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ABSTRACT: The commercial aviation sector is seeking to reach
net zero CO, emissions by 2050, with sustainable aviation fuel
(SAF) being the most important lever. However, SAF is currently
limited by ASTM specifications to a maximum of 50%v blending
with conventional jet fuel. One reason for the current blend limit is
motivation to maintain o-ring swelling consistent with 100%
petroleum fuel. This work explores the relationships between o-
ring swelling of SAF blend components, model compounds, and
various blends in nitrile rubber compared to conventional fuel
swelling. Specifically, optical dilatometry measurements were used
to gather swell propensity data for 39 different hydrocarbon
dopants at 8%v in an iso-alkane solution, 4 dopants at 7 different
concentrations, and 19 different fuels or fuel blends. This study
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also highlights the advantages of using swell measurements, such as those employed here, as a quality control metric instead of the
current 8%v aromatics requirement. Notably, the potential is shown to maintain swelling in the conventional fuel range with fuels

composed of less than 8%v aromatics.

1. INTRODUCTION

The U.S. aviation industry as well as the international
community has made public its intentions to become a net
zero CO, emissions industry by 2050."” To accomplish this
goal, the sustainable aviation fuel (SAF) Grand Challenge was
initiated to expand SAF production to 3 billion gallons per year
by 2030, and 35 billion gallons per year by 2050.> SAF derived
from renewable feedstocks, like agricultural waste or used
cooking oil, has become a particular interest of the industry
because of its unique, near-term advantages over other
sustainable sources of aircraft propulsive energy: electricity,
hydrogen fuel cells, and hydrogen combustion. Namely, SAF is
presently the only feasible option for long-haul flights, which
are the largest contributor to aircraft emissions,” and offers a
high potential for backward compatibility with existing fuel and
engine systems. However, until advancements in SAF
technologies can guarantee 100%v “drop-in” capability, the
specification for fuels containing synthesized hydrocarbons™®
limits SAF to a maximum of 50%v blending with conventional
fuel. Resolving the motivating factors behind this blending
limit are of high value to the industry as it works toward the
stated production targets.

The 50%v cap on SAF blend fractions in jet fuel is set to
mitigate the risk introduced by fuel composition variance
outside of the experience range with conventional fuels.
Coincidentally, this limit currently aligns with the 8%v
minimum aromatics requirement and the 775 kg/m® minimum
density requirement.” Despite being associated with higher

© XXXX The Authors. Published by
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nonvolatile particulate matter (nvPM) emissions and, in turn,
aviation’s contribution to radiative forcing via contrails,”®
aromatics are currently mandated at a minimum of 8%v in jet
fuel largely because they are primarily responsible for
elastomer o-ring swelling in fuel systems.”'® Six of the seven
currently approved SAF pathways result in hydrocarbon
mixtures with low aromatic content (specifically, less than
0.5%v°) and low density. Acceptable blends with conventional
fuels may contain significantly less than 50%v SAF depending
on the density, aromatic content, or some other property of the
conventional fuel component, where in situ testing of density
(easy) and aromatics content (harder) is required to maximize
the fraction of SAF that can be used.

Relatively consistent o-ring swelling is necessary for existing
systems to maintain seal connections and prevent fuel leakage,
particularly in systems with aged o-rings, which have taken on
some level of compression set (loss of elasticity). Though there
is little documented operational experience of this issue, one
instance of this type of leakage was observed in an initial test of
an approved SAF, synthetic paraffinic kerosene (SPK), during
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Table 1. All Hydrocarbon Dopants Used in This Study with Purity, Vendor, Density, and Structural Information

Puri Density at 15°
Molecule Name urity Vendor ensity a 3 S°C Molecule Structure
[%o] [kg/m’]
alkylbenzenes
benzene >99.8 Millipore 884.0
Sigma ©
toluene 869.0
ethylbenzene >99.0  Honeywell 871.6
ortho-xylene = >98.0 TCI 883.9
America
meta-xylene  >99.0 TCI 868.5
America
para-xylene 99 Alfa Aesar 866.7
n-propylbenzene  >99.0 TCI 867.0
America 1@
1,2,3-trimethylbenzene = >99.0 Sigma 897.8
Aldrich P
1,2,4-trimethylbenzene =~ >98.0 TCI 879.7
America S /{
1,3,5-trimethylbenzene = >97.0 TCI 869.3
America %
n-butylbenzene = >99.0 Acros 865.1
Organics \_\_O
n-pentylbenzene 96 Alfa Aesar 855.8
B https://doi.org/10.1021/acs.energyfuels.3c00781
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Table 1. continued

Molecule Name

alkylbenzenes
n-hexylbenzene

n-heptylbenzene

cyclo-aromatics
tetralin

indane

naphthalenes
1-methylnaphthalene

2-ethylnaphthalene

2-isopropylnaphthalene

biphenyl
biphenyl

monocycloalkanes

cyclohexane

methylcyclohexane

ethylcyclohexane

cis-1,2-dimethylcyclohexane

Purity

%] Vendor

98 Alfa Aesar

>97.0 TCI
America
>97.0 TCI
America
>95.0 TCI
America
>98.0 TCI
America
>99.0 TCI
America
>95.0 TCI
America

99 Alfa Aesar

>99.0 Fisher

Chemical
99 Sigma
Aldrich

>99.0 Acros
Organics

>98.0 TCI
America

Density at 15°C
[kg/m’]

863.6

862.1

973.6

967.5

1023.8

996.8

9753

1041.0

784.2

769.4

794.2

802.4

Molecule Structure

~lo 8§85 B 88|/

U
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Table 1. continued
7 7 5
Molecule Name Purity Vendor Density at315 ¢ Molecule Structure
[%o] [kg/m’]
monocycloalkanes

trans-1,2-dimethylcyclohexane =~ >99.0 TCI 781.5
America

cis-1,3-dimethylcyclohexane =~ >99.0 TCI 773.0
America

-

trans-1,3-dimethylcyclohexane = >95.0 TCI 789.4
America

cis-1,4-dimethylcyclohexane = >98.0 TCI 788.5
America

trans-1,4-dimethylcyclohexane = >95.0 TCI 768.8
America

n-propylcyclohexane = >98.0 TCI 793.8
America

1,2,4-trimethylcyclohexane =~ >96.0 TCI 785.8
America

1,3,5-trimethylcyclohexane =~ >98.0 TCI 778.9
America

n-butylcyclohexane

n-pentylcyclohexane

n-hexylcyclohexane

n-heptylcyclohexane

polycycloalkanes
cis-decalin

99 Alfa Aesar

98 Alfa Aesar

>98.0 TCI
America

>99.0 TCI
America

>98.0 TCI
America

804.0

807.0

812.0

805.3

900.7

0
%

-
e

L
-O-
O
e
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a test campaign at NASA Glenn."' This issue can be
compounded by the effects of fuel cycling over the lifetime

of an o-ring. As reported at Kelly AFB in 1983, when an
aircraft is refueled or when the fuel system is emptied during
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downtime, it is possible for an o-ring to swell or shrink
depending on the level of aromatics it is exposed to."”
Intermittent swell and relaxation of the o-ring caused by
variations in fuel composition may adversely affect the material
strength of the elastomer over time."”> Though the Kelly AFB
example does not directly deal with SAF, its emphasis on the
consistency of swelling behavior with various fuels is especially
important considerin§ the plurality of SAF pathways currently
under investigation,""**

Three types of elastomer o-rings are designated for testing
with novel aviation fuels in ASTM D4054: fluorocarbon
(FKM), fluorosilicone (FVMQ), and acrylonitrile-butadiene
(NBR, or nitrile rubber)."” Nitrile rubber has proved to be the
most sensitive, and problematic, of these materials regarding o-
ring swelling due to variations in fuel composition,”'”*"*!
making it a useful subject for research from the perspective of
SAF developers. For this reason, in addition to the large
regulatory and logistical hurdles associated with material
changes on certified, in-service aircraft, the present study
investigates property and blending relationships via swell
measurements for NBR o-rings only.

ASTM D471%* identifies three methods for quantifying o-
ring swell: percent change in mass,'>**** percent change in
dimension,”*~*° and percent change in tensile strength.'®”’
This study em%)loys an optical dilatometry technique adapted
from Graham™ to measure the change in o-ring sample
diameter because of its simplicity, cost-effectiveness, and the
small amount of solvent required for testing compared to other
methods. Modest heating is shown here to accelerate tests
without compromising the results, which is desirable due to the
time-consuming nature of o-ring swelling tests relative to other
fuel property measurements. While it does not meet the exact
specifications for fuel soak tests outlined in Section A3.2.7.2 of
ASTM D4054, the efficiency of this method is useful for
collecting data for research purposes or low-volume Tier
prescreening testing.27

Currently, the distinction between hydrocarbon classes
remains the most telling molecular feature for o-ring swell,
with aromatics clearly outperforming n-/iso-alkanes and
cycloalkanes.”'® Of interest to SAF developers due to their
low-sooting characteristics, cycloalkanes, specifically polycy-
cloalkanes, have shown promise at high concentrations as
potential swell-inducing substitutes for aromatics.">*' Previous
work has found qualitative relationships between o-ring swell
and decreasing fuel molar volume and molar mass.”*****
Additionally, steric hindrance (e.g,, number or length of alkyl
chains) was shown by Romanczyk et al.”® to decrease swelling
propensity. Lower o-ring swell from alkanes has been linked to
a relative lack of hydrogen bonding and polar forces compared
to aromatic compounds, as quantified by Hansen solubility
parameters.”* Generally, however, these relationships have not
been shown to fully explain the disparity in swelling between
hydrocarbon groups. While these relationships offer some
direction to SAF developers for molecule selection, more
comprehensive testing and model predictions are needed to
develop 100%v drop-in SAFs. Made possible by accelerated
testing methods, the results reported on the molecules studied
here are substantially more diverse than previous studies to
enable forecasting of property and compositional relationships.

To date, no extensive evaluation of the linear blending of
hydrocarbon mixtures on NBR has been reported in the
literature. Here, the accuracy of the linear volumetric blending
rule proposed by Kosir et al.* is assessed to determine its

suitability in modeling applications. Preliminary attempts to
quantify blending effects on NBR o-ring swell for molecules
doped up to 15%v in an approved alcohol-to-jet (ATJ) SPK
SAF product appear to follow the proposed rule.”> This article
contains swell measurements at higher dopant concentrations
and across several hydrocarbon classes to evaluate linear
blending more comprehensively.

This work advances the community knowledge of swelling
behavior with 39 molecules blended in an ATJ] SPK,
documents the repeatability of optical dilatometry experimen-
tation, establishes the linearity of swelling with volumetric
composition, and presents some initial first-order modeling of
swelling behavior for the 39 compounds. Combined, we
present an additional framework for fuel developers to
understand the compositional effects of fuel on elastomeric
material compatibility in an effort to produce 100%v “drop-in”
SAF.

2. MATERIALS AND METHODOLOGY

2.1. Materials. Hand-cut, thin cross-sectional slices of size 216
Parker-Hannifin nitrile rubber o-rings procured from Zatkoff Seals &
Packaging were used as elastomer samples for swell measurements.
Because the focus of this study is to inform SAF developers about
swell-inducing fuel components, nitrile rubber’s sensitivity to fuel
composition is leveraged to emphasize swell—property relationships
and blending effects. This study uses nitrile rubber o-ring swell
measurements with 56 total solvents, including 39 neat molecules
doped at 8%v in an approved SAF, 14 conventional fuels, 3 SAF blend
components, and 2 blends of conventional fuel with SAF.

Thirty-nine chemicals, listed in Table 1, were employed for o-ring
swell measurement in this work. Of these molecules, there are 20
aromatics (14 alkylbenzenes, 2 cycloaromatics, 3 naphthalenes, and
biphenyl), and 19 cycloalkanes (16 monocycloalkanes and 3
polycycloalkanes). Informed by the molar volume correlation found
in the literature, a focus was put on selecting molecules representing
the jet fuel volatility range for each hydrocarbon class. N-/iso-alkanes
were not evaluated as dopant molecules here because they are known
to have an insignificant influence on o-ring swell.”'***3°

Eleven different shipments of petroleum-based jet fuel used in an
extensive report on this topic’ along with three additional samples of
petroleum fuels from the National Jet Fuels Combustion Program
(NJECP)*" were used to set a three-standard deviation experience
range for the o-ring swelling activity of conventional jet fuel. The
aromatics fraction of these fuels varies between 11.9 and 23.1%v. For
comparison, the population distribution of aromatics concentration in
1434 samples of JP-8 analyzed in 2011 showed a range of 7.0—24.5%
v.*> The compositional variance between manufacturing batches of
nitrile rubber o-rings is also significant,” rendering it necessary to
reestablish the conventional swell range for each batch received. For
this reason, all of the measurements presented in this work were
performed on o-ring samples cut from the same manufacturing batch
of o-rings.

The three-standard deviation range for these conventional jet fuels
with the batch of o-rings used in this study is 8.3—17.1%v/v. Because
of the difference in aromatics concentration between our experiment
population, the 2011 field population distribution, and the limited
operational experience of observed fuel leakage'"'? it is unclear
whether this captures the full range of conventional jet fuel swelling
activity. Nonetheless, this range offers a useful reference for
prescreening and research-related swell measurements.

Two SAF products listed in ASTM D7566 and approved up to 50%
v with previously qualified Jet-A were used in this study: Gevo AT]J
(SPK from iso-butanol and also labeled as C-1) and World Energy
HEFA (SPK from hydroprocessed esters and fatty acids). These fuels
are predominantly made up of n- and iso-alkanes and thus exhibit very
low swelling. Their swell characteristics make these SAFs useful for
showcasing potential dopant molecules and blends that can improve
low-swelling fuels in relation to the conventional swell range. Lastly,
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Table 2. 3 Conventional Fuels and 3 SAF Blend Components Used in This Study with Tabulated Aromatic Content, Molar

Volume, Density, and Converged Seal Swell

fuel name POSF producer aromatic content [%v] molar volume [mL/mol] density at 15 °C [kg/m’]
A-1 10264 NuStar Refining 11.9 194.9 779.9
A-2 10325 Shell Mobile 16.4 198.9 803.5
A-3 10,289 Valero 18.4 200.8 826.8
C-1 13718 Gevo <1 237.4 758.2
HEFA n/a World Energy (WE) <1 214.3 751.4
SAK/HEFA 21/79 n/a Virent/WE 20.1 150.4 776.1
the 21/79%v SAK/HEFA blend studied by Feldhausen et al.'™* was 3. RESULTS

included in this study as an example of a 100%v SAF blend from two
pathways that meet ASTM D7566 specifications and conventional
swell levels. Relevant details regarding these fuels are listed in Table 2.

In an effort to save space, information for the eleven additional
shipments of approved petroleum-based jet fuel used to establish the
conventional swell range for this study are tabulated with their
converged swell measurements in the Supporting Information.

2.2. Seal Swell Measurement. Optical dilatometry, first applied
to seal swell measurements by Graham®* and utilized further by Kosir
et al.>® is employed here to measure the change in the cross-sectional
area of o-ring slices that are submerged in a vial filled with 5 mL of
solvent. The vial is capped to prevent evaporation and is placed on a
custom-built dilatometer. The initial area of the o-ring sample is
extrapolated from 13 pictures taken 20 s apart using the time expired
between o-ring contact with the solvent and the first picture taken.
After the first 4 min, pictures are taken every 10 min until
convergence is observed with respect to the o-ring swell. Image
processing software is used to record the area of the o-ring sample in
pixels. The volume is determined by eq 1 from Graham et al.>® where
V; is o-ring swell, in %v/v, of a given image, A, is the o-ring area for a
given image, and A, is the o-ring area when it is first submerged in the
vial. The reported converged seal swell is the average of the last 30
pictures collected. It is assumed that the o-ring slices swell
isotropically.

3/2
A.

0 (1)
Tests are run at room temperature (22 + 1.0 °C) or in a custom-built
oven heated to maintain an internal temperature of 37.15 + 0.45 °C,
just below the minimum flash point of jet fuel.® Heated tests are
designed to reach convergence with reduced testing time, as the test
duration is a major factor contributing to the rate of progress in this
area of research. The oven consists of a two-part insulated enclosure,
with each compartment containing S optical dilatometry test stands
and a 120 V/120 W silicone heater manufactured by Tutco-Farnam.
Any temperature cycling has been found to occur within the listed
values over the course of 24 h, which is likely a result of minor
building temperature changes between working and nonworking
hours.

Swell tests are considered converged when the swell remains
nominally unchanged over at least 24 h, which typically occurs after
10—14 days at room temperature, or 5—10 days at 37 °C. Minor
differences were noted between the converged swell of heated and
nonheated tests for A-2, A-1, HEFA, and C-1, but efforts to determine
a consistent trend in results were inconclusive. For this reason, the
present study uses a flat repeatability uncertainty of +0.59%v/v
derived from the combined results of 6 heated and 11 room
temperature tests of A-2 to account for any experimental variation,
including temperature and o-ring sample size. Data for these
repeatability efforts, the heater temperature cycle, and the overall
experimental setup and workflow can be found in the Supporting
Information.

Figure 1 shows the behavior of the nitrile rubber o-ring swell
tests over the first two weeks of measurement for the molecules
reported in Table 1 doped at 8%v in C-1. Each test is
designated by either the solvent’s molar volume (Figure la,b)
or density (Figure 1c,d) using a normalized color bar for each
property. Additionally, the average conventional fuel swell
(solid-black line) and 36 conventional range (blue-shaded
region), and the neat C-1 swell (dashed-black line) are shown
for reference. All measurements discussed in this section,
except for the solvents doped with cycloaromatics, naph-
thalenes, and biphenyl, have bulk density values calculated via
the blending rule to be below the ASTM minimum density
requirement (775 kg/m?)° because C-1 (758.2 kg/m?) is used
at 92%v in each, which is a substantially higher volume fraction
than what would be present in jet fuel under the current 50%v
SAF blending limit.

The purpose of the color bar here is to visualize the
adherence of the raw data in this study to the molar volume
correlation in the literature and the density. A strong
correlation to these trends would take the form of a natural
gradient of purple-blue to green-yellow from top to bottom,
whereas a weak correlation would result in near-random
ordering of these colors. The reversal of the color bar to the
right of the plots is to maintain the same color gradient in the
data for each property while accommodating for decreasing
and increasing swell relationships with molar volume and
density, respectively.

As observed by Graham,”* o-ring swelling as a function of
time is a result of two processes: fuel absorption by the
elastomer and material extraction by the fuel. This is apparent
in Figure 1 where each test undergoes a period of rapid
swelling within the first hours of contact with a fuel blend
before gradually shrinking over the remainder of the test
period as the fuel behaves as a solvent for the plasticizer
material found in elastomer o-rings. The number of species
investigated here for converged swell provides useful
foundations for future study of these processes, which are
important due to the impacts of fuel cycling on o-ring swelling.

Figure 2 presents the converged NBR swell measurements
for the molecules listed in Table 1 doped at 8%v in C-1 and
grouped by hydrocarbon class. The 8%v dopant concentration
was chosen to assess both the swelling effect of the individual
molecules and the 8%v minimum aromatics requirement as a
surrogate requirement to long-duration, measured o-ring swell.
The green shaded region represents the 3-sigma conventional
fuel swell range found with the batch of NBR o-rings used for
this study (8.3—17.1%v/v). The results displayed in Figure 2
can also be found in tabulated format in the Supporting
Information.

The accuracy of a linear volumetric blending rule for o-ring
swell was studied using 4 molecules, n-butylcyclohexane, n-
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Figure 1. O-ring seal swell over time for aromatics (3, c) and cycloalkanes (b, d) doped at 8%v in C-1. In plots (a, c), cyclo-aromatic, naphthalene,
and biphenyl-doped mixtures are identified by colors outside of the color gradient because their relatively extreme property values change the
scaling of the color bar such that the alkylbenzenes and cycloalkanes become indistinguishable from each other. Cycloalkane plots (b, d) include

zoomed inset plots to provide clarity for overlapping data.

propylbenzene, tetralin, and 2-ethylnaphthalene doped at 3, §,
8, 10, 15, 25, and 40%v in C-1. These molecules were selected
to represent the majority of the hydrocarbon classes in Table 1.
Table 3 lists the converged swell measurements for the

blending rule portion of this study.

4. ANALYSIS AND DISCUSSION

4.1. Impact of Hydrocarbon Class on O-Ring Swell.
The results in Figure 2 show consistency with the literature for
the swelling propensity of each hydrocarbon class. Dopants
consisting of multiple aromatic rings (biphenyl and naph-
thalenes) had the highest swelling effect. These are followed, in
order, by the cyclo-aromatic, alkylbenzene, polycycloalkane,
and monocycloalkane dopants. The range of swell appears
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Figure 2. Converged swell measurements for molecules listed in Table 1 doped at 8%v in Gevo C-1 and grouped by hydrocarbon class. Black bars
represent the average swell for each hydrocarbon class. Open circles represent final swell measurements for unconverged runs that were terminated

due to time considerations.

Table 3. Converged Swell Results (%v/v) at Every Concentration in the Blending Rule Test Series

dopant 3%v S%v 8%v
n-butylcyclohexane 1.4 1.6 1
n-propylbenzene 2.5 4.3 4.9
tetralin 34 4.1 7.1
2-ethylnaphthalene 4.9 7.5 12.1

10%v 15%v 25%v 40%v
2.1 2.3 33 4.2
6.5 8.9 13.3 20.7
8.3 14.8 21.7 38.8

16.8 25.0 40.3 65.4

distinct between each hydrocarbon class, other than the
similarity in swelling between mono- and polycycloalkanes,
highlighting that properties that differentiate these classes are
good starting points for the search of properties with an effect
on o-ring swell. The average swell and standard deviation for
each hydrocarbon class in Figure 2 (excluding biphenyl) can
be found in Table 4.

Table 4. Average Swell and Standard Deviation for
Molecules in Table 1 Doped at 8%v in C-1 Grouped by
Hydrocarbon Class

hydrocarbon class average swell [%v/v]  standard deviation [%v/v]

alkylbenzenes” 4.8 1.00
cycloaromatics 7.7 0.85
naphthalenes 12.7 2.11
monocycloalkanes 12 0.48
polycycloalkanes 1.5 0.47

“The calculation of average swell for alkylbenzenes omits the mixtures
doped with benzene, toluene, and m-xylene because they did not
converge.

It is important to point out that any work providing
guidance to fuel developers to meet operability standards
should consist of measurements on industry-relevant com-
pounds and fuels. The dopants studied here have either been
identified in current SAF,'* reported as relevant SAF
compounds for producers,’® or are structurally similar to
compounds in either of these categories. These compounds, as
well as the neat fuels measured, were strategically chosen to
show fuel producers multiple pathways to elastomer

compatibility using a range of producible fuel blend
components rather than recommending a small number of
specific dopants.

The converged swell measurements also show that the 8%v
alkylbenzene-doped mixtures and a 50/50%v C-1/A-2 blend
(found in Figure 3) do not meet the conventional swell range
found in this work. Two possible explanations for this related
to the composition of the conventional fuel samples used here
have been identified. The first is the relatively high aromatics
concentration in these fuels compared to that of the larger
population described in Section 2.1. The second is the
uncharacterized concentration of heteroatom-containing com-
pounds in these conventional fuel samples. Trace amounts of
heteroatom-containing compounds, especially those containin
nitrogen and oxygen, significantly increase o-ring swell***%?%°
and as a result could drive the conventional swell range found
here higher. These factors give insight into the number of
factors influencing o-ring swell and highlight a potential benefit
of using o-ring swell measurements as a quality control metric
in lieu of the 8%v aromatics limit.

The variation in swelling of the alkylbenzene-doped mixtures
implies that property relationships can be leveraged to select
aromatics that will increase SAF o-ring swell relative to the
typical distribution of aromatic species in conventional jet fuel
when doped at the same concentration. Due to the larger effect
of experimental repeatability on the measurement precision for
lower swelling molecules, it is not currently possible to make
similar conclusions for the variation in cycloalkane swelling.
Overcoming this obstacle is especially of interest for character-
izing polycycloalkanes, specifically decalins, due to their
potential to increase the swelling propensity and density of
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Figure 4. (a—d) Scatter plots presenting the seal swell of 4 different dopants (listed beneath each subplot) in C-1 at concentrations ranging from 3

to 40%v, along with a neat C-1 measurement. Each color marker and trendline represents the swell at a different timestep during the test. Note the
different swell ranges on each subplot.

SAF without negatively impacting sooting.37 More precise

characterization of the swelling effect from aliphatic com-

pounds may be possible via other methods of swell

measurement such as compositional data,

24,35 .
tensile

strengt

10,21,26
h, oLy

dilatometry.

4.2. Swell Relationships with Molar Volume and
Density. Figure 3 features scatter plots of the converged swell
results of the mixtures in Figure 2, the fuels in Table 2, and C-

or a combination of these with optical

https://doi.org/10.1021/acs.energyfuels.3c00781
Energy Fuels XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c00781?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c00781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

Table S. Average (Average Hydrocarbon Class Swell as Reported in Table 4), Minimum (Highest Swell), and Maximum
(Lowest Swell) Volume Fraction of a Single Dopant in a Binary Mixture with C-1 Projected to Meet the Minimum

Conventional Swell Found Here (8.3%v/v)“

dopant hydrocarbon class average concentration [%v]

alkylbenzenes 13.8
cycloaromatics 8.6
naphthalenes 5.2
monocycloalkanes 55.3
polycycloalkanes 44.3

minimum concentration [%v]

. . 37
maximum concentration [%v] average TSI’

9.8 214 55.4
8.0 9.4 61.6
44 6.1 100.1
28.9 n/a“ 7.7
34.9 66.4 16.7

“Average neat dopant TSI is also included to give reference on the emissions impact of the blend component. “The measurement for n-
heptylbenzene was used for this scenario because it is the lowest swell measurement for alkylbenzene dopants that fully converged. “The lowest
swelling monocycloalkane dopants are not projected by this analysis to meet the minimum conventional o-ring swell level at any concentration in

C-1.

1/A-2 blends at 25/75 and 50/50%v ratios as they relate to
molar volume (Figure 3a) and density (Figure 3b). This data is
consistent with the literature in that higher swell is observed
with decreasing molar volume within hydrocarbon classes, but
for modeling purposes, it is useful to identify more general
property relationships. These visualizations indicate that o-ring
swell is significantly more linear with density for all
hydrocarbon classes, barring polycycloalkanes, than it is with
molar volume. This may be the result of density confounding
two properties, molar mass and molar volume, known to
impact swelling. Factoring in both of these properties has an
advantage over molar volume alone because it accounts for the
degree of saturation of the carbon atoms, a major differentiator
between hydrocarbon classes, and the structural connectivity of
the molecule.

The alkylbenzene-doped mixtures exhibit lower density than
the minimum requirement for jet fuel denoted by the red
dashed line in Figure 3b. While this is the result of the volume
fraction of C-1 exceeding the SAF blending limit, higher-
density SPK SAF products could provide the opportunity to
reach the minimum density requirement when doped with
aromatics at similar ratios. This calls attention to the fact that
each pathway, and even different fuels within a single pathway,
can have property differences and benefit from direct
quantification to evaluate suitability for increased blending
with conventional fuel.

Swell relationships universal across hydrocarbon classes,
such as the density correlation identified here, directly benefit
the prediction and understanding of o-ring swell for jet fuel
based on compositional data. Future modeling efforts will
benefit from investigating other swell—property relationships
of this type, including explaining the low swell from
polycycloalkanes given their high density. Any such modeling
requires the quantification of seal swell as it relates to the
concentration of a dopant molecule from a given hydrocarbon
class.

4.3. Linear Volumetric Blending Rule. Figure 4 shows
converged o-ring swell plotted for each dopant/C-1 mixture
listed in Table 3, in addition to the swell at 1-, 3-, 7-, and 10-
day timesteps when available. The results for each timestep are
characterized by a linear trendline with a reported coeflicient of
determination (R?) to evaluate changes over the duration of
the swelling process. The results for tetralin and 2-ethyl-
naphthalene at 25 and 40%v are excluded because their
extremely high swell is far off the scale used here to highlight
differences between data taken at different time intervals.
Trendline slope information from Figure 4 is tabulated in the
Supporting Information.

All linear trendlines resulted in an R® of 0.919 or higher,
corroborating the linear blending rule proposed by Kosir et
al.* for predicting o-ring swell. The representative cycloalkane
for this study, n-butylcyclohexane, produced a noticeably lower
R? value compared to the aromatics studied. A possible reason
for this is the larger relative uncertainty inherent in the swell
tests of molecules exhibiting lower swell, which will require a
more thorough assessment for a large number of species and
concentrations outside the scope of this study. In light of this, a
linear relationship with concentration is still recommended to
avoid overfitting, while capturing the main effects of blending
on o-ring swell.

The timesteps in Figure 4 illustrate an opportunity to further
decrease the time required to collect valuable information from
swell experiments. Because the linearity of these timesteps does
not significantly vary in slope and R* value for a single dopant,
it may be possible to predict converged o-ring swell at any
blend ratio based on a converged data point at one
concentration, and a concentration series of data points
evaluated one day into the experiment.

Linear blending is employed to estimate the volume fraction
of dopant needed to achieve 8.3%v o-ring swell, which is the
bottom of the 3-sigma range determined in this work. Results
are presented in Table S for the average, highest, and lowest
swelling representative of each of five classes evaluated here as
potential dopants. Among these classes, alkylbenzenes and
cycloalkanes have less deleterious impacts with regard to
sooting propensity compared to naphthalenes (limited to 3%v
in jet fuel for this reason’) or cycloaromatics. This property is
quantified here using methods established by Boehm et al.”” to
predict the average threshold sooting index (TSI) prediction
for the pure dopant molecule in each hydrocarbon class.

As expected, significantly larger fractions of cycloalkanes are
required to achieve adequate swell than that of alkylbenzenes.
Because post-production blending to increase the swell of SAF
such as C-1 or HEFA poses added costs, it is desirable to
minimize the fraction of blend component required without
significantly increasing the TSI of the fuel. The scenarios
presented in Table S exhibit sizeable differences in dopant
concentration based on molecule selection, highlighting the
importance of using property relationships to identify the most
efficient swell blend components and potential low- or zero-
aromatic fuel compositions. Additional investigation into
blending for more molecules, ratios, and complex mixtures
will help develop these tools into a more comprehensive model
for swell prediction.
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5. CONCLUSIONS

Due to the difficulty associated with large-scale material
changes in aircraft, the advancement of “drop-in” SAF is
heavily reliant on the compatibility of fuels with nitrile rubber
o-ring swelling. The present work addresses this through the
investigation of fuel compositional and property relationships
with optical dilatometry measurements of nitrile rubber o-ring
swell for 56 total solvents, including 39 neat molecules doped
in an approved SPK SAF, 14 conventional fuels, 3 SAF blend
components, and 2 blends of conventional fuel with SAF to
investigate compositional and molecular property relationships
with swelling. Swell measurements for neat molecules doped at
8%v in an approved SPK SAF, Gevo C-1, exhibited consistency
with literature trends with molar volume and dopant
hydrocarbon class. These tests also revealed a relationship
between o-ring swell and density that showed more linearity
than the previous correlation with molar volume across
hydrocarbon classes, except for polycycloalkanes, which
illustrate a need for more swell—property relationship
investigations of this type. Similar linearity was also observed
with density for blends of conventional fuels and SAFs.

Coupled with these property relationships was the
verification that linear volumetric blending is applicable for
o-ring swelling for active components up to 40%v in C-1.
Linear blending was then applied to demonstrate changes in
fuel composition required for sufficient o-ring swell due to
variance in swelling propensity within hydrocarbon classes,
highlighting the importance of using property relationships and
swell measurements to inform efficient blend component
selection without negative impacts on the TSI of the fuel.

The data reported here guides SAF developers toward 100%
v “drop-in” SAF by predicting material compatibility of
proposed SAF dopants and compositions based on molecular
properties and concentration.
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B NOMENCLATURE

A, = initial o-ring area, in pixels, extrapolated from first ten
measured areas

A; = measured o-ring area, in pixels, at time i
ASTM = ASTM International

AT]J = alcohol-to-jet fuel pathway

FID = flame ionization detector

GCxGC = two-dimensional gas chromatography
HEFA = hydroprocessed esters and fatty acids
NJFCP = National Jet Fuel Combustion Program
R?* = coefficient of determination

SAF = sustainable aviation fuel

SAK = synthetic aromatic kerosene
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SPK = synthetic paraffinic kerosene

TSI = threshold sooting index

V; = calculated o-ring volume swell at time i

VUV = vacuum ultraviolet light detector

%v = volume percentage

%v/v = o-ring volume swell percentage relative to the initial
volume
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