffp) *u(Cp) (1)
where the coverage factor, tgs (d fgp), is determined from the #-distribution for d fgp degrees of

freedom and a 95% confidence level, and u(c,) is the combined standard uncertainty for the
overall average heat capacity [56]. The associated coverage factors have been included in the
experimental data tables for clarity. Overall, expanded absolute uncertainties range between 0.025
J-gl'K! and 0.082 J-g'!-K'!, corresponding to relative uncertainties of approximately 1.4% to
2.8%. Additional details regarding the uncertainty analysis can be found in the accompanying
Supplemental Information.

The averaged isobaric specific heat capacities shown in Tables S10-S18 are also plotted as
a function of temperature in Fig. 2. The plotted data in Fig. 2 have been further limited to a point
every 5 K for visual clarity. Generally speaking, the bio-derived fuels exhibit the highest heat
capacities, the petroleum-based fuels exhibit the lowest heat capacities, and the synthetic FT fuels
fall somewhere in between. Specifically, HRJ Tallow exhibits the highest heat capacities, ranging
from 2.015 J-g'!-K-'at 233 K to 2.869 J-g'!-K! at 442 K the heat capacities for HRJ Camelina are
nearly identical, ranging from 2.003 J-g'!-K-! at 233 K to 2.871 J-g'!'K-! at 442 K. The relative
difference between these two fuels is 0.6% at 233 K and 0.1% at 442 K, significantly less than the
estimated experimental uncertainties. At the opposite extreme, petroleum-derived Jet A-1 exhibits

heat capacities ranging from 1.721 J-g'!-K-! at 243 K to 2.501 J-g'!-K'! at 442 K; the relative
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difference in these values from those observed for HRJ Tallow is 18.4% at 243 K and 14.7% at
442 K. Despite all three fuels having very similar fuel specifications [13, 39], both Jet A and JP-8
exhibit higher heat capacities than Jet A-1; JP-8 exhibits the highest heat capacities of the three
fuels, ranging from 1.840 J-g!"K-! at 243 K to 2.644 J-g'!-K-! at 442 K, while the heat capacities
for Jet A range from 1.802 J-g"!-K-! at 248 K to 2.580 J-g'!-K-! at 442 K. The relative differences
between JP-8 and Jet A range from 2.8% to 2.5%, which easily fall within the combined estimated
uncertainties for these two fuels. Similarly, Jet A has heat capacities that are 4.0% to 3.2% higher
than Jet A-1, which still fall within combined estimated uncertainties. In contrast, JP-8 has heat
capacities that are 6.9% to 5.7% higher than Jet A-1; these differences exceed combined estimated
uncertainties for all but the warmest temperatures (at approximately >430K). The final
petroleum-derived fuel, JP-5, exhibits heat capacities that fall between those of Jet A and Jet A-1,
ranging from 1.754 J-g''-K-! at 243 K to 2.519 J-g'!-K-! at 442 K. Interestingly, both S-8 and S-5
exhibit heat capacities that are somewhat higher than the two petroleum-derived fuels they were
intended to replace (JP-8 and JP-5, respectively). The heat capacities for S-8 range from 1.964 J-g
L K1at243 K to 2.751 J-g'!-K-! at 442 K, which are 6.7% to 4.0% higher than what was observed
for JP-8, but it should be noted that such differences fall within combined estimated uncertainties
at temperatures of approximately > 340 K. For S-5, the observed heat capacities range from 2.020
J-gl' K at 243 K to 2.819 J-g'!-K! at 442 K, corresponding to differences of 15.2% to 11.9%
relative to JP-5, which far exceed combined estimated uncertainties. The final synthetic FT fuel,
IPK, exhibits heat capacities that are closer to those observed for the petroleum-derived fuels,
particularly JP-8, with values ranging from 1.766 J-g''-K-! at 223 K to 2.672 J-g"!-K"! at 442 K.
However, it should be noted that the differences between IPK and S-8, which range from 7.3% to
2.9%, do fall within the combined estimated uncertainties for these two fuels at temperatures of

approximately > 330 K.
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Heat capacity is a fundamental extensive property that describes a molecule’s or, in our case,
a fluid’s response to the addition of energy in the form of heat [57]. In the most general terms,
when energy is added to a system of complex molecules, there is an increase, not only in the
translational motion of the molecules, but also in their rotational, vibrational, and bending motions.
Ultimately, the amount of energy required to raise the temperature of a particular amount of a
given substance depends upon the molecular structure, as well as the intramolecular and
intermolecular interactions. Thus, when considering an unbranched paraffin and its branched
counterpart, such as n-octane and isooctane, branching effectively lowers the number of possible
rotational and vibrational degrees of freedom, which means less energy is required to raise the
kinetic energy (i.e., temperature) since more of the energy goes directly to increasing translational
motions; this results in a lower heat capacity for isooctane relative to n-octane [57]. Alternatively,
since the van der Waals forces that primarily determine intermolecular interactions between
nonpolar compounds generally increase with increased surface area, the decreased surface area of
more compact branched paraffins relative to their unbranched counterparts, results in weaker
intermolecular interactions. Thus, less energy is required to overcome these interactions leading
to lower heat capacities. Similar arguments can be made for cyclic and aromatic compounds in
terms of decreasing rotational degrees of freedom, and thus decreasing heat capacity, moving from
unbranched to branched to cyclic to aromatic (e.g., n-hexane > 3-methylpentane > cyclohexane >
benzene) [57].

While the above considerations can help elucidate how composition contributes to observed
heat capacities, they do not necessarily facilitate simple conclusions when dealing with complex
mixtures such as fuels. For example, based on the hydrocarbon classification analyses illustrated
in Fig. 1, one would expect the two bio-derived and three synthetic fuels to all have similar heat

capacities and for their heat capacities to be greater than the four conventional petroleum-derived
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fuels given the higher linear and branched paraffin content and lower cyclic and aromatic content
of the alternative fuels. Fig. 2 demonstrates that this is generally true, although the similarity of
IPK to JP-8 is a little surprising given the stark differences in their paraffinic content. Additional
apparent inconsistencies start to emerge when we look a little more closely at the chemical

composition. For example, the GC-MS results presented in Tables S1—S9 indicate that the bio-

derived fuels contain more branched paraffins than the synthetic fuels which would theoretically
result in lower heat capacities, but this is not the case. Additionally, among the conventional fuels,
if the hydrocarbon classification for JP-5 is accurate (Fig. 1), one would expect JP-5 to have the
lowest heat capacities given its significantly higher cyclic composition, but, in fact, it is JP-8 that
has the lowest heat capacities. This does call into question the validity of the JP-5 classification
results, particularly with respect to its relatively high MCP content. However, as was previously
discussed, artificially high quantities of monocycloparaffins are unsurprising given that some mass
spectral fragments that are supposedly indicative of only MCP are, in actuality, also produced from
other paraffinic species [58].

There are limited data available in the literature to which we can compare our heat capacity
measurement results. The Handbook of Aviation Fuel Properties [11] contains isobaric heat
capacity data for Jet A, Jet A-1, JP-8, and JP-5, but it should be noted that the first three fuels are
treated as identical. The bulk of reported data were derived from a correlation published by
Maxwell [59], which combines averaged fuel specific gravity and distillation data, rather than from
experimental heat capacity data. Since the data are only presented graphically, we first had to
digitize the graphs and then fit the resulting data points to a straight line to facilitate the calculation
of heat capacity values at experimental temperatures for comparison. Additional isobaric heat
capacity data for Jet A, Jet A-1, JP-8, and JP-5 are reported by Hadaller and Johnson [60]; they

present the results of MDSC measurements for 57 jet fuel samples sourced from 18 countries as



16

part of the World Fuel Sampling Program. A slope and intercept are reported for each measured
fuel sample to facilitate the calculation of isobaric heat capacity as a function of temperature; for
the comparisons presented in this work, we compiled the individual fuel sample results and
calculated an average slope and intercept for each of the four fuels. Additional MDSC
measurement results for Jet A and IPK are reported by Bessee et al. [61]; the reported slopes and
intercepts were used to calculate isobaric heat capacities at our experimental temperatures for the
comparisons presented here. A final set of MDSC measurement results for Jet A-1 are reported by
Zanier and Jackle [62]; the tabulated data were fit to a straight line to facilitate the calculation of
heat capacity values at experimental temperatures for comparison. It should be noted that none of
the literature data have been extrapolated beyond their reported temperature ranges. Finally, in
addition to the literature data discussed above, our measurement results for Jet A and S-8 can be
compared to the predictions of surrogate mixture models. The models [27, 30] were developed at
NIST for use with the Reference Fluid Thermodynamic and Transport Properties (REFPROP)
program [55].

The data comparison results, plotted as percent deviation as a function of temperature, are
summarized in Fig. 3 for Jet A, Jet A-1, JP-8, JP-5, S-8, and IPK; no comparison data could be
found for the remaining three fuels (S-5, HRJ Camelina, and HRJ Tallow). For each comparison
data source, the same markers have been used throughout to facilitate comparisons between
fuels. Additionally, dashed lines have been included to represent the maximum estimated
experimental uncertainty limits for each fuel.

The first thing that is readily apparent when looking at Fig. 3 is that there is a significant
amount of variability observed among the comparison results. For both Jet A and S-8, very good
agreement is observed between experimental measurements and their respective models [27, 30].

Specifically, the absolute average deviation (AAD) for Jet A (Fig. 3a) is 0.4% with an overall
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range of -1.3% to 0.5%; for S-8 (Fig. 3e) the AAD is 0.9%, and the deviations range from -1.0%
to 1.9%. Similarly, relatively good agreement is observed for the results of Bessee et al. [61] for
Jet A (Fig. 3a), with deviations ranging from -3.0% to -0.4% and an AAD of 1.4%, but the
agreement is slightly worse for IPK (Fig. 3f), with deviations ranging from 0.5% to 3.9%, and an
AAD of 3.0%. The situation generally improves with the values from the Handbook of Aviation
Fuel Properties [60], which agree with our results, within experimental uncertainties, for Jet A
(Fig. 3a), JP-8 (Fig. 3c), and JP-5 (Fig. 3d), with AADs of 1.1%, 1.3%, 2.4%, respectively. The
overall deviations for these fuels range from 0.7% to 1.3% for Jet A, from -2.1% to -1.1% for JP-
8, and from 1.9% to 2.7% for JP-5. However, values from the Handbook of Aviation Fuel
Properties [60] for Jet A-1 (Fig. 3b) are 4.0% to 5.3% higher than our experimental results, with
an AAD of 5.0%, far exceeding estimated uncertainties. For Jet A-1 (Fig. 3b), even larger
deviations are observed with the data of Zanier and Jéckle [62], ranging from 6.8% to 9.7%, with
an AAD of 8.8%. Finally, Fig. 3 clearly shows that, in every case, the results from the World Fuel
Sampling Program reported by Hadaller and Johnson [60] are significantly lower than both the
experimental results reported herein, and the other available literature data. Specifically, for Jet A
(Fig. 3a), deviations range from -19.5% to -16.4%, with an AAD of 16.9%. For Jet A-1 (Fig. 3b),
the deviations range from -13.3% to -9.7%, with an AAD of 10.4%. The deviations for JP-8 (Fig.
3¢) range from -19.6% to -15.8%, with an AAD of 16.5%; while deviations for JP-5 (Fig. 3d)
range from -17.7% to -15.0%, with an AAD of 15.5%. Finally, for IPK (Fig. 3f), deviations range
from -22.0% to -18.8%, with an AAD of 19.5%. It should be noted that, unlike the other four fuels
for which the reported data represent an average of multiple samples that were collected and
measured as part of the World Fuel Sampling Program, the reported data for IPK are from a single

sample [60].
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As was previously discussed, fuel standards are primarily performance specifications rather
than strict compositional specifications since differences in crude sources and manufacturing
processes are expected to introduce a significant degree of variability among resulting fuel
products [13]; past research has demonstrated that the variability extends to certain fuel properties
as well [34, 36, 63]. Consequently, it would be reasonable to assume that at least some of the
differences in heat capacities observed in Fig. 3 can be attributed to compositional variability
among fuel batches. Unfortunately, specific batch information was not provided in any of the
source references. In the case of the World Fuel Sampling Program data reported by Hadaller and
Johnson [60], significant differences in measurement protocols seem the most likely explanation
for the large observed deviations. As was the case with the results reported in this work, the data
reported by Bessee et al. [61], Zanier and Jackle [62], and Hadaller and Johnson [60] were all
derived from MDSC measurements. Differences in key experimental parameters such as purge
gas, modulation conditions, and underlying heating rate will inevitably result in a reasonable
degree of variability among measurement results. In the case of the World Fuel Sampling Program
data, the underlying heating rate employed was drastically different from any of the other data sets.
Specifically, Hadaller and Johnson [60] report that a heating rate of 20 K-min'! was used; this is
significantly higher than the 3 K-min'! employed by Bessee et al. [61], the 2 K-min'! employed by
Zanier and Jackle [62], and the 3 K-min'! employed in this work. This is significant because MDSC
assumes that the temperature as measured at the cell platform is representative of the encapsulated
sample temperature and that temperature gradients within the sample are minimal. The higher the
heating rate, the greater the chance that these assumptions no longer hold; assuming heat capacity
increases with increasing temperature, this would manifest as negatively biased results. In fact,
Hadaller and Johnson [60] report additional data from measurements performed several months

after the initial measurement phase was complete that appear to support this hypothesis.
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Specifically, there were six new Jet A-1 samples and a single repeat IPK sample that were
measured during this second phase following an altered measurement protocol, the largest
difference being the use of a much slower underlying heating rate of 5 K-min! [60]. These data
are shown in Fig. 3b and Fig. 3f for comparison. For the six new Jet A-1 samples (Fig. 3b), the
averaged measurement results are approximately 5.4% to 6.0% higher than the earlier averaged
results for 25 samples measured at 20 K-min™! [60]. Relative to the Jet A-1 data from this work,
the six new World Fuel Sampling Program samples [60] show deviations of -8.1% to -4.6%, with
an AAD of 5.3%. The impact of a slower heating rate is even more apparent for IPK where the
same single sample was measured using the two different measurement protocols (Fig. 3f). Here,
the later measurements produced results that are approximately 15.0% to 18.2% higher than the
initial data [60], and that deviate by approximately -7.8% to -5.8%, with an AAD of 6.3%, relative
to the IPK results reported in this work. Although the deviations still exceed estimated
experimental uncertainties in both cases, the data using the slower heating rate represent a
significant improvement over initial results, bringing the World Fuel Sampling Program data
closer in line with other available data.
Finally, to facilitate their use, the experimental data reported herein have been correlated as
a function of temperature using the expression
Cp=ag+ (g T)+ (ay"T?) + (a3~ T3). ()
Table 1 contains the resulting coefficients and associated standard uncertainties for all nine fuel
samples. Also shown in Table 1 are the observed AADs for calculated isobaric heat capacities
relative to experimental values. Additionally, the relative deviations between calculated and
experimental values are plotted as a function of temperature in Fig. 4 for all nine fuels. In all cases,
these deviations are approximately an order of magnitude smaller than estimated experimental

uncertainties. The overall best fit is observed for HRJ Camelina with deviations ranging from
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approximately -0.38% to approximately 0.16%; the overall worst fit is observed for Jet A-1 with

deviations ranging from approximately -0.28% to approximately 0.25%.

4. Conclusions

In this work, isobaric heat capacity measurements for nine aviation turbine fuel samples have
been presented. The nine samples represent a variety of fuel types including conventional,
synthetic, and renewable fuels. All measurements were made using MDSC over the combined
temperature range of (223 to 442) K. Significant variability was observed among the nine samples;
the overall spread in isobaric heat capacity ranged from 18.4% at 243 K to 14.7% at 442 K.
Generally speaking, the bio-derived fuels exhibited the highest heat capacities, the petroleum-
based fuels exhibited the lowest heat capacities, and the synthetic FT fuels fell somewhere in
between. Additionally, both S-8 and S-5 exhibited heat capacities that were somewhat higher than
the two petroleum-derived fuels they were intended to replace (JP-8 and JP-5, respectively); while
the final synthetic FT fuel, IPK, exhibited heat capacities that were closer to those observed for
the petroleum-derived fuels, particularly JP-8. In addition to the fuel-to-fuel comparisons,
measurement results for the nine fuels were compared with available literature data and existing
surrogate mixture models. In most instances, the calculated deviations were within estimated
experimental uncertainties. The most glaring exception was for the data from the World Fuel
Sampling Program [60], which, in all cases, were significantly lower than both the experimental
results reported in this work and other available data. Evidence suggests that a significantly faster
heating rate is the cause for the large observed differences. As was previously mentioned, an
understanding of the basic thermodynamic properties of a fuel is critical in the search for

sustainable aviation fuel sources. It is our hope that the data reported here, and within the related
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paper of Fortin and Bruno [23], will aid the community in its search.
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Table 1 Coefficients (o) and Associated Standard Uncertainties (u(¢;)) from the Fit of Eq. 2 to Experimental
Isobaric Heat Capacity Data for Nine Aviation Fuels

Fuel o) u(on) ai u(on) 27} u(on) o u(os) AAD*
g K JglK! 13-gtK? 13-gtK? 3-ghK? 3-ghK? 13-g K 13K 1%

Jet A 1.9729 0.0297  -5.5109E-03  2.6532E-04 2.4311E-05 7.7840E-07 -1.9803E-08 7.5090E-10  0.056
Jet A-1 1.7691 0.0375 -3.8864E-03  3.3816E-04  1.8243E-05  1.0002E-06 -1.2952E-08 9.7177E-10  0.086
JP-8 1.9028 0.0344  -44277E-03 3.0977E-04  2.1105E-05 9.1620E-07 -1.6571E-08 8.9021E-10  0.065
JP-5 1.8179 0.0267  -4.2908E-03 2.4028E-04 2.0438E-05  7.1068E-07 -1.6186E-08 6.9052E-10  0.057
S-8 1.9980 0.0337  -3.8220E-03  3.0355E-04  1.8239E-05 8.9780E-07 -1.2981E-08 8.7233E-10  0.057
S-5 2.0561 0.0393 -4.0889E-03  3.5453E-04 1.9766E-05  1.0486E-06 -1.4896E-08 1.0188E-09  0.068
IPK 1.7665 0.0243 -3.5859E-03 2.2783E-04 1.9314E-05 6.9674E-07 -1.4886E-08 6.9708E-10  0.068
HRJ Camelina 2.4806 0.0198  -7.8727E-03  1.8139E-04  3.0642E-05  5.4543E-07 -2.4532E-08 5.3771E-10  0.043
HRJ Tallow 2.2463 0.0307  -5.5908E-03 2.8180E-04 2.3854E-05  8.4734E-07 -1.8147E-08 8.3535E-10  0.068

“The average absolute deviation (AAD) between experimental data and fit results.
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Figure Captions

Fig. 1 Schematic representation of ASTM Method D-2789 [48] hydrocarbon classification
analysis results for nine jet fuel samples. Measured percent volume fractions are shown for each
of six families: paraffins (P), monocycloparaffins (MCP), dicycloparaffins (DCP), alkylbenzenes
(AB), indanes and tetralins (I&T), and naphthalenes (N). Analysis results for Jet A, Jet A-1, JP-
8, IPK, and HRJ Camelina have previously been reported [31, 32, 34]; the remaining four fuels
were analyzed as part of this work

Fig. 2 Averaged isobaric specific heat capacities for nine jet fuels plotted as a function of
temperature. For clarity, data are only plotted every 5 K. Expanded absolute uncertainties for the
nine fuels are as follows: 0.025-0.036 J-g"!-K™! for Jet A (O), 0.049-0.071 J-g"!-K! for Jet A-1
(<), 0.050-0.075 J-g'1-K! for JP-8 (), 0.048-0.072 J-g"!-K-! for JP-5 (X), 0.043-0.062
J-g'-K-! for S-8 (%), 0.055-0.080 J-g"!-K-! for S-5 ([1), 0.049-0.076 J-g''-K"! for IPK (O),
0.055-0.082 J-g'!-K-! for HRJ Camelina (), and 0.055-0.082 J-g!-K-! for HRJ Tallow (/\)
Fig. 3 Comparisons of available isobaric heat capacity data with measurement results from this
work, plotted as percent deviation as a function of temperature. Deviation plots are shown for (a)
Jet A, (b) Jet A-1, (c) JP-8, (d) JP-5, (e) S-8, and (f) IPK. Values derived from corresponding
surrogate mixture models [27, 30] (3¢) are included for Jet A and S-8. Literature data from the
Handbook of Aviation Fuel Properties [11] (O), Hadaller and Johnson [60] (L), Bessee et al.
[61] (A), and Zanier and Jackle [62] (<) are included where available. For both Jet A-1 and
IPK, additional data from Hadaller and Johnson [60] (®) have also been included; these data are

derived from a second round of measurements performed several months after completion of the
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initial phase. The dashed lines represent the maximum estimated experimental uncertainty limits
for each fuel

Fig. 4 Relative deviations for the correlation of experimental isobaric heat capacity data with Eq.
2. Symbols are as follows: O, Jet A; <, Jet A-1; >, JP-8; X, JP-5; ¥, S-8; [, S-5; O, IPK; +,

HRIJ Camelina; and /\, HRJ Tallow
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Fig. 1 Schematic representation of ASTM Method D-2789 [48] hydrocarbon classification analysis results for nine jet fuel samples.
Measured percent volume fractions are shown for each of six families: paraffins (P), monocycloparaffins (MCP), dicycloparaffins
(DCP), alkylbenzenes (AB), indanes and tetralins (I&T), and naphthalenes (N). Analysis results for Jet A, Jet A-1, JP-8, IPK, and HRJ
Camelina have previously been reported [31, 32, 34]; the remaining four fuels were analyzed as part of this work
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Fig. 2 Averaged isobaric specific heat capacities for nine jet fuels plotted as a function of
temperature. For clarity, data are only plotted every 5 K. Expanded absolute uncertainties for the
nine fuels are as follows: 0.025-0.036 J-g'-K"! for Jet A (O), 0.049-0.071 J-g'-K"! for Jet A-1
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Fig. 3 Comparisons of available isobaric heat capacity data with measurement results from this
work, plotted as percent deviation as a function of temperature. Deviation plots are shown for (a)
Jet A, (b) Jet A-1, (c) JP-8, (d) JP-5, (e) S-8, and (f) IPK. Values derived from corresponding
surrogate mixture models [27, 30] (3¢) are included for Jet A and S-8. Literature data from the
Handbook of Aviation Fuel Properties [11] (O), Hadaller and Johnson [60] (L), Bessee et al.
[61] (A), and Zanier and Jackle [62] (<) are included where available. For both Jet A-1 and
IPK, additional data from Hadaller and Johnson [60] (m) have also been included; these data are
derived from a second round of measurements performed several months after completion of the
initial phase. The dashed lines represent the maximum estimated experimental uncertainty limits
for each fuel
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Fig. 4 Relative deviations for the correlation of experimental isobaric heat capacity data with Eq.
2. Symbols are as follows: O, Jet A; <, Jet A-1; >, JP-8; X, JP-5; ¥, S-8; [, S-5; O, IPK; +,
HRJ Camelina; and /\, HRJ Tallow



