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Whether the feedstock for sustainable aviation fuel (SAF) originates from agriculture or from waste streams, life
cycle CO5 emissions per unit enthalpy are lower for SAF than they are for petroleum distillates primarily because
of differences on the front end such as fostered growth of crops or decreased demand for resources or acreage to
manage wastes. This work, however, is concerned with what happens on the consumption side. Sustainable
aviation fuel is required by ASTM D4054 / D7566 to meet a higher thermal stability standard than petroleum
distillate fuels and this characteristic can be leveraged to improve energy efficiency in new engine or aircraft
designs where a commitment has been made to burning fuel that meets a specification beyond that of conven-
tional JetA. Beyond thermal stability, non-drop-in SAF (Jet-X) developers have the opportunity to further in-
crease the value of their product by infusing higher-than-conventional-JetA energy density (enthalpy per unit
volume, ED) into their SAF. Finally, fuel specific energy (enthalpy per unit mass, LHV) has a direct impact on
aircraft efficiency which we have determined to be 0.43% per MJ/kg increase in LHV depending on the mission
and aircraft model, and this is applicable to both drop-in and non-drop-in applications. While higher energy
density fuels may be leveraged in a new aircraft design to decrease drag and weight, aircraft development po-
tential with reduced tank volumes is typically constrained by other factors such as wing packaging, passenger
volume requirements and overall center of gravity and flight control law restrictions.

1. Introduction 2. reducing its cost
3. enhancing its sustainability

As the global population and its demand for energy and trans-

portation continue to rise, the environmental impact from combustion
systems that satisfy that demand is of growing concern [1,2]. In response
to this concern, several U.S. federal agencies are working collaboratively
to facilitate execution of the Sustainable Aviation Fuel (SAF) Grand
Challenge [3] which is a comprehensive plan to achieve net zero CO,
emissions from the aviation sector by 2050. While the aviation sector is
pursuing a combination of approaches, including aircraft technology,
operational improvements, and carbon offsetting to meet the net zero
emission target, SAF is an integral piece of that plan. Three key objec-
tives pertaining to SAF are identified in the plan:

1. expanding its supply and end use

The topics of this article touch upon each of these objectives. To
expand usage, it will likely become necessary to qualify new or existing
SAF beyond the current maximum blend percentages in ASTM D7566 as
the industry gains familiarity with the fuels and trust in the evaluation
process. Optimizing SAF compositions provides targets for fuel pro-
ducers to tune their processes towards products that are well-positioned
to successfully navigate the certification process at blend ratios poten-
tially up to 100 %. Alternatively, or in parallel, certain aircraft could be
certified or re-certified on fuel (called Jet-X in the remainder of this
document) containing any amount of SAF provided a quality control
specification for that fuel has been approved by all of the aircraft’s
stakeholders. Such aircraft would not necessarily be certified to operate
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on conventional fuel and hence may be restricted to operations between
airports having access to Jet-X. Supersonic aircraft provide a real-world
and current example of aircraft that are expected to be deployed at
targeted airports around the world. Therefore, model supersonic aircraft
and missions are used here to characterize the potential benefits of Jet-X,
adding value to the synthetic fuel thereby effectively reducing its
operating cost. Beyond the overall effort of increasing the percentage of
renewable carbon in onboard jet fuel, this work specifically enhances
fuel sustainability by optimizing on enthalpy savings and highlighting
emissions impacts of the proposed compositions via threshold sooting
index (TSI) predictions.

Previously, Kosir et al [4,5]. optimized energy density and specific
energy and characterized the fuel savings as 2.8 %m (1.2 % by enthalpy)
resulting solely from a 1.6 % decrease in fuel weight at take-off, for a
Boeing 737-800 flying from New York to San Francisco. Kroyan et al
[6]. has observed that variation in enthalpy consumption at cruise
conditions across 55 flights (—2.03 % to + 2.94 % relative to a baseline
JetA-1 fuel) correlates strongly with variation in three fuel properties;
LHV, density, and viscosity. Boehm et al[7]. showed that changes in fuel
properties, most notably viscosity and hydrogen to carbon ratio (H/C),
impact specific fuel consumption (SFC) via changes in waste heat re-
covery and work extracted by the turbine of a jet engine. Without any
change to engine or aircraft design or mission profile, a set of 2,500
random fuels showed approximately a 0.15 % range in energy con-
sumption relative to the reference fuel designated as A-2 [8] which was
defined by a committee of engineers from competing engine manufac-
turers and procured by the U.S. Air Force prior to the beginning of the
National Jet Fuel Combustion Program [9]. Unfortunately, the property
variation (low end of H/C) that affords more efficient work extraction
from the turbine is opposite from the variation (high end of H/C) that
affords lower fuel weight (higher LHV). Clearly, the impact of fuel
weight is more significant, but the debit of higher H/C as it relates to
work extraction from the turbine should be considered.

The lower end of the viscosity variation was shown previously [7] to
be beneficial with respect to waste heat recovery, which improves
engine-level energy efficiency, and fuel atomization [10]. However, the
increased waste heat recovery due solely to the viscosity effect on heat
transfer, through Reynolds number and Prandtl number dependencies,
has a much smaller (less than 10 %) impact on SFC than can be expected
from straight-forward changes to the thermal management design of the
engine. Boehm et al. showed that an increase in fuel temperature from
127 °Cto 160 °C would result in energy savings of 0.2 % even if no other
benefits are credited, and the potential reduction of air pressure losses
levied on the engine by the thermal management system could result in
an additional 0.3 % savings. These larger benefits require a design
change to increase the fuel temperature, and since a design change is
required to get this benefit, temperatures beyond 160 °C should be
explored.

The maximum fuel temperature attained in jet engines and at the
inlet to the jet engine is restricted by design to avoid three technical
risks: exceedance of material temperature limits (particularly elasto-
meric O-rings), exceedance of the fuel bubble point (particularly at low
fuel flow where fuel pressures are lowest and fuel temperatures, his-
torically, are highest), and thermal oxidation of the fuel resulting in
deposits (called coking) that can adversely impact valve operability,
spray quality, combustor pattern factor and the maximum fuel flow rate
capability of the engine [11]. For reference, the bubble point is the
temperature (at a given pressure) where the first bubble of vapor is
formed when heating a liquid consisting of two or more components.
The production of novel SAF products offers an opportunity to improve
the overall thermal stability of jet fuel and reduce coke build-up which,
in turn, could reduce airline maintenance costs. The exact savings
benefit from this aspect of SAF is not yet quantified and thus warrants
further investigation from stakeholders.

The maximum fuel temperature, 160 °C, considered by Boehm et al.
is approximately the same number as would be derived from any one of
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the three technical risks mentioned above. The coking risk has been
already mitigated for Jet-X by increasing the quality-control specifica-
tion temperature, found in ASTM D3241/D7566, from 260 °C to 325 °C
or higher, and through the growing understanding of the impact of trace
contaminants on thermal stability. The material limitation can be
pushed to higher temperature by choosing elastomeric materials that are
more resilient to temperature than historically chosen materials or
designing a fuel system in which any valve with an O-ring is placed
upstream of major heat sources. The bubble point is less of a concern
when the fuel pressure is well above the critical pressure of fuel (for
reference: n-dodecane has a critical pressure of 18.0 + 1.4 atm [12]),
but at high-altitude and low-flow operating conditions (such as the chop
from sub-sonic cruise to flight idle and the top of descent) the fuel
pressure is below its critical pressure. Thermal management systems
that preferentially leverage fuel cooling while the aircraft is operating
under conditions of high fuel pressure would avoid the technical risks
born from incipient boiling.

The combustor operating pressure and the fuel flow rate at super-
sonic cruise conditions are relatively high and therefore the fuel pressure
inside the fuel system, from boost pump to combustor, is relatively high
and is conservatively estimated as 25 atm for the purpose of this work.
The limiting Jet-X temperature at this condition is therefore taken to be
the temperature at which its vapor pressure reaches 25 atm. In contrast,
the limiting Jet-X temperature for the throttle chop transient from cruise
to flight idle (Mach < 0.1), where the fuel flow rate and combustor
operating pressure are at their lowest, is the bubble point of the fuel at
1.75 atm (estimated). Depending on thermal management system ar-
chitecture, either of these two mission points, supersonic cruise or the
chop from sub-sonic cruise to flight idle, could be limiting with respect
to maximum allowable fuel temperature and therefore both are
considered in this work.

This investigation utilizes fuel composition optimizations to assess
SAF candidates that will add value in terms of engine efficiency, aircraft
efficiency and reduced coking. Some of these fuels are envisioned as
drop-in aviation fuels at any blend fraction with any other aviation fuel,
while others may have some properties (e.g., minimum aromatics con-
tent or maximum energy density) that are outside of the guidelines
described in ASTM D4054. Specific objective functions (a.k.a. cost
functions) included in the dual-objective optimizations are LHV, energy
density, vapor pressure at 200 °C, engine enthalpy savings relative to the
reference fuel [8] designated A-2, and aircraft enthalpy savings relative
to the reference fuel. The methodology used to translate fuel properties
into engine enthalpy at specific operating points (a.k.a. mission points)
is described elsewhere [7] while the weighting of specific mission points
used to represent a full mission (a.k.a. mission mix) is described in the
methodology section of this manuscript. Also described here is the
methodology used to translate fuel properties into aircraft relative
enthalpy savings (ARES).

In another section, fuel composition characteristics, such as hydro-
carbon class (e.g. cycloalkane, alkylbenzene, etc.), molecular weight,
branching, and ring size of species favored by the optimization are
summarized. Moreover, the most favored species within each category is
reported. The motivations here are 1) to inform SAF producers of spe-
cific molecules or molecular characteristics that should be targeted
during the conceptual phase of their technology development plan and
2) to identify specific molecules or molecular characteristics that should
be evaluated experimentally, including implications regarding thermal
stability, elastomer material compatibility and other difficult-to-predict
fuel properties.

Overall, the results of this work will extend the current capabilities of
SAF from a performance standpoint while also leading to a greater un-
derstanding of effects that currently lead to maintenance and emissions
issues in modern aircraft.
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2. Methodology
2.1. Optimization logic

A flowchart outlining the optimization logic is shown in Fig. 1. The
process begins by assigning a random number between 0 and 1 to each
molecule in the database which is described in section 2.2, and then
clipping to zero all values that were less than 0.75. This is done to limit
the number of molecules that comprise each candidate fuel. Next, the
assigned number is divided by 33.3, 4, or 2 if the associated molecule
has a threshold sooting index (TSI) above 75, 30, or 15, respectively.
This is done to increase the probability that a trial fuel will have lower
sooting propensity than conventional jet fuel in spite of the database
containing a disproportionate number of alkylated naphthalenes (7 %)
and benzenes (29 %). Next, this set of numbers is normalized so they
sum to one, and these represent the mole fraction of the associated
molecule in the trial fuel. Together with a database of molecular prop-
erties, these trial fuel compositions are input into a subroutine to predict
all of the fuel properties listed in Table 1 [13-16]. These predicted
properties are then compared against limit constraints taken from ASTM
D1655 or as described here. The upper limit vapor pressure at 160 °C is
set to 1 atm. to mitigate the risk of a phase change within the fuel sys-
tem. We presume, at this point, that any trial fuel that passes this
constraint will also have a flash point that is higher than 38 °C and this
presumption is checked for candidate fuels that are suggested by the
optimization routine. The T ruler is a surrogate requirement for the Ty
upper limit which is 205 °C, where the ruler is the sum of mole fractions
over all fuel components that have a normal boiling point less than
205 °C. The actual Ty of candidate fuels is calculated after the opti-
mization, assuming the distillation has just one theoretical plate, similar
to ASTM D86 which is one of the distillation methods called out in ASTM
D1655. The TSI upper limit is set to 20, which corresponds to a smoke
point of 25 mm for a fuel with a molecular weight of 170 g/mol. This
constraint is a surrogate for the smoke point requirement that is
expressed in ASTM D1655. Five of these six properties are limited by the
fuel specification at one end only, while density has both an upper and
lower bound.

If a trial fuel composition fails to express properties that meet all
seven constraints, then it is discarded without any further drain on
computational resources. At that point, the logic returns to the trial fuel
generator. The trial fuel generator consists of two parts. In the ‘random’
portion of the routine an all-new trial fuel is created as described above,
and this process continues until a user-defined target number of kernels
have been created. Note the usage of ‘trial fuel’ and ‘kernel’. A trial fuel
is defined here as any hydrocarbon mixture, generated at random. A
kernel is a hydrocarbon mixture that satisfies all seven constraints. The

1,121 molecules

Molecular Properties

Mixture Properties:
Blending Rules
{v,p,LHV...}

Objective Functions
I. LHV

. Vapor pressure

. Energy density Fail

. Engine efficiency

[C I NI N]

. Aircraft efficiency

Trial Fuel Composition
{X), X3, X3 ...}

Pass Evaluate Selection
Constraint Obj; Criteria
Filter

Return to trial
fuel generator
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Table 1
Summary of Predicted Properties of Trial Fuels (Pre-Filter).

Vapor Pressure @ 160 °C Density @ 15 °C

Kinematic Viscosity @ —20 °C LHV
T ruler TSI

Ty ruler is defined as a mole faction sum, over molecules with normal
boiling point less than 205 °C

last set of kernels derived by the optimizer are ‘candidate fuels’. In the
‘derivative’ portion of the trial fuel generator, a random modification is
made to a randomly selected kernel. The user supplies input to the
routine to inform the maximum number of changes (N) to consider and
the maximum step size (S). A subroutine then picks an integer (n) be-
tween 1 and N and associates a step size (s), between —S and S, with each
one. Any resulting mole fraction that falls below a user-supplied
threshold value (e.g., 0.00015) is set to zero. Upon completing all of
the modifications, the mole fraction vector is renormalized to one. In
this investigation, the number of kernels was set to 250 for most opti-
mizations, N was set to 5 and S was set to 0.01.

Kernels (a.k.a. trial fuels that pass all seven constraints) are sent to
the most computationally intensive subroutine where additional fuel
properties are predicted, including most notably the fuel impact on
engine-level enthalpy consumption. These additional properties are
summarized in Table 2. The temperature dependence of heat capacity,
thermal conductivity, molar volume, and the log of dynamic viscosity
was derived by fitting a line through five points (15, 50, 85, 120 and
155 °C), where the property value at each of these five temperatures was
found by taking the scalar product of the mole fraction vector and the
corresponding property vector from the database. These properties,
along with molecular weight are required to execute heat transfer cal-
culations which are referenced in sub-section 2.3. The hydrogen to
carbon ratio, and molecular weight to a lesser degree, are required to
determine extractable work from an adiabatic expansion, which is also
referenced in section 2.3. The remaining four properties listed in
Table 2, as well as LHV, are objective functions. Any pair of objective

Table 2
Summary of Additional Properties Necessary to Evaluate Objective Functions.

Temperature Dependent Heat Capacity =~ Temperature Dependent Molar Volume

Temperature Dependent Dynamic
Viscosity

Hydrogen to Carbon Ratio

(optionally) Energy Density @15 °C

Engine Relative Enthalpy Consumption

Temperature Dependent Thermal
Conductivity

Molar Mass

(optionally) Vapor Pressure @200 °C
Aircraft Relative Enthalpy Consumption

/GENERATOR

First generation

dom
{x}, X3, X

Restore 1 & 0’s
{x, X3 X3 .

Derivative
|l {x,, )
Pass Promote
to Front

Pareto Front
. {x}, Obj;,Obj,
Fail

Fig. 1. Fuel Optimization Logic.
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functions may be optimized simultaneously. The engine relative
enthalpy savings (ERES) is the main topic of section 2.3. Vapor pressure
is estimated by combining Dalton’s Law and Raoult’s Law with the
Clausius-Clapeyron equation, where Trouton’s Rule was used to esti-
mate the heat of vaporization of each molecule in the database. The
aircraft relative enthalpy savings (ARES) was estimated by equation 1,
where ERES is the engine relative enthalpy savings, WFE is the fuel flow,
43.058 MJ/kg is the LHV of the reference fuel, and 0.0043 is a scalar
derived from data supplied by Boom Technology, Inc. (Boom) that
summarizes the impact of fuel weight at takeoff for typical trans-ocean
missions (represented by Vancouver-Tokyo and New York-London). The
proprietary models used by Boom to generate this data are briefly
described in section 2.7, while an independent derivation relating the
fuel weight during cruise to the enthalpy necessary to complete the
cruise leg of the mission is provided in the supplemental material:
entitled, “fuel weight impact on cruise enthalpy demand”.

ARES = ERES + 0.0043*(LHV — 43.058) (1a)
, o WEE \, LHV
RelativeEnthalpySavings = 1 — ( WFEref) HVy (1b)

The selection subroutine compares each new kernel, sequentially by
index, to kernels that are stored in the dynamic pareto front. If a kernel’s
corresponding objective functions are both determined to be more
favorable than those of at least one other kernel, the inferior kernel’s
mole fraction vector is overwritten by that of the new kernel. At this
point, the logic returns to the trial fuel generator thereby completing a
loop which continues until the user-specified iteration limit is reached.
Upon completion of the iteration loop, the dynamic pareto front is
written to file, enabling the user to monitor how much the objective
functions, constrained properties, unconstrained properties and
composition change from generation to generation.

2.2. Database

A wide array of molecules was selected to appeal to the sensitivities
of fuel property models and the impact of fuel properties on enthalpy
savings. The NIST standard reference database [12] was leveraged as the
source database for the properties required by the optimization routines.
This database was filtered to contain only alkanes, mono-, bi- or tri-
cycloalkanes excluding any with 3- or 4-membered rings, alkylben-
zenes, indanes or tetralins, and alkyl naphthalenes having a normal
boiling point in the range, 79-300 °C. The upper limit of this range
matches the aviation fuel specification upper limit on distillation end
point while the lower limit of this range was chosen for expedience; in
anticipation of our internally imposed bubble point limit or the ASTM
D1655 flash point limit being a property that would constrain the
optimization. Each of the retained molecules had reported data for each
of the properties listed in Tables 1 and 2 over the temperature range
15-155 °C that was selected to represent the temperature dependence of
the properties including, heat capacity, thermal conductivity, molar
volume, viscosity and vapor pressure. Since the analysis for each trial
fuel required a property value at any arbitrary temperature value in this
range and a few discrete points (—40, —20 & 160) outside of this range,
the curve fits as described in section 2.1 were regenerated for each trial
fuel while the noted blending rules were used to create the five basis
points for each trial fuel property. Finally, thirty-six molecules were
filtered out of the database because one or more of the reported prop-
erties of the molecule was determined by visual inspection of histograms
to be an outlier. Specifically, the properties considered for this operation
included LHV and the first derivative with respect to temperature of
density, heat capacity, thermal conductivity, and log viscosity. After
filtering, 1121 molecules remained in the database.
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2.3. Engine, relative enthalpy savings

The fuel effect on jet engine efficiency is not usually considered by
engine manufactures as their performance models employ reference fuel
properties. From this perspective, a jet engine is just an air breathing
machine whose thrust is manufactured by expelling air at a higher ve-
locity than it ingests air. Fuel combustion is used to change the density of
the fluid passing through the turbine and exhaust nozzle by increasing
its temperature. Within this simplified perspective the temperature rise
across the combustor is determined by the thrust demand arising from
the flight mission point and is physically the result of continuously
burning some mass flow rate of fuel (WFE) having a specific energy
(LHV). If the LHV of the actual fuel is higher than the LHV of the
reference fuel, then the actual flow rate of fuel will be lower than the
reference (or demanded) flow rate necessary to achieve the thrust
required to achieve the intended flight conditions. Alas, this simplified
perspective neglects the fact that the composition of the fluid exiting the
engine is not exactly the same as the air it ingests. In actuality, the
temperature rise across the combustor also depends somewhat on the
inlet fuel temperature, its flow rate and the thermal properties of the
vitiated air. Additionally, the work extracted by the turbine also has a
second-order dependence on vitiated air thermal properties. Moreover,
the combustor inlet fuel temperature depends on its flow rate and its
(liquid) thermal and fluidity properties (heat capacity, conductivity,
viscosity). While each of these fuel effects on jet engine performance are
touched upon again in the next two paragraphs, readers who desire full
detail are referred to the python source code (called class_surrogate.txt)
which is provided in the supplemental material.

As a means to estimate fuel effects on jet engine fuel efficiency,
Boehm et al. [7] created an engine performance model (EPM) that
captures, on the air side, two stages of adiabatic compression with
cooling flow extracted after each stage, combustion, and adiabatic
expansion. The fuel enthalpy is treated as an input to the EPM within the
combustion module. A separate model, called the fuel system thermal
model (FSTM), was developed to estimate heat absorption by the fuel
while passing between the fuel tank and the combustor. The base FSTM
consists of five heating elements: the aircraft fuel system (tank to engine
inlet), the main engine fuel pump, a recirculation loop, the fuel-cooled
oil cooler, and the rest of the engine fuel system. An optional sixth
heating element, a fuel-cooled air cooler, was developed to assist in the
exploration of conceptual designs for a thermal management system.
The user-defined inputs to these models include pressure ratios, air flow
splits, reference fuel flow rate, bypass loop fuel flow split, and engine-
inlet air flow rate. The developer inputs include the hydraulic diam-
eter, coil diameter and length of each heating element. Boehm et al.
published the complete set of developer inputs and user inputs corre-
sponding to a low-power mode of operation and a high-power mode of
operation. Their low-power model was intended to represent the tran-
sition from cruise to flight idle, which is usually the operating condition
where the fuel temperature reaches its highest value. Their high-power
model was intended to represent sea-level take-off of a fully loaded
aircraft.

The main fuel property effect on heat transfer is viscosity, where
lower viscosity promotes higher turbulence and heat flux, and the pri-
mary reason for this is that viscosity is significantly more sensitive to
variation in both composition and temperature than other relevant
properties such as liquid-phase heat capacity, thermal conductivity, and
energy density (which effects volumetric flow rate). [17] The main fuel
property effect on work done by adiabatic expansion is the hydrogen to
carbon ratio (H/C). This can be seen through examination of equations
(2) through (5), where the subscripts 4 and 8 refer to the turbine
entrance or exit stage, respectively, and the subscripts reac or prod
represent the reactants or products of combustion, respectively. In these
equations, n represents moles, H represents enthalpy, T represents
temperature, P represents pressure, ny represents the average number of
hydrogen atoms per mole of fuel, and C, or C, represents molar heat
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capacity at constant pressure or volume, respectively. The hydrogen to
carbon ratio of the fuel impacts the composition of the product gas (the
relative amount of HyO and CO5), thereby affecting the heat capacity of
the product gas.

Ts

AI_Iexpan.sion = / np;'od*cpproddT (2)
Ty
[(I*med)]

Tg Pg Yprod
8 (28 3
r=() ®)
r=G/G @

Ny . .
Nprod = Mreac + (T - 1) |equivalenceratio = 0.5 (5)

The turbine inlet temperature, the ratio between the turbine exit and
entrance temperatures, and the particulate matter resulting from fuel
combustion are all impacted by H/C in a manner that has competing
influence on the enthalpy extraction available to do mechanical work.
Boehm et al. [7] found that a large (17 %) decrease in H/C results in a
small (0.06 %) increase in the total work available via adiabatic
expansion, but after subtracting the work required to compress the air
going into the combustor the percentage increase in energy available to
create thrust increased by 0.44 %. That is a significant number, but
unfortunately in the opposite direction from what we would like vis-a-
vis fuel weight at takeoff and particulate emissions. In other words,
fuels that are advantageous with respect to aircraft fuel efficiency and
environmental impact are detrimental with respect to jet engine fuel
efficiency. This debit is not large, but it should be and is considered in
the comprehensive assessments of the benefits of optimized, hypothet-
ical SAF that are reported in this article.

2.4. Mission mix

The magnitude of ERES varies with engine operating conditions (fuel
flow and fuel to air ratio) [7], which, in turn, vary with aircraft oper-
ating conditions such as altitude, airspeed, and thrust. The one aircraft
condition that strongly influences engine conditions including fuel flow
rate among others is its thrust demand. For the purpose of this investi-
gation Boom provided two mission profiles (time increment, fuel flow
rate, thrust, etc.) represented by over 3000 discrete points. The relative
fuel flow, expressed as a ratio (R;), at each of these mission points was
approximated by equation (6), where thrust is represented by F and the
subscripts refer to the discrete point index, the minimum or the
maximum engine operating conditions.

Ri = Rmin + (Rma_x *Rmin)*(Fi *Fmin)/(Fmax - Fmin) (6)

The ratio of fuel flow at minimum or maximum flow conditions is taken
from the model described in section 2.3. This approximation works out
to a net weighting of 69 % at minimum power and 31 % at maximum
power for the trans-Atlantic mission. For sub-sonic short-haul flights
employing a Boeing 737, we estimate net weighting of 50 % at minimum
power, and this is the number used within the inner loop of the opti-
mization to estimate ERES for each kernel fuel. By choosing 50 % instead
of 69 % weighting of the minimum operating condition, we are biasing
the pareto front somewhat toward that of conventional jet fuel, at least
with respect to H/C. This is because R4y is very strongly determined by
H/C while Ry, is also influenced significantly by variation in waste heat
recovery which is driven primarily by viscosity variation as a function of
fuel composition. In the final assessment, discussed later in this report
and centered around Jet-X benefits for supersonic aircraft, the 69 %
weighting of Rpyn is used. As the composition characteristics of pareto
front fuels are described in section 3.3 it will become clear that optimal
fuels are pushed toward maximum H/C even with the artificial bias we
impose toward lower H/C.
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2.5. Convergence and database selection

Three optimizations started with 1121 molecules in the database.
One of these iteratively maximized LHV and ERES, another maximized
ARES and energy density (ED), and the other maximized ARES while
minimizing the vapor pressure (Py,p) at 200 °C. For each of these opti-
mizations, the number of iterations required to achieve convergence was
reduced by trimming molecules from the database based on their
absence from any kernel fuels found within the dynamic pareto front
after 5-10 generations where each new generation is the result of
5000-10000 trial fuels. In the LHV/ERES optimization, this step was
repeated twice, resulting in a database of 189 molecules in the final
stages of the optimization. The ARES/ED and ARES/Py;,, optimizations
ended with 210 and 261 molecules, respectively, retained in the final
databases. Upon trimming the database, each optimization was restarted
from scratch, that is, from randomly guessed mole fractions of molecules
in the trimmed database. Convergence was declared when the pareto
front of the n generation of 2,000 trial fuels presented both a minimum
and maximum ARES value that was displaced by less than 0.01 %
relative to the (n-l)th generation and the following other numerical
characteristics also presented. No point on a converged pareto front was
below and to the left of any other point on the front and fewer than 10 %
of the trial fuels were identified as kernels and subsequently promoted to
the front.

Interim optimization results revealed sensitivities that warranted
consideration of other databases. In light of this, five database sub-sets
were considered to illuminate notable differences between hydrocar-
bon types. These databases are listed here.

. filtered to include only cycloalkanes (1, 2 or 3 rings)

. filtered to exclude all cycloalkanes

. filtered to include only mono-cycloalkanes

. filtered to include only iso-alkanes having exactly one branch

. single-branch iso-alkanes plus ethyl benzene, with the initial guess
being the kernels from d, modified by seeding with 1-20 %
ethylbenzene

o AN T

2.6. Property and composition analysis of candidate fuels

In addition to the six properties listed in Table 1 and the ten prop-
erties listed in Table 2, several additional property estimates were made
for the purpose of comparing candidate fuels with conventional fuels.
These properties are listed in Table 3. The thermal diffusivity, Prandtl
number, Ohnesorge number and smoke point are all calculated from
other fuel properties. Surface tension was approximated by equation (7)

[18] where X represents the mole fraction vector and & represents the
components’ surface tension vector. Missing elements in the property
vector were set equal to the mean of similar molecules (same type and
carbon number) for which data does exist in the DIPPR [19] database.
The freeze point model described by Boehm et al. [20] as well as the
seal-swell work of Faulhaber et al. [21] were used here for guidance
relating to freeze point risk and elastomeric material compatibility risk,
respectively. The distillation features are approximated through

Table 3
Summary of Additional Properties Used to Evaluate Candidate Fuels.

Temperature dependent thermal Temperature dependent Prandtl number

diffusivity

Temperature dependent surface tension ~ Temperature dependent Ohnesorge
number

Temperature dependent vapor pressure Distillation features (Ty, T30, Ts0, T70,
Too)

Seal swell
Freeze point °

Smoke point
Kinematic viscosity at —40 °C °

! Excluding the characteristic length (e.g. droplet diameter)
2 Qualitative prediction here to be followed by measurement
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simulation of a still with one theoretical plate, using Dalton’s Law and
Raoult’s Law along with the Clausius-Clapeyron equation and Trouton’s
Rule to determine vapor pressure as a function of liquid-phase compo-
sition and temperature.

Ly —
oA = (X[ 2

Dimensions of the composition analyses include carbon number, hy-
drocarbon type or degree of unsaturation (2*n¢ + 2 —ny), saturated ring
size if present and the extent of branching in alkyl groups. Any specific
molecule that is found in any one candidate fuel at a mole fraction above
0.1 or is found on average over all candidates within a pareto front at a
mole fraction above 0.05 is highlighted separately because these are
molecules that we specifically recommend as target products for fuel
producers.

2.7. Aircraft relative enthalpy savings

Proprietary models developed by Boom Technology, Inc., were used
to derive linear relationships that relate changes in aircraft weight and
drag components to changes in mission fuel consumption, to assess
sensitivities. The weight derivative is used to evaluate changes in
mission fuel weight (LHV) to aircraft component sizing differences vis-a-
vis heat exchangers, fuel tanks, the fuselage, wings and engine based on
revised fuel burn requirements. In total, seven cases have been consid-
ered. Configuration B/L is the baseline design, which is compatible with
conventional fuel or drop in SAF. Configuration A incorporates effi-
ciencies of reduced fuel weight made possible by a steady diet of Jet-X
with 2 % (or more) higher LHV than the reference fuel allowing the
aircraft to reduce fuel weight while maintaining overall range. Config-
uration B incorporates resizing of the central fuel tank, fuselage, wings
and engine to exploit a steady diet of Jet-X with 8 % (or more) higher ED
than the reference fuel without consideration of alternative aircraft
volume requirements such as passengers, cargo, and systems. Configu-
ration C combines aircraft resizing of configuration A & B, consistent
with Jet-X with 1 % higher LHV and 4 % higher ED. Configuration D
evaluates the technical feasibility of using fuel as the coolant for the
(cabin) environmental control system (ECS). Configuration E evaluates
the technical feasibility of using fuel as the coolant in the ECS precooler.
Configuration F evaluates the merit of using fuel (instead of air) as the
coolant in the hydraulic system.

3. Results
3.1. Summary of aircraft design Trade studies

The results of trades studies considering different aircraft architec-
tures intended to leverage Jet-X properties are provided in Table 4. It
must be noted that results presented in Table 4 are optimistic, and
achievable benefits may be limited in practice. Further, while mission
benefits are reported in terms of both increased range and improved fuel
efficiency, they are mutually exclusive to one or the other, but not both.
Mission benefits of fuel specific energy improvements may be realized
through either increased range at a given take off gross weight, or
reduced weight/additional payload capability for a given mission range.

Table 4
Trade Study Summary.

Case AWeight' ARES ARange (nm) Fuel Temperature
A -0.75 % 1.8% 105 no change

B -1.3% 3.2% 190 no change

C -1.0% 23% 139 no change

D Not feasible fuel temperature =~ cabin temperature
E Not feasible fuel temperature exceeds safety limits
F —400 to —500 lbs 0.30 % 15 120 °C

f Aircraft maximum gross weight
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Theoretical mission benefits of fuel energy density improvements were
estimated assuming aircraft outer mold line re-optimization for reduced
fuel tank volumes (noting that the aircraft outer mold line is not typi-
cally driven by fuel tank volumes in most aircraft), as described in
Section 2.7. Energy density benefits are likely to be more beneficial for
aircraft that are volume-limited, though nearly all aircraft are weight
limited at their maximum range.

Fuel cannot be used as the coolant in the ECS because the fuel
temperature exceeds the temperature of cooling set by the cabin. Spe-
cifically, fuel cooling was determined to be infeasible for use in the ECS
precooling because local fuel temperatures would exceed 260 °C locally
(e.g., due to high bleed air temperatures) and because it would result in
temperature differentials that are inefficient for cooling., particularly
near the end of the mission when fuel levels are at their lowest. Alter-
natively, architectures (such as a recirculation loop) that could poten-
tially mitigate these issues would detract from the benefit. A potential
benefit was identified for using a higher thermal stability fuel to cool
higher pressure hydraulic systems. Hydraulic systems that run at higher
pressures are net lower weight, but these have higher heat rejection
needs given that higher pressures result in more thermal energy within
the hydraulic fluid. For example, a 5,000 psi system may have a net
weight benefit approximated at 400 to 500 lbs over a 3,000 psi system,
realized due to smaller tube volumes and lower volume of hydraulic
fluid. However, the higher pressure system could add as much as 60 %
more heat to the working fluid. Increasing the fuel exit temperature
65°C to 120°C results in more than 80 % reduction in fuel required for
cooling. All of the values reported in Table 4 should be considered best-
case scenarios.

3.2. Limiting properties and enthalpy impact

Aircraft relative enthalpy savings (ARES), for the representative case,
can be improved by up to 0.40 % relative to nominal petroleum-derived
JetA by using fuel that has been optimized for efficiency. However, the
virtual SAF composition affording that level of improvement does not
meet all of the requirements of ASTM D7566. Notably, the aromatics
concentration is too low. Upon filtering the solutions shown graphically
in Fig. 2 to a minimum aromatics concentration of 8.0 %v, the remaining
best-case fuel composition results in ARES = 0.33 %. This composition,
as is the case for most of the solutions shown in Fig. 2, is limited by vapor
pressure at 160 °C. The energy density of this solution is 34.3 GJ/m>
which is within the experience range of petroleum-derived JetA
(34.0-35.6 GJ/m3, 95 % confidence interval) [22]. Indeed, all of the
calculated properties of this solution fall within the experience range of
petroleum jet fuel and therefore it can be considered as a potential drop-
in, 100 % SAF candidate (SAF100). Table S1 in the supplemental ma-
terial contains all of the calculated properties of all of the optimized
compositions discussed in this article, including the overall best-case,
100 % drop-in candidate from the LHV/ERES optimization starting
with the full 1121 molecule database.

Upon inspection of the species identified as favorable by the initial,
full database LHV/ERES optimization, a sub-set database containing
only iso-alkanes with a single branch was used in place of the full
database, and the optimization was repeated. The main results of that
optimization are summarized in Fig. 3. The ARES ranges from 0.37 to
0.38 %, and the solutions were limited by mass density. In order to
simultaneously provide relief on the mass density and recover some of
the fuel/elastomer interactions present with petroleum-derived JetA,
these solutions were incrementally seeded with up to 20 %y ethyl-
benzene, and the optimization was restarted. The main results of this
optimization are shown with circular symbols in Fig. 2. The most
favorable (ARES = 0.40 %) Jet-X candidate was found by this optimi-
zation, and the most favorable (ARES = 0.32 %) SAF100 candidate
identified by this optimization has properties that closely align with
those of the LHV/ERES optimization over the full database. Interest-
ingly, the addition of ethylbenzene to the single-branch iso-alkane
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Fig. 2. Jet-X optimization summary a) results from an LHV/ERES optimization using the full database, b) results from an LHV/ERES optimization using database
consisting of ethylbenzene and 79 iso-alkanes with a single branch, c) results from a Pvap/ARES optimization using the full database, d) results from an ED/ARES
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Fig. 3. Results from LHV/ERES optimizations. a) full database, b) database containing only mono-cycloalkanes, c) database containing only mono-, bi- and tri-
cycloalkanes, d) database containing no cycloalkanes, e) database containing 79 iso-alkanes with a single branch.

database was sufficient to move the limiting property from mass density
to vapor pressure, and by providing some relief to the mass density limit,
the algorithm shifted the population distribution of iso-alkanes toward
lower molecular weight species. This shift recovered some LHV lost by
seeding ethylbenzene into the pareto front and further reduced the
viscosity relative to the reference petroleum fuel. The net result of these
changes was a small improvement in both ARES and energy density
relative to the database which contained only iso-alkanes.

The next dual-objective optimization involved ARES and energy
density (ED) because none of the prior optimizations afforded any so-
lutions with higher (more favorable) energy density than that of
petroleum-derived JetA. These solutions ranged from ARES = 0.33 to
0.35 % and ED = 35.1 to 35.7 GJ/m°>. Based on input from Boom, an

aircraft designed for Jet-X with a lower limit on ED that is shifted
3.2-4.9 % upwards relative to the lower boundary of the 95 % experi-
ence range of petroleum jet fuel, would consume 1.3-2.0 % less fuel
(enthalpy basis) than an aircraft designed to conventional fuel proper-
ties. The predicted fuel properties of these solutions are comparable to
those of petroleum-derived JetA except for those properties such as
thermal stability, elastomer compatibility, sooting, lubricity, dielectric
constant, etc. that depend strongly on aromatics, as only trace levels of
aromatics were retained by the optimization algorithm. Among the
properties influenced by aromatics, only lubricity is improved by their
presence, and we suggest that additives should be used to bring the lu-
bricity of Jet-X into acceptable limits. Note that we are making a pre-
sumption here that molecules (such as aromatics) that are absorbed by
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O-rings contribute materially to their deteriorated condition after
thousands of missions and that it is only such deteriorated O-rings that
technically require swell-inducing molecules to maintain an effective
seal throughout their duty cycle. The operational requirement is, ‘no
leaks’. The (as yet unwritten) technical requirement on the fuel should
be conceived as a limit on the range of acceptable seal swell values,
rather than a minimum swell value (or minimum aromatics content)
with an implicit assumption that the maximum swell value corresponds
to the worst-case petroleum-derived fuel. We further presume that fuel
system quantity indicating systems for aircraft fuel gaging can be readily
adapted for any value of fuel dielectric constant and its temperature
derivative in the case of aircraft redesign.

The remaining optimization summarized in Fig. 2 involves maxi-
mizing ARES while minimizing the vapor pressure at 200 °C. The
candidate fuels identified by this optimization are intended for hot fuel
applications. The idea is to maximize the liquid fuel’s tolerance for heat
absorption (without boiling) while adhering to the T;( specification of
ASTM D1655. Notionally, engine-level altitude relight requirements can
be met provided that the fuel meets all of the operability-influencing fuel
property specifications/constraints which are vapor pressure, viscosity,
and density. The Ty ruler constraint that was supplied to the algorithm
for this optimization was altered to 0.15 (instead of 0.10) because in-
termediate solutions (when the ruler limit was set to 0.10) were found to
have unacceptable Tjo values. The actual Ty is computationally more
cumbersome to estimate because it requires a simulated distillation,
while the Tj¢ ruler requires only a sorting operation on boiling point.
This is why the Ty ruler, rather than the actual Ty, is part of the
constraint filter, noted in Fig. 1. The viscosity at —20 °C and the T ruler
are both limiting properties as far as the algorithm is informed of the fuel
quality requirements.

In spite of meeting specification requirements, this fuel is a risk to
cold start and altitude relight requirements for two reasons: high vis-
cosity and low vapor pressure. The converged ARES/Py,, solutions
afford no better ARES (0.31-0.33 %) than the ARES/ED solutions and
their energy density is lower. Nevertheless, we entertain the possibility
(no matter how unlikely) that the extra design envelope afforded by such
a fuel with regard to the aircraft or engine thermal management system
could trump the somewhat larger fuel tanks and tubing requirements
(relative to the ARES/ED solutions) and whatever provisions are
necessary to ensure altitude relight capability. To the extent that the
following models and approximations are accurate, the vapor pressure
(Pygp) of the fuel at any temperature (T) is given by equation (8), where
Ty is the normal boiling point. These models and approximations include
Trouton’s Rule, Raoult’s Law, Daltons Law, and the Clausius-Clapeyron
Equation.

P,qp = exp(10.404* (1 - %)) ©)

Inherently, any fuel with an elevated boiling point will have exponen-
tially lower vapor pressure (and evaporation rates) as combustor inlet
temperatures decrease. Relative to 156 °C (which is chosen here as a
reference because it corresponds to the mean bubble point of 4901 JP8
samples reported in the 2011 PQIS database [22]) the vapor pressure at
—20 °C of a fuel with a normal boiling point of 200 or 250 °C is 1.76 or
13.7 times lower, respectively. Such a large impact on vapor pressure is
expected to result in a large deleterious impact on the fuel evaporation
rate at combustor inlet conditions corresponding to cold-day ignition. As
aresult, fuel like those resulting from the ARES/Py,;, optimization would
place a premium on thermal management design concepts that avoid the
need to select a fuel with decreased fuel vapor pressure at high tem-
perature. This can be done by avoiding the transfer of too much heat into
the fuel at low-flow operating conditions (low fuel pressure) while
enabling the transfer of as much heat as possible into the fuel at high-
flow operating conditions (high fuel pressure).

Fuel 371 (2024) 132049

3.3. Composition characteristics of Jet-X and optimized SAF100
candidates

The prominent composition characteristics of the average of each
pareto front shown in Fig. 2 are discussed below while the detailed
composition of any point shown in this manuscript is available upon
request.

The full database LHV/ERES optimization favored iso-alkanes (77.8
%mo1) over all other all other hydrocarbon types. In particular, 3-ethyl-
decane accounted for 17.0 %m0 of the average composition and was the
only compound present at greater than 10 %,,). As evident from Fig. 4,
the optimization favored iso-alkanes with one or two branches, together
accounting for 65.3 %pe of the pareto front solutions. The average
molecular weight of the alkanes in the pareto front was found to be
151.0 g/mol, with notably higher weighting of species with 10 or 12
carbon atoms. The relative paucity of iso-alkanes with 11 carbon atoms
within the pareto is not yet fully explained and should not be taken too
literally. Part of the reason could be that the full database contained 71,
43, and 48 different iso-alkanes with 10, 11, and 12 carbon atoms,
respectively. Also, 3-ethyldecane has a normal boiling point of 204.6 °C,
just under the Tjo constraint of 205 °C, which could be artificially
favored as a result of the approximations used to account for this
constraint. Cycloalkanes, including mono- bi- and tri-cycloalkanes
comprised just 9.7 %mo of the pareto front solutions. Among the
cycloalkanes, nearly all contained a 5-membered ring and nearly half
were comprised of species without any alkyl group branching. The
average molecular weight of the identified cycloalkanes was quite low,
with carbon number (C#) ranging from 7 to 10. The most prominent
cycloalkane was bicyclo[2.2.1]heptane, which accounted for 2.5 %01 of
the pareto front average. Aromatics, including alkylbenzenes, naph-
thalenes, indanes and tetralins constituted 12.5 %p, of the pareto front
solutions. Nearly all of these were alkylbenzenes. While no single aro-
matic molecule exceeded 3 %], those with a total of 12 carbon atoms
accounted for nearly half of all aromatic content.

The LHV/ERES optimization initiated from a database containing
ethylbenzene and 79 iso-alkanes with one branch resulted in an average
(of 250 points) pareto front that contained 11.3 %y, ethylbenzene and
88.7 Y%, iso-alkanes. The carbon number distribution, shown in Fig. 5,
of the iso-alkanes in these solutions was found to have much in common
with the result from the LHV/ERES optimization over the full database.
Like the former optimization, two molecules, 3-ethyldecane (19.1 %mo1)
and 3-ethyloctane (15.3 %)) had significantly elevated concentrations
relative to other species. However, one molecule, 6-pentyldodecane
(9.3 %mo) was favored by this optimization but not favored in the
similar optimization over the full database. This observation illustrates
that solutions are not unique, and that potential short-comings of one
solution can be overcome with little or no loss of performance benefit.
For example, if one solution has a freeze point that is too high because of
too much concentration of one or another high-freeze-point component,
such as 3-ethyldecane or 6-pentyldodecane, its concentration can be
restricted to an acceptable level in a subsequent optimization which will
find an alternative composition that is nearly as good. This example
demarcates a genuine risk with each of these Jet-X candidates. The re-
ported freeze point of 3-ethyldecane is 72 °C [23] and the freeze point of
6-pentyldodecane is suspected to be significantly higher than —40 °C,
which is the maximum allowable freeze point of JetA fuel per ASTM
D1655. At present, no supplier of these materials (at any grade) has been
found, rendering it problematic to quantify this risk. Moreover, a
pathway to the cost-effective producibility of these materials is beyond
the scope of this article.

The ARES/ED optimization that began with the full database con-
taining 1121 molecules, also favored iso-alkanes (91.4 %mo]) over all
other all other hydrocarbon types. The two most favored molecules by
this optimization were 3-ethyldecane (14.9 %p01) and 5,10-dimethylte-
tradecane (7.1 %), and a total of 28 molecules were present at con-
centration higher than 1 %. The averaged compositions across each of
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Fig. 5. Composition characterization: result of an LHV/ERES optimization
using a database containing ethylbenzene and 79 iso-alkanes with a single
branch. The four most abundant species, on average, in this set of 250 com-
positions are: 3-ethyldecane (19.1 %po1), 3-ethyloctane (15.3 %mop), ethyl-
benzene (11.3 %po1), and 6-pentyldodecane (9.3 Y%mop).

the pareto fronts presented in Fig. 2 are provided in Table S2 within the
supplemental material. A notable advantage of a fuel with many con-
stituents is that its freeze point should be quite low. However, the pro-
ducibility of such a fuel, precisely as defined by the optimized
compositions, is challenging. The path forward here is to produce mix-
tures that reproduce the higher-level composition characteristics shown
in Fig. 6 as closely as is pragmatic while also targeting specific repre-
sentation of the most prevalent species in these definitions.

While 3-ethyldecane was highlighted by all of the optimizations,
clear compositional differences exist between those solutions optimized

for LHV and ERES and those optimized for ED and ARES. The ED/ARES
optimized candidates contain essentially no aromatic materials, instead
containing iso-alkanes with higher molecular weight (174.6 g/ml
compared to 152.3 g/ml) and more branching than their LHV/ERES
optimized counterparts. The characteristics of the selected cycloalkanes
also differed significantly. The ED/ARES optimization identified signif-
icant content of compounds with 8-, 9- and 10-membered rings in
addition to one bridged ring compound, bicyclo[3.3.3]undecane.
Conversely, the LHV/ERES optimization identified primarily cyclo-
pentanes and di-cyclopentanes. The often-discussed molecule, decalin
[24-26] was present in the full database, but was not selected by any of
the optimizations.

The ARES/Py,, @200 °C optimization that began with the full
database containing 1121 molecules favored iso-alkanes (99.9 %)) to
the exclusion of all other hydrocarbon types. The most favored molecule
was again 3-ethyldecane, which comprised 9.4 %, of the pareto front
solutions. The second and third most favored molecules in this pareto
front were 6-pentylundecane (2.8 %) and 5-propylundecane (2.5 %),
respectively. Overall, 32 molecules were identified in concentration
over 1 %, and the average molecular weight of these Jet-X candidates
was determined to be 193.7 g/ml. Iso-alkanes with 1 or 2 branches
comprised 76 %mol of the pareto front solutions, which can be seen
graphically in Fig. 7. In addition to the property risks noted above,
namely viscosity and vapor pressure at arctic-day conditions, the cost-
effective producibility of this mixture is a very high risk. While the
mixture contains many species from a production point of view, the total
number of isomers represented in these solutions is a small fraction of all
possible isomers of iso-alkanes. Moreover, it is unlikely that the optimal
proportions of these molecules match those of any known production
pathway as separation of the favored isomers relative to the unfavored
isomers would be challenging. Nonetheless, this optimization affords a
benchmark of best-case performance benefit which is useful for charting
a course to net-zero CO; emissions by 2050 even if a different path is
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pursued.
4. Conclusion

Sustainable aviation fuel is required by quality-controlling specifi-
cations to meet a higher thermal stability standard than petroleum
distillate fuels and this characteristic can be leveraged to improve en-
ergy efficiency in new or retro-fitted engine or aircraft designs where a
commitment has been made to burning fuel that meets a specification
beyond that of conventional JetA (e.g. ASTM D1655). Additionally, Jet-
X developers have the opportunity to further increase the value of their

10

product by infusing higher-than-conventional-Jet-A specific energy into
the fuel they produce, with marginal added value for increased energy
density. This work shows that fuel energy density can be increased
3.2-4.9 % relative to —2¢ JetA (2011, PQIS data) while simultaneously
increasing its specific energy by 1.0 %. While the direct (a.k.a. drop-in)
impact of higher specific energy on aircraft efficiency is 0.43 % per MJ/
kg increase in LHV for a trans-ocean flight in a legacy supersonic aircraft,
Boom has estimated 1.8 % enthalpy savings is possible with redesign to
leverage an increase in fuel specific energy of 2 %. While increases in
fuel energy density could have aircraft enthalpy savings, aircraft
development potential with reduced tank volumes is typically
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constrained by other factors such as wing packaging, passenger volume
requirements and overall center of gravity and flight control law re-
strictions. Further, increased energy density fuels are likely to have
limited value for weight-limited aircraft (which applies to most current
aircraft including supersonic aircraft) where fuel tanks are designed to
have excess volumetric capacity at maximum range. Absent any design
change whatsoever to the engine, aircraft, or airport fuel-hydrant
hardware, SAF100 can be optimized to afford approximately 0.3 %
better fuel economy depending on the specific aircraft and its assigned
mission.

Iso-alkanes have been identified as the most preferred hydrocarbon
type from an enthalpy consumption perspective. Iso-alkanes with one or
two branches were favored when energy density was ignored and the
minimum mass density requirement was met by blending with aro-
matics and cycloalkanes. In this case, fuel vapor pressure at 160 °C
motivated the carbon number population distribution of the iso-alkanes
and blend components alike. The iso-alkane fraction of these solutions
had an average molecular weight of 152.3 g/mol. The cycloalkane
fraction of these solutions consisted primarily of compounds with one or
two five-membered rings, and the aromatic fraction consisted primarily
of molecules containing a total of 12 carbon atoms. However, a similar
enthalpy efficiency impact was attained for optimized SAF with no
cycloalkanes and just one aromatic compound, ethylbenzene. In this
case the average molecular weight of the iso-alkane fraction was 151.0
g/mol and that was motivated by a combination of mass density and
vapor pressure.

For the dual-objective optimization of energy density and aircraft
relative enthalpy savings, the population distribution of iso-alkanes,
relative to the prior optimization case, shifted to higher molecular
weight (174.6 g/mol) and increased branching. The characteristics of
the cycloalkanes in these candidate fuels also shifted relative to the prior
optimization. In this case, several mono-cycloalkanes containing ring
structures with 8, 9, or 10 carbon atoms showed up as promising com-
ponents in Jet-X. The drawback of increased energy density was found to
be increased viscosity, but 25 % margin (6 cSt compared to 8 cSt) to the
maximum allowed viscosity for JetA at —20 °C remained. Moreover, the
vapor pressure (ca. 0.22 torr) at —20 °C remained reasonable.

Designing a fuel to maximize the allowable fuel temperature by
minimizing vapor pressure at 200 °C proved problematic since the vapor
pressure at —20 °C (<0.09 torr) drops below the industry experience
range, presenting a significant risk to arctic-day ignition requirements,
and the viscosity was driven all the way up to its maximum limit, which
further increases the risk to both arctic-day ignition as well as altitude
relight conditions. The lesson here is not that hot fuel cannot be done,
but rather that design changes intended to exploit the higher thermal
stability of SAF should not add much additional heat into the fuel at
conditions corresponding to low fuel pressure, instead allowing much
more heat into the fuel when the fuel pressure is well above the critical
pressure of the fuel such that the change in fuel (mass) density with
temperature remains sufficiently low to avoid fuel flow control system
instabilities, cavitation and fuel-coupled combustion dynamics.
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