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ABSTRACT: Aviation turbine fuel (jet fuel) must remain fluid enough for use at low
temperatures typically experienced during high-altitude flights. The viscosity—
temperature relationship of petroleum-derived jet fuel is described by the MacCoull
correlation in ASTM D341. The maximum kinematic viscosity of jet fuel at —20 °C is
regulated by specification, but for long-distance flights, viscosity of <12 mm” s™" at
—40 °C is important. For synthesized paraffinic kerosene (SPK) to be approved as a
synthetic jet fuel, compliance with these viscosity limits is imperative. A petroleum-
based kerosene and SPK from wax hydrocracking were distilled into narrow cut (S °C
range) fractions, and for each narrow cut, density, viscosity, and refractive index values
were measured over the temperature range from +60 to —60 °C. The viscosity—
temperature dependences of the petroleum-derived and synthetic narrow cuts were
described with comparable accuracy (relative deviation <5%) by the MacCoull
correlation. Calculation of kinematic viscosity at —40 °C by extrapolating data measured
at >—20 °C underpredicted viscosity for >200 °C boiling kerosene cuts, with a maximum relative deviation of 6.6%. The freezing
point is another jet fuel property that is regulated by specification. Good agreement (+1.3 °C) was found between the end of the
melting endotherm obtained by differential scanning calorimetry (DSC) and the freezing point determined according to ASTM
D2386. Local maxima/minima in the freezing point of distillation cuts with increasing boiling point were observed and could be
related to the freezing point characteristics of the n-alkanes.
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1. INTRODUCTION

The aviation turbine fuel (jet fuel) in aircraft operating at high
altitudes decreases in temperature over time as the wing tanks
are exposed to outside temperatures of around —60 °C." Aircraft
operating from airports at high latitudes may even be exposed to

processed esters and fatty acids (HEFA-SPK). It is not regulated
for petroleum-derived jet fuel and semi-synthetic jet fuels
containing synthesized paraffinic kerosene derived from
Fischer—Tropsch synthesis (FT-SPK), or the same containing
aromatics (FT-SPK/A).* For those fuels, the —40 °C viscosity
threshold for reliable operation of the auxiliary power unit relies

low outside temperatures in winter on the ground during
refueling prior to takeoff, exacerbating fuel cooling. Flow
assurance of fuel during flight is imperative. For this reason,
the maximum freezing point specification of Jet A-1 is —47 °C.”
A special grade, Jet B, with maximum freezing point specification
of =50 °C is used for extreme cold service.”

The viscosity of Jet A-1 is also regulated, with a maximum of
8.0 mm?* s~ at =20 °C.” The purpose of the low-temperature
viscosity specification in jet fuel is to ensure fuel pumpability at
low temperatures, but foremost, it is to ensure proper operation
of the auxiliary power unit in the aircraft. This unit must be able
to start under any ground or flight conditions, and the fuel in the
fuel line to this unit may approach —40 °C after along flight. The
droplet size distribution and spray pattern in the auxiliary power
unit is sensitive to the viscosity, which degrades visibly at a
kinematic viscosity higher than 12 mm?* s™' at —40 °C."

At present, jet fuel viscosity at —40 °C is only regulated for
some semi-synthetic jet fuels, including those containing
synthesized paraffinic kerosene (SPK) derived from hydro-
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on the assumption that the low-temperature viscosity can be
accurately predicted by extrapolation using MacCoull’s
viscosity—temperature equation recommended in ASTM
D341.° For ease of reference, MacCoull’s equation is repeated
here as eq 1.

log log(v + 0.7 + exp(—1.47 — 1.840 — 0.51v%))
= A — B-log(T) (1)

where T is temperature (K) and v is the kinematic viscosity at
temperature T (mm? s71).
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It is worthwhile pointing out that the temperature depend-
ence of viscosity of Jet A-1 (JP-8) and Jet B (JP-4) is slightly
different.® In addition to this, there is variation in the actual
properties of on-specification Jet A-1 fuels.® Within the diversity
of petroleum-derived jet fuels, the Boeing Fuel Laboratory
already pointed out examples of Jet A-1 that met the —20 °C
viscosity specification but that had a viscosity of >12 mm*s™" at
—40 °C.° There are therefore examples of petroleum-derived jet
fuel where the change in viscosity at cold temperatures deviated
from the predicted relationship.

In the development of synthetic jet fuels, which are not
petroleum-derived, it was shown that for FT-SPK, the viscosity—
temperature relationship was equally described by eq 1.” At the
same time, it is recognized that the value for the viscosity—
temperature slope, the regression constant B in eq 1, may not
have the same temperature dependence as that of petroleum-
derived jet fuels. The viscosity at —40 °C is therefore one of the
properties re%uired for the prescreening of synthetic jet fuel
candidates.”®” A limited number of investigations dealing with
synthetic jet fuel properties reported sufficient data to calculate
the temperature dependence of viscosity”'™"> but few
experimentally measured viscosity values at <—20 °C.

The primary purpose of this investigation was to determine
the temperature-dependent viscosity of narrow distillation cuts
of distillates that could be used to formulate a conventional Jet A
(or A-1) and a synthetic paraffinic kerosene blendstock for
creating an alternative Jet A (or A-1) finished fuel as described in
ASTM D7566 Annex 1.* To do so, a wax hydrocracking product
that is a proxy for an FT-SPK was fractionated in narrow boiling
cuts (S °C boiling range), which included material in the
kerosene and the atmospheric gas oil range. Each boiling cut was
characterized in terms of temperature-dependent viscosity,
density, and refractive index. Specifically, the viscosity and
density were measured over the —60 to+60 °C range.
Additionally, the relationship between the onset of freezing
and the end of the melting endotherm determined by differential
scanning calorimetry (DSC), as well as the optically determined
freezing point, was investigated. For control purposes, the same
analyses were performed on petroleum-derived kerosene.

2. EXPERIMENTAL SECTION

2.1. Materials. Two materials were distilled for the determination
of the low-temperature properties of narrow distillation cuts, one
petroleum-based and one synthetic.

The petroleum-based material is a hydrotreated heavy naphtha and
kerosene cut with a boiling range of 110—270 °C (simulated distillation,
ASTM D7169'?) with an aromatic fraction of 19 wt %. It was obtained
from Husky Energy. Additional compositional information and a gas
chromatogram of the material are shown in Figure S1 and Table S1 in
the Supporting Information.

The synthetic distillate was the product of hydrocrackin% of a
paraffinic wax over a Pt/SiO,—ALO; catalyst at 2 MPa.'* The
composition of the parent paraffin wax is shown in Table S2 in the
Supporting Information. Most of the hydrocracked material comprises
linear and branched alkanes, but on account of the low operating
pressure, the hydrocracked product also contained some aromatics and
cycloalkanes. Chromatographic analysis of single cuts of the distillate in
the boiling range below 200 °C indicated an aromatic content of
1-3 wt % and a cycloalkane content of $—10 wt %."* Compositional
information and boiling point distribution of the parent wax and
hydrocracking product are available in ref 14.

2.2. Equipment and Procedure. For the preparation of
distillation cuts, a B/R instrument 18 CODS distillation system was
used. Distillation was carried out in batches of about 700 mL each, with
a reflux ratio of 20 at atmospheric pressure (around 93 kPa in

Edmonton, AB) up to a boiling point of 200 °C. The remaining heavier
material was distilled at an absolute pressure of 14 kPa with the same
reflux ratio.

For both materials, the distillation fraction boiling below 140 °C, the
naphtha fraction, was collected for material balance, but not considered
for analysis. Material boiling above 140 °C was separated into narrow
distillation cuts with a boiling point difference of 5 °C. For the
petroleum-based kerosene, materials with a boiling point above 255 °C
were discarded from analysis because the amount of material remaining
in the still was insufficient for further separation. The final cut collected
for the synthetic distillate had a boiling range of 320—325 °C.

The mass recovered in each distillation cut during the distillation of
the petroleum-based kerosene is reported, along with compositional
information, in the Supporting Information (Table S3). Similar data for
the preparation of the synthetic distillate cuts has been reported
before'” and is repeated in the Supporting Information (Table S4).
Both materials were distilled without discontinuities in the distillation
profile. The distillation cuts were stored in closed vials in a refrigerator
at —18 °C. Transfer of samples from vials to analysis equipment was
carried out rapidly to prevent volatilization. Cuts with boiling point
>260 °C were kept at room temperature until any crystals of frozen
material were dissolved before analysis.

2.3. Analyses. 2.3.1. Refractive Index. Refractive index measure-
ments were performed relative to air using the sodium D-line (589 nm)
with an Anton Paar Abbemat 200 refractometer. The refractive index
was determined at four temperatures, 20, 25, 40, and 60 °C, for all
distillation cuts.

2.3.2. Differential Scanning Calorimetry. The thermal behavior of
the distillation cuts at low temperatures was investigated via differential
scanning calorimetry (DSC). Between 8 and 20 mg of sample was
weighed into 40 yL aluminum crucibles with perforated lids on an
analytical balance (Mettler Toledo, model XS105). The crucibles were
transferred to an atmospheric pressure differential scanning calorimeter
(Mettler Toledo DSC 1). This equipment is a heat flow (disk)-type
calorimeter equipped with an FRS-5 sensor. An empty 40 yL aluminum
crucible with a perforated lid was used as the reference. The cell was
flushed, and a nitrogen atmosphere was maintained by a constant flow
of 40 mL min ™" nitrogen. The heat flow was measured during cooling of
the samples from 25 °C at a rate of —2 °C min~" to —70 °C, a hold time
of 5 min at =70 °C, and subsequent heat-up to 0 °C at a rate of
2 °C min™". All analyses were corrected by subtraction of the signal
determined from a blank experiment (empty crucible).

To ensure proper operation, DSC analysis was carried out using the
above-mentioned method with n-nonane (>99%, Acros Organics) and
n-decane (99%, Alfa Aesar) before and after the analysis of the
distillation cuts. The end of the melting endotherm correlated within a
range of +0.5 °C with the literature-reported melting points of —54 and
—30 °C for n-nonane and n-decane, respectively."> Then enthalpy of
fusion was determined from integration of the heat flow signal below
the freezing and melting peaks in the calorigram. The enthalpy of fusion
(average of freezing and melting) was determined to be 191 J g™ for n-
decane. The difference between the calculated enthalpy during melting
and freezing was lower than the difference of the average values to
literature-reported enthalpies, which was 5% relative.'®

2.3.3. Determination of Viscosity and Density. Density and
viscosity were measured in an Anton Paar SVM 3001 Cold Properties
viscosimeter. The density was measured via a U-tube oscillator within
the instrument according to ASTM D4052."7 The viscosity was
measured in a Stabinger viscosimeter-type cell (ASTM D7042'%). The
temperature of the U-tube oscillator and the viscosity cell was
maintained via a Peltier element counter-cooled by a chiller. Density
and viscosity can be measured down to a minimum temperature of
—60 °C.

About 3 mL of sample was filled into the instrument after cleaning it
with toluene and drying with dry compressed air. The dynamic viscosity
and density were determined by starting at 60 °C. Viscosity and density
analyses were conducted after temperature stability within 0.005 °C for
90 s. Steady-state viscosity was recorded after viscosity measurements
were constant within a relative range of 0.07% for 60 s, and steady-state
density was recorded after the density measurements were constant
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within 0.0001 g cm™" for 60 s. These constraints were added to ensure
that sample volatilization did not interfere with the results. The sample
was then cooled to the next determination temperature of 40 °C, where
density and viscosity were analogously determined. From 40 to 0 °C,
the density and viscosity were recorded in 10 °C steps with an
additional analysis at 15 °C. Analyses below 0 °C were carried out in
5 °C steps until the onset of freezing or —60 °C if freezing did not occur.

The instrument was calibrated by the manufacturer prior to the
analyses of the distillation cuts. After the analysis of the cuts, the
viscosity and density of two standards, a JF-1L low-temperature
viscosity standard (Paragon Scientific) and an S3 general viscosity
standard (Paragon Scientific), were determined. The relative deviation
from the nominal viscosity and density of the standards was below 1%.

2.3.4. Optical Determination of Freezing Point. The freezing point
was determined in the same instrument as viscosity and density (Anton
Paar SVM 3001 Cold Properties) but using a different measuring mode.
When a sample is introduced to the instrument, it fills a transparent
optical cell along with the density and viscosity cell. The intensity of
monochromatic parallel rays of light that pass through the cell is
measured, and the transmittance of transparent liquid samples is set to
100%. The sample is cooled until crystallization of sample molecules
leads to a drop in transmittance close to 0%. The temperature is
maintained for S min to achieve thermal and phase equilibration of the
sample. During subsequent heat-up, the instrument determines the
temperature at which 60% transmittance is restored. The freezing point
is then calculated by adding an offset of 4 °C to the temperature at 60%
transmittance. This offset was calibrated by the instrument
manufacturer to match the freezing point of reference samples with
known freezing points determined by ASTM D2386."

2.3.5. High-Performance Liquid Chromatography (HPLC) for
Determination of Aromatics. The volume fraction of mono- and
diaromatic hydrocarbons was determined for the petroleum-based
kerosene cuts via HPLC using a Waters Alliance 2695 instrument. The
separation was carried out using a Waters Spherisorb NH, column
(4.6 mm X 300 mm, 3 um particle size) with n-heptane (HPLC grade,
Fisher) as the mobile phase. Calibration and analyses were carried out
following ASTM D6379.>°

3. RESULTS

3.1. Refractive Index and Aromatic Content. The
refractive indices determined at 20, 25, 40, and 60 °C of all
distillation cuts of the petroleum-based kerosene and synthetic
distillate are summarized in Tables SS and S6, respectively.

All samples show a decreasing linear correlation between the
refractive index and the temperature of measurement, as
indicated by the slope of the refractive index with respect to
temperature, dn/dT. The correlation coefficient (1*) of linear
regression of the refractive index with respect to temperature
was 0.999 or better for all measurements, providing an internal
consistency check on the measured data. The aromatic content
in the cuts of the petroleum-based kerosene was determined by
HPLC. The aromatic volume fractions are shown in Figure S2 in
the Supporting Information. The aromatic content in the
synthetic distillate was low."*

3.2. Density and Viscosity. Density and viscosity data were
recorded for all distillation cuts at various temperatures. The
results from density analysis for petroleum-based kerosene and
synthetic distillate cuts are summarized in Tables 1 and 2,
respectively. The observed increase in density with increasing
boiling point of cuts from both synthetic and petroleum-based
materials is expected, and it is in line with other studies analyzing
cuts of hydrocarbon materials.”' =

Over the temperature range measured, the relationship
between liquid density and temperature was linear, with a
correlation coefficient (r*) of 0.998 or better. The slope of the
liquid density index with respect to temperature, dp/dT, for the

same distillation cut of the petroleum-based and synthetic
material was within 2% relative to each other. For the petroleum-
based kerosene, the values for dp/dT increased from —0.78 to
—0.70 kg m™ K™ for the cuts in the range of 140—255 °C. For
the synthetic distillate, the values for dp/dT increased from
—0.77 to —0.66 kg m™> K' for the cuts in the range of
140—-325 °C.

The dynamic viscosities at all analyzed temperatures are
shown in Table 3 for petroleum-based kerosene cuts and in
Table 4 for synthetic distillate cuts. Calculated kinematic
viscosities, shear rate, and shear stress for all distillation cuts are
shown in Tables S7 and S8 in the Supporting Information.

3.3. Solid—Liquid Phase Change Behavior. The solid—
liquid phase change behavior of each of the individual distillation
cuts was determined by DSC, as illustrated by a representative
calorigram shown in Figure 1.

15 T T T T

10 end of melting endotherm 4
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-15 . . \ .
-70 -60 -50 -40 -30 -20

Temperature /°C

Figure 1. Illustrative calorigram showing the onset of freezing and the
end of the melting endotherm of a narrow distillation cut. Shown here is
the relevant part of the calorigram of the synthetic kerosene cut with a
boiling point of 230—235 °C.

Upon cool-down, the heat flux slowly increases, caused by
changes in heat capacity of the sample.”* The heat capacity was
not determined as part of this study. The freezing process can be
clearly identified by a peak representing the heat release during
crystallization. The beginning of the slope of this peak is marked
as the onset of freezing in Figure 1. After further cooling and
holding the temperature at —70 °C, melting of the sample is
indicated by a broader melting endotherm during heat-up. The
end of the melting endotherm represents the temperature at
which the final hydrocarbon crystals have dissolved in the
previously melted liquid part of the sample, and it is indicated in
Figure 1.

Both the onset of freezing and the end of the melting
endotherm were determined for all distillation cuts for which
freezing could be induced at —70 °C. They are summarized
together with the optically determined freezing points for the
petroleum-based kerosene and the synthetic distillate cuts in
Tables 5 and 6, respectively.

Additionally, the enthalpy of phase change during freezing
and the enthalpy of phase change during melting were calculated
by fitting a spline as the baseline and integrating the area of the
freezing and melting events. These values are reported in Tables
S and 6. From triplicate analyses of the synthetic distillate cut
with a boiling range of 230—235 °C, the uncertainty of
determination for the enthalpy of phase change during freezing
and melting (repeatability) is estimated to be +2 J g™’

https://doi.org/10.1021/acs.energyfuels.2c02625
Energy Fuels 2022, 36, 12563—12579


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02625/suppl_file/ef2c02625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02625/suppl_file/ef2c02625_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02625/suppl_file/ef2c02625_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02625?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/EF

"2Injeradwa) pajedIpUI 913 9A0qe Padnpur 3UIZddI], "PIINSEIW 30 N, "SI0 [[e 10§ jutod 3urroq [enrur oY) aaoqe D, § st jutod Jurroq euy Ay,

5 5 6°0L8 +'L98 6'¢98 7098 6958 'S8 6'6%8 6'T¥8 1'6€8 6'SE8 €Te8 6'878 8'1T8 ¥'L08 0S¢

> ., €698 898  TT98  L'8S8  TSS8 9S8 88  OTPS  +LE8  §EE8  T0L8  L9T8  86I8  L'SO8 SHT

5 TTLS 9898 1°598 S'198 0'8S8 S¥S8 0'1S8 S'LY8 +'0v8 8'9¢8 €ees L'6T8 09C8 6818 S¥08 V¢4
T'€L8  S698 6598 €798 8858  €SS8  §IS8  T8Y8 L8 9LE8  OE8  +0€8 8978  +'€T8 0918 +'108 SeT
8TL8  T898  9+98 0198  SLSS  OPS8S  +0SS  89¥8  €eb8  T9¢8  STES 0678 €ST8  SIT8  vHIS  §66L 0€T
9698 0998  ¥T98 8858  TSSS  LIS8  I'SY8  F¥¥8  60vS  L'€€8  T0€8  $9T8  6TT8  ¥6I8  6TI8  OL6L Y&
8998  TE98 9658  6SS8  ¥TS8  88¥8  TSHS  9TIF8  I'8E8 808  TLI8  9€T8 6618  S9I8 6808  0V6L 0Te
1598 198 L'LS8 T¥S8 S'0S8 6918 L4572 6'6€8 £9¢8 T6T8 8'ST8 €78 9'818 TSI18 L'L08 8'T6L STCT
L998  0€98 €658  SSS8 1TSS S$8K8  6FP8 TIPS 9LES  €0€8 9978  0°€T8 €618  8SI8  T808  TEEL 01¢
1°998 1’198 L'LS8 T¥S8 0S8 898 Tevs S'6€8 6'S¢8 S'8T8 6178 TIc8 S'LI8 0vI8 €908 T'16L S0T
6658  T9S8  STSS  68¥8  TSKS  9TIF8  0'8E8  €¥E8  L0€8  €€T8 9618  6SI8  TTIS L8088  OT08  6SSL 00T
1958 €TS8  98¥8  6FP8  €I¥8  9LES  ObE8  €0€8 9978  T6I8  SSI8  8TI8 1808  9V08  0L6L  9I8L S61
¥TS8  9'8¥8 68 T'T¥8  LLE8  OPE8  €0€8 L9978  0€T8  SSI8  STIS 1808  tvH08 8008  TE6L  SLLL 061
¢8Y8  SPP8  8OP8  TLE8  ¥EE8  L6T8 0978  €TT8 9818 TTII8  +L08  9€08  666L T96L  9'88L  8TLL S81
LYY8 6'0¥8 TLES Y'EE8 L'678 0978 €78 S'818 818 €'L08 S'€08 8°66L 0'96L ¥C6L 8V¥8L 0°69L 081
TIPS YLES  9€E8  8'6T8 1978  +TT8  L8I8  6F¥I8  TII8 908  866L  096L  €T6L  9'88L  S08L 4 SLI
¥6€8  LSE8  6T1€8  TST8  vPTI8  L0T8 6918  T'€I8  ¥608  LT08  6L6L  OF6L  TO6L  +98L  €8LL 4 0LT
69€8  T'€€8 €678 ST  LTT8  6LI8  THIS  €0I8  S908  886L  0S6L  TI6L  €L8L  S€8L  €SLL a S91
I'€€8 €678  #ST8  9TT8  §LI8  OF¥I8  TOI8  +'908  STO8  6¥6L  OT6L  TLSL  €€8L  S6LL  VILL 4 091
8T8 v ¥78 S$°0C8 L918 6718 1608 €508 S'108 L'L6L 6'68L 098L 1C8L €'8LL SYLL TI99L q SST
$Tt8 9818  L¥I8  80I8  0L0S TEO8  €66L SS6L  9T6L  8€8L  66LL  09LL  TTLL  TS9L  6'6SL 4 0ST
8818  6F¥I8  OTI8 108  TEO8  €66L SS6L  9T16L  8L8L  66LL  09LL  TTLL T89L  THIL  09SL 4 SPT
TII8  +'L08  S€08  966L  8S6L  6T16L  088L  TYSL  TO8L  9TLL  L89L  9¥9L  609L  T'LSL  S8YL g ovT
ov— Se— 0¢— ST— 07— S1— 01— S— 0 01 ST 0T ST 0¢ ot 09 (D) 3urod 3urpoq renrur

https://doi.org/10.1021/acs.energyfuels.2c02625

12566

Energy Fuels 2022, 36, 12563—12579

Energy & Fuels

(s 3Y) D, ur sornerodwa) JUSWLINSEIW PIJedTPUI Je £YISUIP

vahzumhwﬂao.ﬁ PpaInseafA [[V 1€ SN 2U3SOId)] paseq-winajo1}dd jo bmmﬁog ‘T 9Iqe L


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/EF

"2Injeradwa) pajedIpUI 913 9A0qe PadNpUI 3UIZAAI], "PIINSEIW 30 N, 'Y [[e 10] jurod Zurroq [enrur ay aaoqe D, § st utod Jurroq feuy ay,,

, , , B , , , T6I8 8SI8 +7TI8 8508 ST08  T'66L 8S6L  ST6L  LSSL  €TUL (1743
B > > 5 > , 8078 8LI8  €+I8  OTI8  +¥08 1108  LL6L ¥+6L  OT6L  TH8L  LOLL STE
5 5 5 5 5 5 6618 918 TeI8 L'608 T°€08 L'66L €96L 0°¢6L 9°68L 8'T8L T69L 01¢
B > > B 5 ,  88I8 €SI8 0TI8 9808 6108 S86L TI'S6L 8T6L TS8L VI8L  LLIL So¢
5 5 5 5 5 L'1T8 €818 618 S'T18 1'808 €108 6'L6L SY6L TI6L L'L8L 8°08L TLIL 00€
) , , B , €08 6918 SEI8 6608 L9908  666L  S96L  T'€6L  L68L  TI8L  v6LL  L'SIL S6T
B 5 > ,  vT8 0618 9SI8  €TI8 6808  ¥'SO08  L86L  TS6L  STI6L  ¥88L  TS8L  T'8LL  TYIL 06T
, 5 , ., 80T8 €LI8  6€I8  90I8  T'L08  L€08  696L ¥E€6L  006L 998L  O0€8L TILL  €T9L S8T
B 5 5 , €618 6SI8  tTI8  T608 908  TT8  ¥S6L  6T6L  +'88L  0S8L  LI8L  LvLL  909L 08T
, , , TT1T8 9LI8 THI8 8018  +L08 6€08  +008 9€6L TO6L L98L  TESL  96LL  LTLL  L8SL SLT
B 5 ,  S6I8 0918 9TI8  T608  L'SO8 €708 886L 6T6L  S88L  6¥8L  SI8L  08LL  OTLL  OLSL 0Lt
B ,  V¥IT8  6LI8  vHI8 6018  SL08  TH08 9008  TL6L  €06L  898L  €€8L  86LL  V9LL  V69L  TSSL S9T
B ,  €LI8  §EI8  €0I8 8908 S€08 0008 996L  9S6L  988L  T'S8L  9I8L  O8LL  TYLL  L99L  TESL 09T
> , S8I8 0SI8 STII8 1808 9+%08 TIO8  LL6L  Tv6L  TL8L  L€8L  €08L  L9LL  SE€LL  €99L  61SL Y4
5 5 TLI8 L'€T8 018 L'908 T¢e08 L'66L €96L 8"T6L 8'S8L €T8L 8'8LL TSLL 9'TLL SYIL T0oSL 0ST
, 9618 1918 STI8 0608 SSO8 IT08  986L 1'S6L  ST6L  S¥8L  OI8L  SLLL  6€LL  €OLL  TEIL  L'8YL SPT
€78 8’818 TSI8 L'TI8 1808 9'v08 T'T08 LL6L TV6L 9°06L 9'¢€8L 0'08L S9LL 0'€LL €69L TL 8'LYL (Vig4
9178 08I8  ¥+I8 6018 €408  8€08 €008  896L  €€6L  L68L  LT8L  T6LL  SSLL  OTLL €89L TI9L  LOVL SET
9618 0918  STI8 0608 SSO8 0708 986 TS6L 9T6L TS88L TISL  SLLL +¥LL  60LL  €L9L  €09L  8ShL 07
9078  0LI8  #€I8 8608 T908 9708 166, 9S6L 0T6L S88L  €I8L  LLLL TYLL  SOLL  899L  96SL  L¥bL Y4
L618 1918  STI8 6808 €508 LT08  186L 9v6L OT6L  SL8L  €08L L9LL TELL +69L  099L  S8SL  8E€hL 07T
0818  +¥I8  80I8  TLO8 9€08 666L 6S6L  ST6L  068L  SS8L  ¥8LL  8¥LL  €ILL  6L9L  TYIL  TLSL  YTHL ST1T
4 q g g S€08  666L  €96L  LT6L  T68L  ¥S8L  €8LL  9vLL  OTLL  €L9L  SE€IL  TI9SL  YIPL 01c
9'LI18  O¥I8  €0T8  L908 T'€08 S66L 8S6L TT6L 988L  0SSL  LLLL  T¥LL  +OLL  899L  TEIL  LSSL  ¥OvL S0T
a L6088 0908  STO8  L86L ¥'S6L  ST6L  TSSL  9¥8L  OT8L  L'€LL  00LL  ¥'99L  LTIL  TESL  9ISL  TIEL 00T
T'TI18  #.08 €08 1008 S96L 8T6L €68L  9S8L  0T8L  +8LL OTLL  ¥L9L  L€9L 009 S9SL  O6¥L  LEEL S61
0608  €S08  9T08  086L €Y6L  L06L  OLSL  ¥E€8L  86LL  T9LL  889L  TS9L  VI9L  LLSL  T¥SL  99pL  €TEL 061
0°'L08  €€08  966L 096,  €T6L  L88L  OSSL  VI8L  LLLL  TYLL  L99L  6T9L  06SL  S'SSL LISL  TvbL  T6TL S81
9%08 6008  TL6L  SE€6L  868L  T98L  STSL  88LL  TSLL  STLL  THIL  €09L  99SL  6TSL VYL  LTvL  €9TL 08T
$T08  886L  I'S6L  vI6L  LL8L  O¥8L  €08L  L9LL  O€LL  €69L  8T9L  T'8SL  ¥HSL  90SL  OLYL  V6EL  8E€TUL SLT
6L6L  TY6L  ¥O06L  L98L  O°€8L  T6LL  9SLL  6TLL  TSIL  vYIL  69SL  TESL  vebL  L'SYL  OTHL  €YEL  98IL 0LT
6¥6L  T16L  ¥L8L  9€8L  66LL  T9LL  YTLL  L8IL  OS9L  €T19L  L'€SL  00SL  TIWL YTHL  88EL  OTEL  TSIL S91
0€6L  €68L  SS8L  LTI8L  08LL  OFLL  YOLL  899L  0€9L  €6SL  LISL  6LvL  TvhL  €O0bL  99€L  68TL  6TIL 091
Y06L  998L  8T8L  06LL  TSLL  STLL  §L9L  O¥9L  TO9L  S9SL  88YL  OSHL  TIVL  ¥LEL  9€EL  8STL  §60L SST
TL8L V€L 96LL  8SLL  OTLL  TSIL  vYOL  909L  L9SL  O€SL  €SPL  STHL  9LEL  L€EL  86TL  LTTUL  L'SOL 0ST
¥'S8L  9T8L  SLLL  6€LL  TOLL  €99L  9T9L  L8SL  6+SL  OTSL  VEWL  ¥6EL  SSEL  9TEL  6LTL  00TL  L'€OL SP1
6€8L  66LL TILL  €TLL  S8IL  9FIL  809L  OLSL TESL  vebL  ¥IbL  9LEL  9CEL  L6TL  8STL  VLIL g ob1
Sh— ov— Se— 0¢— ST— 07— S1— 01— S— 0 01 ST 0T ST 0¢ ot 09 (D,) 3urod 3urroq [enrur

https://doi.org/10.1021/acs.energyfuels.2c02625

12567

Energy Fuels 2022, 36, 12563—12579

Energy & Fuels

(s 3Y) D, ur sornerodwa) JUSWLINSEIW PIJedTPUI Je £YISUIP

,sInjeradwa I, paInsespy [V 38 sInD) 3 [IsI dBIYIUAS Jo KJIsud( T dqeL


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/EF

Energy & Fuels

>

>

2

2

89'¢T
L9'61
0L91
86°CT
6TCI
L8°0T
1€eC’6
S8
89
1909
08¢’S
€0LY
L8OV
(473
0th'e
LEOE
LT
8SL'T

>

£€9'1C
Y81
6191
€Tl
SETT
16’6
ws'8
€L9L
L06'9
€L0°9
88S°S
€S9Y
0Ty
06L°¢
TLEE
8L6C
1SLT
6SST
16TC
0TI'C
LITC
Se—

SETT
90°61
It
L8€T
S¥'1
€e01
€868
°E6'L
1269
L9T9
89°S
€¥0'S
Y69t
SE6'¢
LLS'E
LyTe
016C
98SC
L6€°T
LaqA*
L10'C
€L8'T
888’1
0¢—

0891
(441
s
80T
LS86
09’8
99T L
8LY'9
€ILS
60T'S
wSLy
oty
686'¢
0Le'€
180°¢
118'C
9¢€S'T
Y9TT
801'C
£€86'T
68L'T
L99'T
LLO'T
St—

T0°€T

LETT
076’6
789'8
616°L
¥SL'9
666°'S
€6¢°S
€6LY
96¢Y
1€0t
€€9°¢
Lyv'e
616'C
189'C
8S¥'C
0€TT
966'T
0L8'T
6¥L'T
L6S'T
16t'1
€0S'T

0c—

8T0T 1¢8
6L0'6 €ot’L
1008 859
690°L 898°S
€61'9 1S
86S°S 61LY
T10°S 9STY
(VN4 6L8°¢
SLOY 90S°¢
SSLe SYTe
09+°¢ 100°€
LET'E SELT
L66'C 1€9'C
0SS'C LYTT
seT 080'C
S9T'C 126'1
YL6'T 19L°T
0LL'T 18S°T
0L9°T 8Y'T
9951 OT+'T
SEV'T Y6T'1
oveT 01T'T
€9¢'T SETT

ST— 01—

1+8°9
19
€0S°S
€6y
L8SY
620t
959'¢
1S¢€°¢
L¥0'€
1€8°C
LT9C
90+'C
8T¢€C
S66'T
TS8'T
LIL'T
08S'T
€T
€ECT
ILTT
TLT'T
T0T'T
11T
Wl

$89°S
8€T'S
€€9Y
981
106'¢
L¥¥'e
1248
°68'C
W't
09+°C
88T'C
€0T'C
€0°C
ISLT
0€9'T
TIST
Y6¢€T
LSTT
TLT'T
6CT'T
SE0'T
69660
1966°0
0

STy
6L
6St'¢
65T
696'C
$S9C
o'
89TC
060
096'T
£€€8'T
869'T
L99'1
LEY'T
e
SSTT
YTl
SYO'T
6€66'0
98560
07880
17S8°0
10580

01

"a1njeradura) pajedIpur 3y} 9A0qe pasnpur SurzadLy, “paInseawr
10N, "UOHEWIOJU] Sunioddng a3 Jo £§ S]qe ], UI paziTewUNS dIe $SI1YS IBAYS PUE ‘DBl I8YS ‘AIISOISIA DIEWSUD] PIALISP 33 ‘s3nd [fe 10§ jurod Surroq [entur a3 aaoqe O, § st jurod Jurroq [euy oy,

86S°¢
0r¢’e
(43083
T8LT
79T
09¢'C
081°¢C
0€0°C
6L8'T
SOLT
SS9'T
6¢S'T
8IS'T
TIeT
6TTT
IST'T
TL0°T
88S6°0
19160
8L88°0
6€18°0
+88L°0
60640

ST

€ST'E
16T
089'C
14T
9€¢€'T
TITe
LS6'T
LT8'T
869'T
66S°T
€0S'T
0h'T
06¢'T
0Tt
6CI'T
6S0'T
9686°0
17680
79480
8¥780
€9SL°0
9€€L0
LELO
0c

98LC
S8SC
L8E'T
L0TC
60T
106'T
LOL'T
SSO'T
ST
ISH'T
TLET
€871
8LTT
LOT'T
v0'T
T6L6'0
LLI6O
€L78°0
8€8L°0
L69L°0
79040
+789°0
1,890

ST

6L¥'C
60€'C
6€T°C
S86'T
888l
0TL'T
09'1
90S'T
LOV'T
et
8STT
8LT'T
08T'T
T’
17960
86060
€580
999L°0
1LTL0
0TTL0
68590
89€9°0
0S¥9'0
0¢

$00C
6L8'T
TSLT
SE€9'T
S9S'T
€EP'T
€PET
89C1
68T'T
TET'T
TLOT
600'T
€2°0'T
81880
LEEB0
616L0
€8+YL°0
9L99°0
15€9°0
LS€9°0
17850
99550
S9¥S0
(U4

(U A
9T¢'T
1STT
ILT'T
LET'T
8¥0'T
11660
+0t6°0
€¥68°0
11580
60180
999L°0
STEY0
10890
SS¥9°0

09

(s equr) D, Ul saIMjeIadWa) JUSWSINSLIW PIedTPUI e £}IS0dSIA drureusp

,soInjeradwa I, paInseajy [[V 18 SN JUIS0I)] paseq-wma[o1)dJ Jo AJIS0dsIA drureui(J *€ d[qe L

0S¢T
SYe
ovc
SE€C
0€T
P44
0ce
STT
01¢
S0T
00¢
S61
061
S8T1
08T
SLT
0LT
S91
091
SST
0ST
SP1

(41
(Do)
jurod

Suroq

[enur

https://doi.org/10.1021/acs.energyfuels.2c02625

12568

Energy Fuels 2022, 36, 12563—12579


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02625/suppl_file/ef2c02625_si_001.pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/EF

Energy & Fuels

10N, "UonEULIOfu] Sunzoddng

E]

>

L8'61
0691
la 44!
(Al

6¥L'8
69S°L
6LLY
050°9
0L6t
8Ty
886'¢
09—

>

2

)

90°ST
L8'TC
L9'8T
ST9t
08°€T
LOTT
9501

@
¥ST8
0v0'8
0L8'9
1€19
86+’
ov6Y
9€SY
$98°€
6LY'E
8ITE
86T
85
LT
01Tt
ob—

.m.:ﬁ.m.uwﬁmamu pa3edipur a9y} 2A0qe padnpurl MCMNowumu ‘painseawr

91} JO 8§ J[qE], U PIZLIEWWNS 3Te SSIIIS Teals PUe ‘9Jel Iedys ‘AIIS0ISIA dNewaun| paAlap synd Jre 10§ jutod Surroq [enrur o) aaoqe O, § st jurod 3urroq reuy ayT,,

5 5 5 68°0¢ +9°€T 081 0611 0086 081°8 7169 06'S 'y YLL'T (1143
5 5 8Ly 0t'ST ¥9°61 ST 91°0T 9’8 +¥80°L ST0'9 LLT'S 8€6°€ 00S'C SI¢
5 5 8L'6T 99°CC €9°L1 Y6'€l 79T6 8ILL 8159 L9S°S 708 €L9°€ LSET 01¢
5 5 8¢'ST LY'61 LTST 9T CT L6T'8 €189 +€8°S L00°S LEEY 8Ye'e 6L1°C S0€
5 0€ 06'CC 99°LT €6°¢l ST'TIT 9LS'L LLE9 (4549 LL9Y €90t 1ST°¢ 090°C 00€
5 89°LT £€6'0T Y91 L8TT €€°01 LLOL €L6°S LOT'S 60ty 08¢ €66'C TL6'T S6T
L8TE ST L9°8T LSYT 1911 €8¢°6 0619 €0S°S 61LY 880t 1LS°€ 86L°C 0981 06T
LS°8T 0S°1¢ 691 L6TT 001 LSY'8 116°S 9€0°S LEEY TLLE LOE°E 909'C SLT S8¢T
9T'ST 0T'61 6L YT 0L TT 6¢t°6 YILL WS ¥S9y €70t 01S°¢ 980°¢ ST +¥S9°'T 08¢
L81T 8991 10°€T 8¢°01 0ct's €69 V6t 8YTY 889°¢ 0€T’¢ 1S8'C YLTT SSS'1 SLT
89°61 11°ST 98'TT 0156 YL L 9 609 YL6°€ 09t°¢ 6€0°¢ 689°C €S1'C €811 0LT
SY'LI TS€l 8901 L09°8 890°L L98°S SSTY £89°¢ 8IT¢ SE8'T 91SC ST0°C €Ov'1 9T
€L°ST LT wWL6 S06°L €759 s ¥96'¢ l244% 610°¢ Tw9T L8ET 6161 8¢€¢C'T 09t
6011 LO'TT 6+8'8 0TTL 066°S L10°S 169°¢ LITE LT8'T S0S'C YeTT 18T 9LTT SST
ST LLL6 LLY'L 9LY°9 Sov'S 0SSy ¥8¢°¢ £€96'C ST19'C STET 180°C 869'1 °0T1 (14
1801 S$€9'8 T10°L 908°S 8.8t 484 660°¢ €TLT €Iv'T €ST'C €6'1 98S'T PET'T S¥T
1896 L6L'L 9L€9 80¢°S €8ty L08°€E £€88°C €¥ST 09T 120°C 6181 10S°T 180°'T (144
1458 6£6'9 SILS 6Ly TLOY YLY'E 859C €5€T 660°C 881 00L'T 6011 0T0'T SE€T
6¥Y9°L 0979 61°S 8LEY 6€L°E €0T'¢ 0LY'C 61T 7961 89L'1 109°'T €T 0€L6°0 0€T
17L9 1SS°S 6€9Y  0V6'E S8¢'e €16C 89TT 70T 818’1 91 681'1 LYTT 6L16°0 STT
€r09 LT0°S €Ty 119°¢ 8IT'¢ $69'C YIT'T 681 0L’ T ws'1 €or'1 08T'I STLYO 0¢¢
6¥1'S 995V £€98°¢ SI¢E LL8'T Y6¥'T 0L6'T 0LL'T 66S°T ISY'1T YTeT SIT'T L0€8°0 SIT
960°'S ¥8TY 6v9°¢ IPT'E ovLT $8¢°T S68°1 YOL'T SYS'1 90+'T 88T’ 060°'T 98180 01¢
€TSY 1€8°¢ 8T¢ S¥8'T 88+ 991°C 9¢eL'T 8951 w1 66T T 61T Y10°T 1¥9L°0 S0T
LYY 66L°€ €9T¢  ¥€8T ¥8¥'CT 0LT'C YrLT 8LS'T vev'1 01€'T 10T1T 6101 899L°0 00T
906'¢ 6€€°¢ £88C LIST 91TT 761 L9S'T 11 S6T'T S8I'T 8801 70€6°0 €90L°0 S61
95t +¥90°¢ 099°C 0€eC 090°C 8081 6911 SECT 61T1T 8IT'T 620'1 7880 °€L90 061
Y9T€ 178'C 6St°C €91T 816'1 S89'1 6LET LSTT IST'T LSO'T 9SL6'0 08€8°0 89€9°0 S81
£€66'C 66SCT LLTT 110C 06L°T 9LS'T 96T'1 €811 S80'1 6660 8TT6'0 196L°0 €190 081
€6LT SEV'T or1'C S68'1 69'1 v6r'1 SETT 0€T'T 8¢0'T +¥9S6°0 L£88°0 0t9L°0 TT6S°0 SLT
1S¥'T 6¥1°C T06'T 69T 91S'T SPET 61T°T LT0°T 0LY6'0  LSLSO ST18°0 €¥0L'0  vL¥SO 0LT
SYTT 6L6'T 9SL'T 1LST €11 1ST1 LYO'T €€96°0 9688°0  ¥¥T80 +¥S9L°0 L9990 0TS0 S91
01T 7981 €591 08t'T LEE'T L8T'T 99660 S816°0 v6¥8°0  6L8L0 TTEL0 L8€9°0 70050 091
S66'1 6vL'1 S9S'1 (st 9LTT SET'T 1960 $688°0 8ST80  069L0 SLILO 98790  ¥86¥°0 SST
€9L'T SLS'T YIv'T SLTT YST'T LT0'T 0€L8°0 L8080 T1TSL0 T00L0 S¥S9°0 LELSO L£0S0 0ST
0¥9'1 691°1 €T¢1 L6T'T 880'1 78960 LYT80 €59L°0 1TIL0  T¥99°0 00790 9S+S°0 9¢er 0 S¥1
LSS'T L6E'T 09T T 12491 50’1 18760 8¥6L°0 €LELO 94890  TTH90 ST09°0 €0€S0 a ovl1

S¢-  0t—  SI- 01— S— 0 or ST 0t ST 0€ or 09 ©

o) yurod

Burroq

[enmur

(s equ) D, UI sarnjeradwia} JUSWDINSEIW PIJedIPUI Je £}S0ISIA dureusp

psoamjeradwa ], paansesyy [[V 38 sinD SIR[[USIJ dUIYIUAS JO £}S0ISIA dSrwreud( 4 dqel,

https://doi.org/10.1021/acs.energyfuels.2c02625

12569

Energy Fuels 2022, 36, 12563—12579


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02625/suppl_file/ef2c02625_si_001.pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

Table S. Characteristic Points in DSC Curves and Optically
Determined Freezing Point of Narrow Boiling Range
Distillation Cuts of Petroleum-Based Kerosene®

enthalpy of enthalpy of
initial DSC  DSCendof freezing point, phase change phase change
boiling  onset of melting optical during during
point  freezing endotherm  determination freezing melting
oy o (of o ) )
200 —60.0 —46.1 —46 -9 12
205 -59.1 —44.2 —43 —-14 14
210 —55.4 —40.7 —41 —11 14
218 =52.3 —38.2 —38 -22 20
220 —-51.4 —40.1 —40 -22 22
228 —49.8 —42.7 —43 -18 18
230 —45.0 -37.4 -37 -20 23
23§ —42.3 -35.5 =35 =25 26
240 —40.7 —-29.8 =29 -27 28
24§ —37.8 —24.6 -26 =29 30
250 =33.1 =212 =21 =33 32

“The final boiling point is 5 °C above the initial boiling point; for
distillation cuts with an initial boiling point below 200 °C, and
freezing was not induced at —70 °C. bSee Figure 1. “Optical
determination of wax crystal dissolution (see the Section 2).
Reproducibility of the method is +1.3 °C according to the instrument
manufacturer; therefore, the first decimal is omitted.

Compared to the measured value, this is a relative uncertainty
around 10—15%.

4. DISCUSSION

4.1. Temperature Dependence of Viscosity. As pointed
out in the Introduction, a kinematic viscosity of <12 mm?” s™*
needs to be ensured at —40 °C for jet fuels, but jet fuel standards
such as ASTM D1655” and ASTM D7566" have specifications
for viscosity at —20 °C for petroleum-based and some semi-
synthetic jet fuels. The specification indirectly implies that if a
fuel fulfills the regulated viscosity of <8 mm*s™" at —20 °C, it is
fit-for-purpose, meaning that its viscosity will remain below
12 mm? s! under in-flight conditions, which can include
temperatures down to —40 °C. This implies that the viscosity of
any jet fuel has the same temperature dependence. With the
introduction of synthetic fuels such as the various types of SPK,
it is important to confirm that the temperature dependence of
viscosity is really very similar or the same as for petroleum-based
fuels. This is of particular importance when these fuels are used
as fully synthetic fuels, i.e., without blending with a petroleum-
based material. The suggested kinematic viscosity—temperature
dependence for jet fuels is eq 1.° The kinematic viscosity,
calculated from dynamic viscosity and density, is regulated in
ASTM D7566, not the dynamic viscosity.

4.1.1. Viscosity—Temperature Dependence of Narrow
Distillate Cuts. To determine whether SPK-type fuels produced
via hydrocracking follow the same viscosity—temperature
dependence, it was investigated whether eq 1 describes the
kinematic viscosity—temperature behavior for hydrocracking-
derived SPK-type fuels such as the synthetic distillate cuts with
the same accuracy as for petroleum-based kerosene cuts.

For both the petroleum-based kerosene cuts and the synthetic
distillate cuts and without any exceptions, the dynamic viscosity
decreases monotonically with increasing measurement temper-
ature (Tables 3 and 4).

The parameters for MacCoull’s equation (eq 1) were
determined for all cuts, using all recorded viscosity data to fit
the parameters. The kinematic viscosity was calculated for this

Table 6. Characteristic Points in DSC Curves and Optically
Determined Freezing Point of Narrow Boiling Range
Distillation Cuts of Synthetic Distillate®

enthalpy of enthalpy of
initial DSC  DSCendof freezing point, phase change phase change

boiling  onset of melting optical during during

point  freezing endotherm  determination freezing melting

) o (of o ) )
95 -622 ¢ € 9
200 —66.1 —56.0 =57 =7 11
205 —60.4 —47.5 —48 -10 11
210 —58.1 —43.2 —43 -9 13
215 =57.5 —41.3 —41 -15 15
220 =57.0 —41.0 —41 —-14 15
225 —55.6 —46.5 —47 -19 20
230 —=53.7 —42.7 —43 -17 19
235 -50.8 -39.1 —41 -16 19
240 —47.7 —37.2 =37 -17 19
24S —47.5 -30.8 =30 =21 22
250 —42.7 —25.6 =25 =20 21
AN —41.7 —-25.4 =25 -18 20
260 —40.7 =312 =31 19 21
265 —35.7 —26.6 -27 -16 21
270 —34.1 —24.6 =25 -17 21
27§ —33.2 —23.8 =23 =22 22
280 =312 -21.0 -20 =23 23
285 —-29.3 —18.6 -18 —24 24
290 -26.9 -17.7 -17 —24 26
29§ —25.7 —-15.4 -15 -23 23
300 —-22.8 —14.8 -15 —24 23
30S =219 —11.6 —11 —24 25
310 -16.3 -10.3 -10 =23 25
315 —16.4 =7.9 =7 —24 25
320 —-11.9 -39 —4 -27 25

“The final boiling point is 5 °C above the initial boiling point; for
samples with boiling point below 195 °C, freezing was not induced.
bSee Figure 1. “Optical determination of wax crystal dissolution (see
the Section 2). Reproducibility of the method is +1.3 °C according to
the instrument manufacturer; therefore, the first decimal is omitted.
?Freezing induced during hold time at —70 °C. “Cooling insufficient
to induce freezing.

purpose (Tables S7 and S8). The kinematic viscosities predicted
from the equation using the determined parameters matched the
experimental data with a maximum relative deviation of 5.0% for
the petroleum-based kerosene cuts and 4.0% for the synthetic
distillate cuts, respectively (see Tables 7 and 8). The relationship
describes the viscosity—temperature behavior acceptably,
despite the broad temperature range for which the data was
collected and despite the viscosity data near the freezing point
being included in the data set. Close to the freezing point,
structural changes in the fluid can lead to an increase of the
viscosity with temperature that is steeper than the exponential
increase that is observed at higher temperatures.”” From the fact
that the deviation between predicted and experimental kine-
matic viscosity is lower for the synthetic kerosene cuts than for
the petroleum-based kerosene cuts, it can be concluded that the
viscosity—temperature behavior of the synthetic distillate is
similar to that of petroleum-based kerosene.

The values in Tables 7 and 8 only demonstrate that
MacCoull’s equation (eq 1) applies equally to petroleum and
synthetic narrow cuts. The value of this observation is that it
shows that the claim made by Moses and Roets’ for petroleum
and synthetic broad cut kerosene fractions also applies to the

https://doi.org/10.1021/acs.energyfuels.2c02625
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Table 7. Petroleum-Based Kerosene Cuts: Parameters A and B from MacCoull’s Viscosity—Temperature Equation Used in
ASTM D341, Maximum Relative Deviation between the Kinematic Viscosity Predicted via ASTM D341 and Experimental Data

as well as #* of the Correlation

minimum viscosity maximum viscosity

initial boiling determination temperature determination temperature
point (°C) = (°C)
140 —60 40
145 —60 40
150 —60 40
155 —60 40
160 —60 40
165 —60 40
170 —60 40
175 —60 40
180 —60 60
185 —60 60
190 —60 40
195 =55 60
200 —55¢ 60
205 —55¢ 60
210 —55¢ 60
215 -50 60
220 -35 60
225 —45¢ 60
230 —407 60
235 —40 60
240 —30“ 60
245 —30“ 60
250 —30“ 60

maximum relative deviation between

A B predicted and experimental data (%) r2
9.110 3.953 5.0 0.99858
9.201 3.993 3.8 0.99919
9.364 4.0583 4.5 0.99888
9.244 3.991 3.6 0.99917
9.569  4.120 4.8 0.99895
9.569 4.111 4.3 0.99920
9.332 3.999 1.7 0.99983
9.528 4.068 1.5 1.00000
9.437 4.022 12 0.99994
9.458 4.022 1.1 0.99994
9.023 3.824 5.6 0.99964
9.561 4.043 0.8 0.99995
9.623 4.059 14 0.99991
9.642  4.060 1.9 0.99985
9.672 4.064 2.5 0.99978
9.686 4.061 0.7 1.00000
9.783 4.092 2.5 0.99998
9.997 4.170 3.8 0.99626
9.843 4.096 3.8 0.99995
9911 4.118 4.0 0.99994
9.899 4.10S 1.6 0.99999
9.943 4.114 1.9 0.99999

10.007 4.132 2.1 0.99998

“Viscosity measurement at temperatures slightly below the optically determined freezing point is possible because the onset of freezing was not

reached at that temperature.

individual constituent narrow cuts in that boiling range. The
implication of the present work is that broadening or narrowing
the distillation range of synthesized paraffinic kerosene for use as
a jet fuel blending component will not affect the ability to
describe the viscosity—temperature in terms of ASTM D341.

The numerical values of A and B in eq 1 as noted in Tables 7
and 8, despite their implied physical meaning, are sensitive to the
numerical regression. They do describe the shape of the
viscosity—temperature curve, but the three logarithmic
functions in the equation make it ill-advised to infer anything
based on the fitting parameters A and B.

4.1.2. Viscosity—Temperature Dependence of Wide-Boiling
Kerosenes and Jet Fuel. To gain additional confidence in the
generalization of the statement that petroleum and synthetic
kerosene fractions are similarly described by ASTM D341,” as
claimed in ref 7, the evaluation was expanded to other viscosity—
temperature data sets. For reference, the parameters for
MacCoull’s equation have been determined for different
petroleum and synthetic kerosene fractions reported in the
literature (Table 9).%107!%26732

The collected data in Table 9 is of data sets of varying
temperature ranges and numbers of points used for the
correlation. The correlation coeflicient is used as a rough
indicator for the goodness-of-fit to MacCoull’s equation. The
correlation coefficient r* for MacCoull’s viscosity—temperature
relationship for most data sets is >0.998. No systematic
difference in the goodness-of-fit was seen between petroleum-
derived and synthetic kerosene fractions. The synthetic kerosene
fractions included in Table 9 span a wide range of starting
materials and methods of preparation as outlined in the
appendixes of ASTM D7566.* No evidence was found in Tables

12571

7—=9 to indicate that there was a difference in the applicability of
ASTM D341° to kerosene fractions prepared specifically for use
as a jet fuel, irrespective of origin.

4.1.3. Estimation of Viscosity Using MacCoull’s Equation.
The application of MacCoull’s equation to predict the kinematic
viscosity of kerosene fractions at low-temperature conditions
from measurements performed at higher temperatures is
particularly useful because experimental data for viscosity at
cold temperatures is not always readily available.”> It was
repeatedly pointed out that low-temperature viscosity data is
critically important for kerosene intended for use as jet fuel.
Hence, it was of interest to determine how accurately the low-
temperature viscosity behavior could be estimated using
MacCoull’s equation, from data obtained at higher temper-
atures. By its very nature, this is an extrapolation, and the
concerns raised in Section 4.1.1 about the sensitivity of fitting
parameters A and B to the regression were central to this
concern.

Due to the limited availability of data for wide-boiling
kerosenes, the analysis was carried out with the narrow cuts of
petroleum-based kerosene and synthetic distillate (see Section
2.1). The parameters of all cuts for MacCoull’s equation were
determined using only data that was acquired at temperatures at
or above —20 °C. Then, the kinematic viscosity of the cuts at
—40 °C was estimated by extrapolating MacCoull’s equation
using the determined parameters. The estimated viscosities were
compared to the experimentally determined viscosities at
—40 °C. This represents a situation when viscosity is only
measured down to —20 °C, as is currently required by jet fuel
specifications, such as ASTM D1655” and several of the
synthetic kerosene types in the appendixes of ASTM D7566."
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Table 8. Synthetic Distillate Cuts: Parameters A and B from MacCoull’s Kinematic Viscosity—Temperature Equation Used in
ASTM D341, Maximum Relative Deviation between the Kinematic Viscosity Predicted via ASTM D341 and Experimental Data

as well as #* of the Correlation

minimum viscosity maximum viscosity

initial boiling determination temperature determination temperature
point (°C) (°C) (°C)
140 —60 40
145 —60 60
150 —60 40
155 —60 60
160 —60 60
165 —60 60
170 —60 60
17§ —60 60
180 —60 60
185 —60 60
190 —60 60
195 —60 60
200 =50 60
205 —50“ 60
210 -50 60
215 -50 60
220 -50° 60
225 -50 60
230 —50 60
235 —457 60
240 —45¢ 60
245 —40 60
250 —35¢ 60
255 —-35° 60
260 —35¢ 60
265 -35¢ 60
270 -30“ 60
275 —-30° 60
280 —25¢ 60
285 —25¢ 60
290 —25¢ 60
295 —207 60
300 —20“ 60

maximum relative deviation between

A B predicted and experimental data (%) P
9.009 3916 4.0 0.99868
9.177 3.979 3.1 0.99904
9.158 3.962 4.1 0.99930
9.144 3.942 2.4 0.99968
9.343 4.018 2.7 0.99964
9.367 4.021 2.2 0.99970
9.397 4.023 1.7 0.99977
9.464 4.037 0.9 0.99990
9.501 4.046 1.0 0.99990
9.540 4.054 0.9 0.99994
9.581 4.062 0.8 0.99997
9.619 4.070 0.8 0.99998
9.478 3.999 0.8 0.99996
9.650 4.070 1.1 0.99997
9.552 4.019 0.8 0.99996
9.735 4.090 1.5 0.99993
9.776 4.099 2.1 0.99991
9.789 4.096 1.9 0.99988
9.826 4.102 2.0 0.99989
9.836 4.098 2.4 0.99983
9.856 4.098 2.5 0.99984
9.858 4.092 2.8 0.99968
9.841 4.076 1.2 0.99995
9.851 4.073 1.2 0.99996
9.858 4.069 1.1 0.99997
9.848 4.059 1.1 0.99997
9.825 4.043 1.1 0.99996
9.818 4.035 1.1 0.99997
9.809 4.023 0.8 0.99998
9.789 4.009 0.8 0.99998
9.785 4.001 0.7 0.99998
9.756 3.982 0.8 0.99997
9.750 3.975 0.7 0.99998

“Viscosity measurement at temperatures slightly below the measured optically determined freezing point is possible because the onset of freezing

was not reached at that temperature.

To evaluate viscosity performance at temperatures <—20 °C,
which is of practical importance for safety, such lower-
temperature data needs to be estimated.

Generally, the prediction of viscosity with MacCoull’s
equation describes the viscosity—temperature behavior well.
However, with decreasing temperature, some deviation between
experimental and predicted kinematic viscosity can be observed
(see Figure S3 in the Supporting Information). The relative
difference between the predicted and the experimentally
determined kinematic viscosities at —40 °C is shown in Figure
2; the data set is presented in Tables S9 and S10 in the
Supporting Information. When data down to —20 °C is
available, the maximum difference between the estimated and
the measured kinematic viscosity at —40 °C is 6.6%. The
deviation is similar for the petroleum-based kerosene cuts as for
the synthetic distillate cuts. ASTM D341 does not specify any
uncertainty associated with estimating viscosities.” The
reproducibility of the experimental determination of kinematic
viscosity for jet fuels at —40 °C is 2.1% according to ASTM
D7042.” The extrapolation of MacCoull’s equation using
measured data down to only —20 °C for the prediction of

viscosity at —40 °C therefore exceeds the acceptable error based
on the uncertainty stated in ASTM D7042.

Figure 2 shows that there is an increasing bias toward
underestimation of the measured kinematic viscosity with
increasing boiling point, with few outliers. The freezing point
increases with increasing boiling point. It has been pointed out
that for many hydrocarbons near the freezing point, the
viscosity—temperature correlation does not follow an exponen-
tial decay but more complex relationships.””** This is due to the
increased packing density under these conditions. The onset
temperature and magnitude of this deviation are influenced by
the molecular structure.”>**

Figure 2 is based on a limited data set, and therefore, the
observation cannot be generalized to the use of eq 1 for other
materials. Nevertheless, Figure 2 shows that there is a risk of bias
involved when using eq 1 for the prediction of viscosity at
—40 °C by extrapolating data measured at >—20 °C. The
progression of the relative deviation versus boiling point is
similar for the synthetic and petroleum-based materials, further
substantiating that eq 1 describes the kinematic viscosity—

https://doi.org/10.1021/acs.energyfuels.2c02625
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Table 9. Parameters A, B, and the Correlation Coeflicient for the Kinematic Viscosity Estimation According to ASTM D341
for Petroleum-Based and Synthetic Kerosenes”

minimum viscosity maximum viscosity number of
determination temperature  determination temperature viscosity
fuel type comment fuel type/origin ref (°C) (°C) datapoints A B rz
Jet A USA 6 —40 20 3 9.562 4.047 0.99975
Jet A USA 6 —40 20 3 9.340 3.928 0.99996
Jet A USA 6 —40 20 3 9.561 4.030 0.99999
Jet A USA 6 —40 20 3 9.465 3.974 0.99855
Jet A USA 6 —40 20 3 9.438 3.956 0.99948
Jet A USA 6 —40 20 3 9.447 3.992 0.99977
Jet A USA 6 —40 20 3 9.620 4.048 0.99965
Jet A USA 6 —40 20 3 9.489 4.009 0.99966
Jet A USA 6 —40 20 3 9.468 3.993 0.99990
Jet A USA 6 —40 20 3 9.258 3.908 0.99994
Jet A USA 6 —40 20 3 8.885 3.754 0.99680
Jet A USA 6 —40 20 3 8.892 3.761 0.99589
Jet A Canada 6 —40 20 3 8.714 3.703 0.99925
Jet AP reference jet fuel, POSF 10325 28 —40 100 4 9.893 4.186 0.98140
Jet A Jet A 3602 12 20 100 17 8.918 3.770 0.99976
Jet A Jet A 3638 12 20 100 17 8.798 3.741 0.99988
Jet A Jet A 4658 12 20 100 17 8.973 3.790 0.99978
Jet A-1 Canada 6 —40 20 3 9.138 3.881 0.99757
Jet A-1 Canada 6 —40 20 3 9.371 3.948 0.99837
Jet A-1 Canada 6 —40 20 3 9.235 3.899 0.99952
Jet A-1 Canada 6 —40 20 3 8.869 3.744 0.99911
Jet A-1 Canada 6 —40 20 3 9.370 3.941 0.99773
Jet A-1 Canada 6 —40 20 3 8.821 3.738 0.99971
Jet A-1 Latin America 6 —40 20 3 8.412 3.565 0.99999
Jet A-1 Europe 6 —40 20 3 9.349 3.968 0.99990
Jet A-1 Europe 6 —40 20 3 8.948 3.806 0.99945
Jet A-1 Europe 6 —40 20 3 10.115 4.288 0.99966
Jet A-1 Europe 6 —40 20 3 9.103 3.877 0.99977
Jet A-1 Europe 6 —40 20 3 8.884 3.780 0.99968
Jet A-1 Europe 6 —40 20 3 9.348 3.977 0.99968
Jet A-1 Europe 6 —40 20 3 9.545 4.057 1.00000
Jet A-1 Europe 6 —40 20 3 9.291 3.944 0.99977
Jet A-1 Europe 6 —40 20 3 9.229 3918 0.99627
Jet A-1 Europe 6 —40 20 3 8.679 3.698 0.99727
Jet A-1 Europe 6 —40 20 3 8.891 3.774 1.00000
Jet A-1 Europe 6 —40 20 3 9.100 3.878 0.99865
Jet A-1 South Africa, semi-synthetic 6 —40 20 3 9.294 3.930 0.99961
Jet A-1 South Africa, fully synthetic 6 —40 20 3 9.326 3.929 0.99950
Jet A-1 Middle East 6 —40 20 3 9.704 4.121 0.99989
Jet A-1 Asia 6 —40 20 3 9.446 4.017 0.99981
Jet A-1 Asia 6 —40 20 3 9.409 4.003 0.99873
Jet A-1 Australia 6 —40 20 3 10.389 4.409 0.99988
Jet A-1 Asia 6 —40 20 3 9.318 3.956 0.99993
Jet A-1 Australia 6 —40 20 3 9.406 3.991 0.99997
Jet A-1 Australia 6 —40 20 3 9.048 3.868 0.99531
Jet A-1 27 —40 93 6 9.513 3.982 0.99965
JP-8 USA 6 —40 20 3 9.392 3.978 0.99956
JP-8 USA 6 —40 20 3 9.080 3.852 0.99870
Jp-8 USA 6 —40 20 3 9.180 3.884 0.99920
Jp-8 USA 6 —40 20 3 9.249 3.908 0.99843
JP-8 USA 6 —40 20 3 9.311 3.930 0.99920
Jp-8 USA 6 —40 20 3 9.259 3.932 0.99999
JP-8 USA 6 —40 20 3 9.489 4.009 0.99966
JP-S USA 6 —40 20 3 9.746 4.087 0.99975
JpP-5 USA 6 —40 20 3 9.41S5 3.953 0.99884
Jp-8 USA 6 —40 20 3 8.987 3.806 0.99739
JP-8 USA 6 —40 20 3 9.206 3.894 0.99985
JP-8 USA 6 —40 20 3 9.516 3.993 0.99994
JP-Sb reference jet fuel, POSF 10264 28 —40 100 4 9.898 4.213 0.98362
_]P—Sb reference jet fuel. POSF 10289 28 —40 100 4 10.067 4.229 0.98273
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Table 9. continued

minimum viscosity

determination temperature

fuel type comment fuel type/origin ref (°C)
Jp-st 29 —40
JP-5 30 20
semi-synthetic  50% Sasol GTL2, 50% Jet A 11 —40
jet fuel”
semi-synthetic  50% Syntroleum S-8, 50% JP-8 11 —40
jet fael®
semi-synthetic  50% Sasol IPK, 50% Jet A-1 11 —40
jet fuel®
semi-synthetic  50% Sasol GTL 1, 50% Jet A 11 —40
jet fuel®
semi-synthetic  10% SIP, 90% JP-S 29 —40
jet fuel®
semi-synthetic  50% HEFA-SPK, 50% JP-S 29 —40
jet fuel”
semi-synthetic  50% Syntroleum S-8, 50% Jet A 31 —40
jet fuel
test fuel” 84% C14 isoparaffins, 16% 1,3,5- 26 —40
trimethylbenzene, POSF 12223
test fuel” 64% JP-S, 36% farnesane, POSF 26 20
12341
test fuel” 60% Sasol IPK, 40% Gevo alcohol 26 -20
to jet fuel, POSF 12344
test fuel® 74% C10 isoparaffins, 16% 1,3,5- 26 -20
trimethylbenzene, POSF 12345
fully synthetic ~ Gevo alcohol to jet fuel, POSF 26 —40
kerosene” 11498
fully synthetic FT-BUFF “JP-8” 10 -20
kerosene
fully synthetic = Syntroleum S-8 12 20
kerosene
fully synthetic ~ shell GTL 12 20
kerosene
fully synthetic ~ Sasol IPK (coal based) 12 20
kerosene
fully synthetic  cellular synthetic kerosene (isopre- 12 20
kerosene noids from fermentation)
fully synthetic  HEFA-SPK (camelina oil) 12 20
kerosene
fully synthetic HEFA-SPK (castor oil) 12 20
kerosene

maximum viscosity number of
determination temperature viscosity

(°C) datapoints A B 7
40 S 10.566 4.444 0.99320
60 4 9.614 4.049 0.99996
40 3 9.414 3.963 0.99997
40 3 9.548 4.033 0.99919
-20 2 8.846 3.747 1.00000
40 3 9.199 3.924 0.99987
40 4 10.320 4.334 0.99483
40 S 10.383 4.365 0.99485
100 36 9.371 3.947 0.99486
25 3 9.820 4.131 0.99962
25 3 9.792 4.086 0.99844
25 3 8.990 3.818 0.99897
25 3 10.593 4.558 0.99746
40 4 8.894 3.750 0.99981
40 3 11.093 4.716 0.99646
100 17 8.835 3.748 0.99966
100 17 8.611 3.715 0.99989
100 17 8.840 3.773 0.99979
100 17 8.699 3.742 0.99996
100 17 8.700 3.719 0.99966
100 17 9.031 3.817 0.99973

“The parameters are calculated from the original data §iven in the reference; the maximum and minimum temperatures and the number of data
points used for the regression of A and B are shown. “Viscosity data was extracted from a figure because numerical data was not available.
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Figure 2. Relative difference between the kinematic viscosity measured
at —40 °C and estimated from viscosity data above —20 °C using eq 1 as
a function of the initial boiling point of the petroleum-based kerosene
cuts and the synthetic distillate cuts. The final boiling point was 5 °C
above the initial boiling point. Positive differences indicate an
overestimation of the viscosity by eq 1, whereas negative values
indicate an underestimation. The full data set is presented in Tables S9
and S10 in the Supporting Information.
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temperature relationship of synthetic and petroleum-based
materials with similar accuracy.

4.2. Viscosity—Boiling Point Dependence. The dynamic
and kinematic viscosities of both the petroleum-based kerosene
(Tables 3 and S7) and the synthetic distillate (Tables 4 and S8)
increase for cuts with increasing boiling point at all measured
temperatures. The progression of dynamic viscosity versus
boiling point plots (see Figure 3) is smooth and monotonical
and the shape is in line with observations for petroleum cuts,**°
pure hydrocarbons,® and other pure compounds.’” Figure 3
suggests that the boiling point and molar mass dependence of
the viscosity of SPK-type kerosenes derived from hydrocracking
is fundamentally the same as for petroleum-derived kerosenes.

A simple exponential fit (y = A-e®™) describes the dynamic
viscosity as a function of the molar mass (estimated via eq S2 in
the Supporting Information) for all but one distillation cut of
both synthetic and petroleum-based materials with a maximum
deviation of less than 6% (see Figure 3b). This indicates that
within each of the materials, the compound class composition
does not change drastically between cuts with different boiling
points, but the viscosity increase with boiling point is dominated
by molecular dimensions (molar mass).**

https://doi.org/10.1021/acs.energyfuels.2c02625
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Figure 3. Dynamic viscosity at —20 °C of the petroleum-based kerosene cuts and the synthetic distillate cuts as a function of the initial boiling point (a)
and the molar mass estimated by eq S2 in the Supporting Information (b). (b) uses a logarithmic scaling on the ordinate. All fits are the best fits of

equations of the form y = A-e™.

The impact of the molecular structure is apparent when
comparing the viscosity of the synthetic distillate and petroleum-
based kerosene cuts of the same molar mass. The higher
viscosity of the petroleum-based kerosene is likely caused by the
higher content of cyclic hydrocarbons such as aromatics (see
Figure S2) and cycloalkanes. These molecules typically exhibit
higher viscosities than n- and iso-alkanes with similar or the same
molar mass or boiling point.”>**~** N- and iso-alkanes are the
predominant compound class of the synthetic distillate.*

For blending of fuel products such as jet fuel, the cut points
determine the viscosity of the fuel. When comparing both tested
materials, the increase in viscosity with boiling point is larger for
the petroleum-based kerosene than for the synthetic distillate
(see Figure 3). This implies that for the same boiling cut range,
the petroleum-based kerosene is more likely to exceed viscosity
specifications than the synthetic distillate. This is left as an
empirical observation, and there is not enough evidence to
generalize this finding to other materials than the ones
investigated in this study.

4.3. Refractive Index and Density. The density and
refractive index are shown together (Figure 4) because they are
both parameters affecting the molar refractivity (eq SI in the
Supporting Information). Molar refractivity is a sum of the bond
refraction values and therefore a measure of composition.””*'
With the same compound class composition, one would
anticipate the refractive index and density to change in tandem,
following a nonlinear relationship that is defined by eq S1. The
calculated molar refractivity (see Tables SS and S6) increases
linearly with the estimated molar mass of the fractions of both
materials with correlation coeflicients higher than 0.999 for both
materials. This indicates that there was little compound class
variability over the boiling range. This corroborates the
observation in Section 4.2 that the increase of viscosity at a
constant temperature with increasing boiling point (Figure 3)
was mainly determined by the molecular dimensions and less by
compound class compositional changes.

The relation between density and temperature for each cut is
linear (see Section 3.2). New synthetic fuel candidates must
show such a linear relationship as part of the fit-for-purpose
investigation in ASTM D4054.° For both materials, the increase
in density with boiling point is not linear but exhibits changes in
the slope (Figure 4). A similar behavior is apparent for the
synthetic distillate cuts. The nonlinearities observed for both
materials have also been reported for crude oil distillation
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fractions with broader boiling ranges as well as hydrocarbon
condensate cuts.”">*>*

For the petroleum distillate, the nonlinearities of density
versus boiling point in the ranges 150—180 and 210—225 °C
coincide with the local minima in the aromatic volume fraction
as a function of the boiling point (see Figure S2). The trend is
consistent with the higher density of aromatics compared to
alkanes.** Despite the changes in the volume fraction of
aromatics, which represent compound class compositional
changes, the dynamic viscosity increased with molar mass
without nonlinearities (see Figure 3b). Hence, with an increase
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Figure 4. Density at 20 °C (filled symbols) and refractive index at 20 °C
(nonfilled symbols) as a function of the initial boiling point for
petroleum-based kerosene (circle) and the synthetic distillate
(triangle). The final boiling point for all distillation cuts is S °C
above the initial boiling point. The data is repeated from Tables 1, 2, S5,
and S6, for visualization.

in the boiling range of one type of material, the impact of
molecular dimension (molar mass) on viscosity was much more
pronounced than compound class compositional changes. The
density, on the other hand, was affected by both changes in the
molar mass and compound class compositional changes
between different cuts of petroleum kerosene. For the synthetic
distillate that was a product of wax hydrocracking, a similar
HPLC analysis was not carried out in this study, as the aromatic
mass fraction is very low."*

4.4. Solid—Liquid Phase Change Behavior. The solid—
liquid phase change behavior was investigated using two
techniques, via DSC and via optical determination. From the
recorded DSC curves, two characteristic temperatures, the onset
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of freezing and the end of the melting endotherm, were obtained
(see Figure 1).

4.4.1. Temperature of Phase Transition. When comparing
the results obtained from optical determination with the
characteristic temperatures from DSC analysis (see Figure S
and Table 6), the end of the melting endotherm is equal to the
optically determined freezing point within the reproducibility of
the optical determination (+1.3 °C).
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Figure S. Onset of freezing and end of the melting endotherm in DSC
analyses (filled symbols) and the optically determined freezing point
(nonfilled symbols) of the synthetic distillate cuts as a function of their
initial boiling point. The final boiling point is 5 °C above the initial
boiling point. The data is repeated from Table 6 for visualization.
Literature-reported®> melting points of n-alkanes are shown for
reference.

The optically determined freezing represents the freezing
point determined via ASTM D2386 because it was calibrated
using samples characterized via ASTM D2386 and the analysis
method is similar to that described in ASTM D2386."" As the
temperature at the end of the melting endotherm determined via
DSC is equivalent to the optically determined freezing point for
all analyzed distillation cuts, it can be concluded that the ASTM
D2386 freezing point of such materials can be equally
determined via DSC analysis.

A similar observation has been made in the literature for the
determination of the freezing point of (wide-boiling) jet and
diesel fuels and model hydrocarbon mixtures.*”*® This is
confirmed in our work by the good agreement between the
ASTM D2386 freezing point and the end of the melting
endotherm during DSC analysis.

The end of the melting endotherm was not affected
significantly by the heating rate. This was tested only for n-
decane and the synthetic distillate cut with a boiling range of
230—235 °C. The end of the melting endotherm was within
+0.5 °C for both samples at heating rates of 2 and 10 °C min~},
respectively. This is in line with literature observations.*>*”

The onset of freezing for any sample as extracted from the
DSC curves is significantly lower than the end of the melting
endotherm (Figure 1). The temperature difference (super-
cooling) ranges between 6.0 and 18.2 °C, respectively (see
Tables S and 6). A similar degree of supercooling has been
observed in the literature for the analysis of wide-boiling fuels.**
Both the synthetic distillate and the petroleum-based kerosene
exhibited supercooling. Kinetic effects related to nucleation have
been linked to a shift in the onset of freezing with a change in the
cooling rate of the DSC analysis."”** In this study, only the

230—235 °C cut of the synthetic distillate was analyzed using
two different cooling rates, namely, —2 and —10 °C min~". The
higher cooling rate led to a decrease in the measured onset of
freezing by 4 °C.

Of practical significance is that the onset of freezing did not
correlate with the ASTM D2386 freezing point and that it
changed with experimental conditions. Therefore, the onset of
freezing from DSC analysis should not be used to draw
conclusions about the ASTM D2386 freezing point, and only the
end of the melting endotherm from DSC analysis can be used for
this purpose.

4.4.2. Enthalpy of Phase Change versus Boiling Point.
Generally, both the petroleum-based kerosene and the synthetic
distillate exhibit an increasing trend of the onset of freezing, end
of the melting endotherm, and the optically determined freezing
point with increasing boiling point (see Tables S and 6). Also,
there is a tendency for an increase in the phase change enthalpy
with boiling point.

There are two parts to this observation. The first part has to do
with the amount of material that participates in the phase
change. The molar mass increases with increasing boiling point
and therefore the amount of material that crystallizes at —70 °C
is likely to increase for higher boiling fractions. Hence, the
enthalpy of the phase change does not represent the enthalpy of
freezing of the whole sample but the enthalpy of crystallization
of a fraction of the sample that solidified during when cooling to
—70 °C. A lower value for the enthalpy of phase change during
freezing than the enthalpy of phase change during melting would
indicate that freezing was incomplete during dynamic cooling
and that additional freezing took place during the isothermal
period at —70 °C. Further supercooling to lower temperatures
might lead to a higher fraction of the sample crystallizing;
therefore, the data does not represent a heat of fusion as defined
for a pure material.

The second part has to do with the enthalpy of phase change
of the material involved in the phase change. The enthalpy of
phase change is related to the entropy change; it is sensitive to
structure, which is a topic discussed extensively by Bondi.*” It
has been suggested that the amount of crystallized paraffins can
be calculated from the phase change enthalpies in lubrication
oils®” and diesel fuels.”' Given the low repeatability of the
analysis for the kerosene cuts (+2 J g™'), such analysis is not
carried out in the present work. The increased phase change
enthalpy with boiling point of the cut is left as an empirical
observation.

4.4.3. Temperature of Phase Change versus Boiling Point.
The onset of freezing increases with the boiling point for both
materials. However, for the synthetic distillate, there are two
distinct boiling ranges in which the progression of the end of the
melting endotherm (or the optically determined freezing point)
versus the boiling point exhibits local maxima (see Figure 5).
The cut with an initial boiling point of 205 °C exhibits the same
end of the melting endotherm as the cut with the initial boiling
point 225 °C, and the cuts between these indicated cuts exhibit a
higher end of melting isotherms (see Figure S). This behavior
repeats in the boiling range 0of 240—265 °C. A similar behavior in
the boiling range of 205—225 °C was observed also for the
petroleum-based kerosene material (see Table 5).

It has been stated that the melting point (equal to ASTM
D2386 freezing point or the end of the DSC melting
endotherm) of jet fuels is determined by the highest boiling n-
alkane present in significant concentrations (above about
0.5 wt %).*>* The melting point versus boiling point plot of
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n-alkanes shows a “zigzag” behavior (see Figure 5).>° Uneven-
numbered n-alkanes show a lower melting point than expected
from interpolation between the melting points of even-
numbered n-alkanes or vice versa. This has been explained by
aless dense packing of uneven-numbered n-alkanes compared to
even-numbered n-alkanes,”* which lowers the volumetric
expansion during melting and thus reduces the melting entropy
and enthalpy.*’

The local maxima at the end of the melting endotherm versus
boiling point plot of the synthetic distillate shown in Figure S
coincide with the boiling point of the even-numbered n-alkanes
n-dodecane and n-tetradecane, which also show higher melting
point temperatures than their uneven-numbered neighbors.
This is an indication that a particularly high concentration of
these molecules in the boiling ranges of 210—225 and 250—
260 °C is responsible for the unexpectedly high melting points.

There is no such behavior around the boiling point of n-
hexadecane. However, the sample was obtained from hydro-
cracking and it is known that the degree of isomerization
increases with carbon number during hydrocracking.”> There-
fore, a lower mass fraction of n-alkanes is expected in the boiling
range of n-hexadecane.

Due to the complexity associated with connecting the freezing
temperature and the molecular structure, the local maxima of
freezing points with increasing boiling point are left as an
observation. Nevertheless, for blending of wide-cut fuels, which
are mixtures of cuts such as the ones discussed in this paper, this
observation is pertinent.

5. CONCLUSIONS

The goal of this study was to identify whether the viscosity—
temperature dependency and the predicted low-temperature
viscosity of synthesized paraffinic kerosenes and petroleum-
derived kerosenes were comparable. For this purpose, the
temperature-dependent properties of narrow cut distillation
fractions of a synthetic distillate (from wax hydrocracking) and
petroleum-based kerosene were experimentally determined over
the measurement temperature range +60 to —60 °C. The
following conclusions were drawn.

(a) The viscosity—temperature dependence of the synthe-
sized paraffinic kerosenes and petroleum-derived kero-
sene narrow cuts was described by MacCoull’s equation in
ASTM D341 with comparable accuracy (relative
deviation <5%).

(b) Using a combination of the present work and the
literature, it was indicated that broadening or narrowing
the distillation range of synthesized paraffinic kerosene
did not affect adherence to the viscosity—temperature
relationship described in ASTM D341.

(c) When the viscosity—temperature relationship in ASTM
D341 is employed for the prediction of the kinematic
viscosity at —40 °C by extrapolating data measured at
>—-20 °C, the maximum difference between estimated
and measured viscosity at —40 °C was 6.6% in all cuts
analyzed in this study. This difference is higher than the
experimental reproducibility of the kinematic viscosity
following ASTM D7042, which is 2.1%. In addition,
extrapolation has a risk of bias. For heavier kerosene cuts
(>200 °C boiling), the extrapolation underpredicts the
—40 °C viscosity.

(d) For both synthetic and petroleum-derived narrow cuts,
cut-to-cut changes in viscosity appear to be determined by

the increase in average molar mass rather than compound
class compositional changes.

(e) Good agreement was found between the end of the
melting endotherm obtained by differential scanning
calorimetry (DSC) and the freezing point determined
according to ASTM D2386 within the reproducibility of
the optical determination (+1.3 °C).

(f) The freezing point of narrow distillation cuts exhibits local
maxima and minima when plotted against the boiling
point of the distillation cuts. These changes appear to be
related to the freezing point characteristics of the n-
alkanes in the distillation cuts.
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