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A B S T R A C T

One of the challenges in developing 100% sustainable aviation fuels is the effect of synthetic blend components 
on the dielectric constant. Modern aircraft often employ capacitance-based gauging systems that rely on the 
dielectric constant of the fuel onboard to determine fuel quantity. Aircraft manufacturers have expressed concern 
over inaccuracies in fuel gauging attributable to variances in the dielectric constant between conventional jet 
fuels and 100% paraffinic sustainable aviation fuel. In our study, dielectric constant and density data were 
gathered from 172 conventional jet fuel samples to establish a baseline “experience range.” Subsequently, thirty- 
five individual hydrocarbon molecules from the jet fuel range and nine fuels were acquired, characterized, and 
reported herein according to the Clausius-Mossotti relationship. Our findings indicate that different hydrocarbon 
group types exert varying effects on the Clausius-Mossotti relationship. To align with the established experience 
range for both the dielectric constant and the Clausius-Mossotti relationship, it appears that 100% drop-in SAF 
will need to incorporate some aromatic compounds. Finally, we explored two blending rules for the dielectric 
constant of jet fuel range hydrocarbons and achieved excellent coefficients of determination (R2 values of 0.9942 
and 0.9983, respectively).

1. Introduction

Commercial aviation is one of the safest means of travel. This is due
to a combination of industry regulations, rigorous pilot training, and 
redundancy of aircraft components. Safety is and always will be para-
mount on commercial airlines and at the forefront of development ef-
forts toward commercial airlines’ net-zero 2050 carbon emission goals 
[1]. Sustainable aviation fuel (SAF) is the key contributor to this goal. 
Other technologies have been envisioned, including hydrogen and 
electrification. However, the technology readiness level of these tech-
nologies are low, rendering them unlikely to contribute as much as SAF 
toward the carbon emissions goal by 2050 [2–4].

Several currently approved synthetic blending component pathways 
in ASTM D7566-22 are allowed to be blended up to 50 % by volume (A3 
and A7 are limited to 10 % by volume) with conventional jet fuel for 
commercial usage. The blend limits of these various annexes are due to 
differences in fuel properties outside of the petroleum experience, such 
as density and material compatibility (i.e., O-ring seal swell). Another 

concern raised by aircraft manufacturers is possible inaccuracy in fuel 
gauging due to the difference in the relationship between density, 
dielectric constant and temperature for jet fuels derived from synthetic 
sources (i.e., 100 % paraffinic SAF) when compared to jet fuels from 
crude oil. With the diversification of SAF feedstocks, conversion pro-
cesses, and product compositions, there remains significant uncertainty 
in regard to the impact all this has on the dielectric constant and other 
properties. As per ASTM D4054, dielectric constant and many other 
properties are considered “fit-for-purpose” properties, which are not 
controlled explicitly by the fuel specifications (ASTM D1655, UK MoD 
Def Stan 91–091, ASTM D7566, MIL-DTL-83133, MIL-DTL-5624, etc.). 
Despite not being explicitly regulated, these properties are vital for en-
gine and airframe fuel system design and undergo assessment during the 
ASTM D4054 approval process.

Precise fuel quantification aboard aircraft is essential for ensuring 
operational safety and efficiency. Fuel quantity indicating systems 
(FQIS) on contemporary aircraft, typically employ capacitance or speed 
of sound methods to gauge fuel levels, with the former being more 
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widespread. These systems are influenced by fuel characteristics, with 
capacitance-based FQIS leveraging the Clausius-Mossotti relationship to 
correlate the measured dielectric constant with fuel density. Conse-
quently, fuel mass, rather than volume — which can fluctuate with 
temperature changes experienced during flight — is utilized to ascertain 
the aircraft’s operational range. The system computes the on-board fuel 
mass by combining volume measurements with density calculations, 
derived from capacitance readings. While some aircraft enhance FQIS 
accuracy with onboard densitometers for direct density measurement, 
this feature is not universal.

Capacitance based FQIS gauging relies on the following major pa-
rameters: dielectric constant, voltage, frequency, and geometry. The 
latter three are fixed in the aircraft design, so the only variable param-
eter is the dielectric constant. The dielectric constant (i.e., relative 
permittivity) is a function of the fuel composition and temperature. The 
major aircraft manufacturers use some combination of historical data to 
design their FQIS. In practice, deviation from the hard-coded Clausius- 
Mossotti line will cause either an over or under-estimation of fuel on 
board. A fuel gauging error of ± 6 % is typical [5], supposing that the 
dielectric constant is treated as a constant independent of temperature 
and fuel type. By introducing dielectric compensation, this error is 
reduced to ± 2.5 % [5], where the compensator is typically located at 
the bottom of the fuel tank. Most aircraft have a densitometer installed, 
but the industry is now increasingly using the densitometer only on the 
ground due to air bubbles (outgassing), vibrations in-flight, etc. Where 
the dielectric constant, density, and temperature of the uplifted fuel 
during refueling are measured and then mapped to dielectric and tem-
perature sensors in all tanks, density can also be inferred using the 
Clausius-Mossotti relationship, which contributes about ± 1.2 % [5] to 
overall accuracy error.

The two latest world fuel surveys of performance and fit-for-purpose 
properties for aviation jet fuels include ARINC 611 [6] and CRC 647 [7]. 
A total of 172 jet fuel samples from around the world were collected and 
characterized, generating a total of 1200 data points on density and 
dielectric constant. This data was used to correlate density and dielectric 
constant using the Clausius-Mossotti relationship. Relatively similar 
slopes and intercepts are observed for both data sets. While both of these 
surveys are excellent, it should be recognized that 172 samples are a 
small fraction of the total population. This data is suitable for high-
lighting trends and average values; however, the relatively modest data 
set does not accurately define the distribution’s shape and should not be 
used to deduce the range’s extreme property values.

Unlike other properties that are mentioned in ASTM D4054, the 
dielectric constant of aviation fuel is largely unstudied. Sen et al. [8]
were able to observe that dielectric constants of mixtures of liquid hy-
drocarbons exhibited linear relationships with volume fraction by 
investigating light alkanes (C2-C7) and some hydrocarbon mixtures 
using a slotted line technique at 1.2 GHz and at atmospheric pressure 
over a temperature range of 115–295 K. Pan et al. [9] explored the 
dielectric constant and Clausius-Mossotti functions for liquid mixtures 
containing nitrogen, argon, and light hydrocarbons. The liquefied nat-
ural gas densities were determined from accurately measured dielectric 
constants and compositions. Sharma et al. [10] studied the measurement 
of dielectric parameters of aviation fuel at various frequencies using the 
cavity perturbation technique, which showed that the dielectric con-
stant of jet fuel is a function of frequency at X-band frequencies. Brazier 
et al. [11] studied the effect of pressure on the density, viscosity, and 
dielectric constant of some light hydrocarbons. While there is some 
published research on the dielectric constant of hydrocarbons, there are 
no published studies on the effect of synthetic blend components or 
sustainable aviation fuel or jet fuel composition on the dielectric con-
stant and the Clausius-Mossotti relationship.

Here, we report the dielectric constant and density measurement for 
four conventional fuels, thirty-four neat jet fuel range hydrocarbons, 
thirty-two mixtures, and six synthetic blending components (SBC) over a 
range of 10 to 30 ◦C. One hundred and seventy-two different jet fuel 

dielectric constant and density measurements over the range of − 35 to 
70 ◦C were gathered from two reports to establish a conventional jet fuel 
experience range. These new data are used to investigate the effect of 
SAF on the dielectric constant and evaluate two different blending rules 
for dielectric constant estimation of jet-range hydrocarbon mixtures, 
while the mined data is used to characterize the conventional fuels 
experience range.

2. Materials and methods

a) Reference materials

Forty-five hydrocarbon materials were sourced from five vendors 
and six fuel producers. The details of these materials are included in 
Table 1.

b) Density and dielectric constant measurement

The Stanhope-Seta equipment, JetDC, was used to measure both 
density and dielectric constant according to IP 638 [12]. The JetDC has a 
density range from 0 to 900 kg/m3, a dielectric constant range from 1 to 
2.5, and a temperature range from 10 to 30 ◦C with a temperature res-
olution of 0.01 ◦C. An existing standard test method (ASTM D924) for 
relative permittivity for electrical insulating liquids provides a proced-
ure for measurements at frequencies between 45 and 65 Hz. This is a 
different frequency than is used for the equipment installed on airplanes, 
and these lower frequencies have significant interference from water. 
Thus, the new JetDC (5000 Hz) was designed for conventional jet fuel 
and SAF.

A brief description of the standard test method follows. the sample is 
loaded into the cell at 20 ◦C, the cell is cooled to 10 ◦C and the density 
and dielectric constant are measured, the cell is then warmed up in 5 ◦C 
increments up to 30 ◦C, and at each new temperature the density and 
dielectric constant are measured.

The permittivity measurement cell consisted of an inner, outer, and 
guard electrodes with a known cell constant. The capacitance is 
measured at each temperature at an excitation frequency of 5000 Hz. 
The density measurement utilized a resonance-type measurement with 
an accuracy of 0.5 kg/m3. The relative permittivity (εr) is calculated 
using Equation (1). 

εr = Cs/C0 (1) 

In Equation (1), Cs is the capacitance of the test cell containing the 
sample and C0 is the capacitance of the test cell under vacuum. 
Obtaining a vacuum can be problematic and a more practical means to 
obtain the cell constant is to use a certified reference material in which 
case Equation (2) is used to calculate C0. 

C0 = Ccyclohexane/εrcyclohexane (2) 

Where Ccyclohexane is the capacitance of the cell containing certified 
reference cyclohexane, and εrcyclohexane is the certified value for relative 
permittivity of the certified reference cyclohexane.

c) Clausius-Mossotti relationship

Two forms of the Clausius-Mossotti relationship are represented in 
Equations (3) [13] and (4) [5], respectively. In these equations, the 
dielectric constant at a given temperature (dimensionless) is denoted by 
εr, the molecular weight of the fuel (g/mol) is denoted by MW, the molar 
polarizability (cm3/mol) is denoted by R, and the fuel density at a given 
temperature (g/cm3) is denoted by ρ. For jet fuel, the published values 
[5] for the constants A and B are 1.0 ± 10 % and 0.3658, respectively. 

εr − 1
εr + 2

=
ρR

MW
(3) 
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εr − 1
ρ = A+B(εr − 1) (4) 

While Equation (3) is true only for materials with no permanent 
dipole moment, it may be particularly useful for the prediction of 
dielectric constant for conceptualized fuels or even neat hydrocarbons 
because polarizability, density, and molecular weight are each readily 
predictable or well documented. Equation (4) is generally true, but the 
constants are dependent on the material and heretofore have been 
determined empirically, via linear regression, by collecting density and 
dielectric constant data over a series of temperatures. By ignoring the 
material dependence of A and B and rearranging Equation (4) to 
Equation (5), the density of fuel is estimated from its measured dielectric 
constant. A prominent goal of this research is to inform the aviation 
research community of the implication of ignoring the material depen-
dence of A and B as the composition of (potential) future jet fuels de-
viates from the composition of fuels used to generate the reference 
database that was used to establish the constants, A and B for jet fuel. 

ρ =
(εr − 1)

{A + B(εr − 1)}
(5) 

d) Reference database for conventional jet fuels

Per ASTM D4054, the dielectric constant is considered a fit-for- 
purpose property. It is not controlled explicitly by the fuel specifica-
tions but is important for capacitance-based FQIS gauging. As such, it is 
important to establish the experience range of Clausius-Mossotti plot 
data for conventional jet fuel. Combined, the datasets from ARINC 611 
and CRC 647 account for 1200 data points from 172 different Jet A fuel 
samples. The ARINC data was taken at − 35 to 25 ◦C at 10 ◦C increments 
and the CRC data was taken at various temperature increments from 
− 35 to 70 ◦C. The Clausius-Mossotti plot is generated for each of the 172 
fuel samples to derive a conventional jet fuel experience range for both 
the slope and intercept. It should be noted that the ARINC data was 
published in 1999 and the CRC was published in 2006. It is certainly 
possible that modern Jet A fuel has lower aromatic content and lower 
cycloalkane content due to industry-wide changes in petroleum refining 
practices [14]. However, any year-over-year trend in the average 
composition of jet fuel is believed to be small relative to the worldwide 
variation in jet fuel composition observed over any 12-month period 
since records of jet fuel composition have been kept.

e) Blending rule for mixture

Predicting the dielectric constant of fuel blends is particularly valu-
able, given the impracticality of conducting dielectric constant mea-
surements for every individual blend ratio. Two blending rules were 
evaluated against measurement. One predicts the mixture’s dielectric 
constant directly from the component volume fraction and dielectric 
constant, and the other predicts the mixture’s dielectric constant from 
the mixture polarizability and molar volume. The volume fraction 
blending rule, expressed here as Equation (6), was first introduced by 
Sen et al. [8] for light alkanes (C2-C7). We apply it here to liquids 
because the dielectric constant is linear with density, and density has a 
volume fraction blending rule. In this equation, εrmix denotes the 
dielectric constant of the mixture and vi and εri are the volume fraction 
and neat dielectric constant, respectively of the ith component. The 

Table 1 
The hydrocarbons used in this study, including the source and purity.

Name Type Supplier Purity

hexane n-alkane Sigma-Aldrich >99 %
heptane n-alkane ACROS 99 %
octane n-alkane ACROS 99 %
nonane n-alkane ACROS 99 %
decane n-alkane Thermo 

Scientific
99 %

undecane n-alkane Thermo 
Scientific

99 %

dodecane n-alkane Thermo 
Scientific

99 %

tridecane n-alkane TCI >99 %
tetradecane n-alkane Thermo 

Scientific
>99 %

2,3-dimethylbutane iso-alkane Thermo 
Scientific

>98 %

2,2,4-trimethylpentane iso-alkane Thermo 
Scientific

99 %

2,6,10-trimethyldodecane Synthetic 
paraffinic 
kerosene (SPK)

Amyris N/A

2,2,4,4,6,8,8- 
heptamethylnonane

iso-alkane Thermo 
Scientific

98 %

cyclohexane cycloalkane Thermo 
Scientific

99 %

methylcyclohexane cycloalkane Thermo 
Scientific

99 %

cycloheptane cycloalkane TCI 99 %
cyclooctane cycloalkane Thermo 

Scientific
>99 %

ethylcyclohexane cycloalkane ACROS >99 %
1,2-diethylcyclohexane cycloalkane TCI 98 %
1,2,4-trimethylcyclohexane cycloalkane TCI >96 %
tert-butylcyclohexane cycloalkane Thermo 

Scientific
>99 %

1,4-dimethylcycloctane 
(DMCO)

Cyclo paraffinic 
kerosene (CPK)

CleanJoule, 
Mukund 
Karanjikar

N/A

trans-decalin cycloalkane TCI >98 %
cis-decalin cycloalkane TCI 98 %
bicyclohexyl cycloalkane TCI >99 %
toluene aromatic Thermo 

Scientific
99 %

ethylbenzene aromatic Thermo 
Scientific

99 %

n-propylbenzene aromatic Thermo 
Scientific

98 %

m-xylene aromatic TCI >99 %
o-xylene aromatic TCI 98 %
p-xylene aromatic Thermo 

Scientific
99 %

n-hexylbenzene aromatic Alfa Aesar 98 %
1,2,3-trimethylbenzene aromatic Sigma-Aldrich >89 %
1,2,4-trimethylbenzene aromatic TCI >98 %
1,3,5-trimethylbenzene aromatic TCI >97 %
1-methylnaphthalene aromatic Thermo 

Scientific
96 %

tetralin aromatic Thermo 
Scientific

97 %

n-butylbenzene aromatic Thermo 
Scientific

>99 %

A-1 (POSF 10264) Jet A AFRL, Tim 
Edwards

N/A

A-2 (POSF 10325) Jet A AFRL, Tim 
Edwards

N/A

A-3 (POSF 10289) Jet A AFRL, Tim 
Edwards

N/A

Hydroprocessed Esters And 
Fatty Acids (HEFA)

SPK World Energy N/A

Fischer-Tropsch Synthesized 
Paraffinic Kerosine (FT-SPK)

SPK AFRL, Tim 
Edwards

N/A

Synthetic Aromatic Kerosene 
(SAK)

SAK Virent N/A

Alcohol-To-Jet Synthetic 
Paraffinic Kerosene (ATJ)

SPK AFRL, Tim 
Edwards

N/A

Table 1 (continued )

Name Type Supplier Purity

Cycloparaffinic Kerosene 
(CPK0)

CPK Shell N/A

JP-10 Jet Fuel AFRL, Tim 
Edwards

N/A
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advantage of this blending rule is that no additional information 
regarding the mixture is required to do the calculation. 

εrmix =
∑

vi*εri (6) 

For nonmagnetic materials with no permanent dipole, the dielectric 
constant, εr is related to the polarizability (R) by a simple algebraic 
expression written here as equation (7). The blending rule for polariz-
ability, expressed here as Equation (8), has been widely disseminated 
[15] and is extraordinarily accurate. Moreover, the polarizability of 
saturated hydrocarbons can be predicted with excellent accuracy via a 
group additivity approach [16]. The accuracy of such models applied to 
aromatic hydrocarbons is not well understood, and thus the ’effective 
polarizability’ (defined as the result of Equation (7)) of aromatic species 
in fuel may require substantially more intricate models or determination 
from measured density and dielectric constant. Once the polarizability 
of the mixture is determined from Equation (8), it is straightforward to 
rearrange Equation (7) to calculate the dielectric constant or the molar 
volume of the mixture provided the other is known. It cannot be used to 
simultaneously predict both density and dielectric constant. In other 
words, this analysis is ideal for mixtures with well-known composition, 
from which molar volume can be readily determined. However, for 
commercial fuel, which is a complex mixture with incomplete compo-
sition illumination, a more direct approach for estimating the dielectric 
constant of a mixture of fuels, such as Equation (6), is preferred.

R = Vm*
εr − 1
εr + 2

(7) 

Rmix =
∑

vi*Ri (8) 

3. Results and discussion

A Clausius-Mossotti plot is provided in Fig. 1, showing all 1200 data 
points (open circles) from the database described in the abovementioned 
section and the best-fit line (dash lines) through these points. The slope 

and intercept of the combined data are 0.35944 and 1.0005, respec-
tively, which is consistent with the published value [5] for constant A is 
1.0 ± 10 %, and constant B is 0.3658. Since the dielectric constant varies 
inversely with temperature, the lower-left of this plot is populated by the 
higher-temperature portion of the CRC dataset and is not a reflection of 
any fuel composition differences between the two datasets. The cluster 
of 18 blue points below the trend line originates from three fuel samples 
drawn from different places around the world. All three samples have a 
lower aromatic content (14.1 v%) compared to the CRC average (20.0 v 
%) and elevated total cycloalkanes content (42.5 v%), especially in 
dicycloalkanes content (23. 5v%) compared to CRC average of 21.1 v% 
and 9.0 v%, respectively. It is worth noting that the lowest aromatic 
sample is a 100 % synthetic fuel from South Africa with 5.6 v% aromatic 
content and a 2.6 v% total cycloalkanes content. However, this fuel has a 
dielectric constant that is well within the conventional fuel range. The 
technical reason behind this observation will be discussed in a later 
section. The linearity of dielectric constant with respect to temperature 
for jet fuel in the liquid range is also investigated, where the temperature 
range is restricted (− 35 to 25 ◦C for ARINC data and − 35 to 70 ◦C CRC 
data) to avoid highly non-linear features that present in many properties 
as the temperature approaches a phase transition (freezing or boiling). 
The average R-square value for the 172 dielectric constant versus tem-
perature correlations is exceptional, 0.99989.

It is understood that different hydrocarbon types (normal, iso, cy-
cloparaffins, aromatics, diaromatics) have different dielectric properties 
(absolute values at a given temperature and slopes of dielectrics vs. 
density relationship) [17]. The typical distribution of hydrocarbons that 
were historically present in turbine fuels (e.g., aromatic content around 
16–18 v%), resulted in a combination of dielectric values that aviation 
industry and fuel probe manufacturers accepted as typical for design and 
calibration of fuel quantity indication systems. Most modern aircraft rely 
on these properties for the accurate gauging of fuel on board.

Fuels with unique distribution of hydrocarbons such as those that 
lack of an entire hydrocarbon type, aromatics or cycloparaffins will have 
dielectric properties that are outside of the typical experience (e.g., 
absolute value and/or slope). Use of such fuels in fuel systems that rely 
on an average hardcoded relationship of dielectric permittivity vs. 
density will result in inaccurate estimation of fuel quantity.

Due to the nature of the production process fuels from unconven-
tional sources often lack one or more type of hydrocarbons. For example, 
HEFA SPK predominantly consists of iso-paraffins, virtually no aro-
matics, and has a relatively low proportion of cycloparaffins. As a result, 
dielectric properties of emerging fuels (SAF) are likely going to be 
outside of the current typical experience. Better understanding of how 
chemistry of emerging fuels impacts dielectric properties is needed.

Since it is virtually impossible to find fuels with properties near the 
outer corners of the experience range, selected single molecules and 
simple mixtures are used to represent the corners of the real fuel expe-
rience range. Single molecule hydrocarbons that represent major hy-
drocarbon types found in turbine fuels were chosen for this study. These 
included n-paraffins, iso-paraffins, cycloparaffins, and aromatics. Each 
type is represented by different substitution patterns, providing insight 
into the structure – dielectric property relationship.

To better understand the different hydrocarbon type effects on the 
Clasusius-Mossotti relationship, data from the thirty-four individual 
hydrocarbon molecules and nine fuels (10 to 30 ◦C) are plotted in Fig. 2, 
where the 172 reference jet fuels were also extrapolated/interpolated to 
10 to 30 ◦C to create a back-to-back comparison. In general, the satu-
rated hydrocarbons were clustered at the bottom left of Fig. 2, where n- 
and iso-alkanes were mostly on the same line as the reference fuels but at 
a lower density. This is no surprise since n- and iso-alkanes makes up 
most of the jet fuel composition. The cycloalkanes fall below the refer-
ence fuel line, while the polycycloalkanes are positioned farther away 
from it. The dielectric constant of cycloalkanes, n-alkanes and iso-al-
kanes are similar. The reason that cycloalkanes deviate from the 
trendline is because of the difference in density at a given temperature. 

Fig. 1. Clausius-Mossotti relationship for 172 different jet fuel samples. The 
dielectric constant and density of 114 Jet A sample at − 35 to 25 ◦C are from 
ARINC report (red open circles), and dielectric constant and density of 57 Jet A 
sample at − 35 to 70 ◦C are from CRC report (blue open circles). In addition, the 
best fit line of ARINC data (red dash line), CRC data (blue dash line), and the 
combination of both report (purple dash line) are also reported.
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The unsaturated hydrocarbons, or aromatics, are on the top right corner 
of the Clasusius-Mossotti plot. It is observed that all three 100 % 
paraffinic SAFs (HEFA, FT-SPK, and ATJ) exhibit similar dielectric 
constants and Clausius-Mossotti relationship. This finding is consistent 
with expectations, given that these SAFs consist entirely of normal and 
branched alkanes. Contrastingly, SAK is primarily composed of mono- 
aromatic compounds [16]. This chemical composition accounts for its 
proximity to other mono-aromatic fuels on the Clausius-Mossotti plot. 
Note the large difference between the dielectric properties of o-xylene 
and p-xylene. This interesting observation is discussed in a later section.

To further assess the variation in fuel samples and hydrocarbon type, 
the constants of the Clausius-Mossotti relationship were computed for 
each temperature series of each fuel sample, and these values are shown 
in Fig. 3. The locus of points corresponding to petroleum fuels resides 
along a straight line. Linear extrapolation of this line to a lower slope 
(higher intercept) brings it into the data corresponding to all neat iso 
and normal alkanes (nC6 to nC14) provided in Table 1. Most of the data 
corresponding to cycloalkanes resides to the left (or below) this line, 
while most of the data corresponding to unsaturated hydrocarbons re-
sides to the right (or above) this line. Such a feature-level difference 
between different hydrocarbon types raises concern that future fuels, 
with markedly different compositional characteristics relative to 

conventional fuels, may require software (or gauging) changes to 
aircraft systems used to determine fuel quantity. The purpose of Fig. 3 is 
not to compare pure aromatics with conventional jet fuel but to see the 
effect of the hydrocarbon group type on the Clausius-Mossotti 
relationship.

Since the Clausius-Mossotti relationship is an algebraic manipulation 
of density, and dielectric constant, there is merit in investigating each 
property independently. Fig. 4 illustrates the density (a) and dielectric 
constant (b) slope and intercept as a function of temperature. While the 
three different isometric variances of xylene have similar densities, their 
dielectric constants vary considerably. One interesting observation that 
could be made is that the conventional fuel density range could be met 
with just n- and iso-alkanes and cycloalkanes; no aromatic would be 
needed. In the SAF community, it is of great interest to use cycloalkanes 
to replace aromatic to satisfy the density and material compatibility (e. 
g., seal swell) requirement while reducing the sooting propensity of the 
blended fuel.

The slope from the Clausius-Mossotti plot strongly correlates with 
the molecule’s permanent dipole moment, as shown in Table 2. The 
correlation coefficient of the slope of the dielectric constant and per-
manent dipole moment on selected aromatics is 0.89. This explains why 
the saturated compounds were all clustered in the bottom right of the 
Fig. 4(b). This also explains the large difference between o-xylene and p- 
xylene in the Clausius-Mossotti plot. Upon examination of Fig. 4 it be-
comes clear that some amount of aromatics is required in a mixture in 
order to match the dielectric properties range of conventional jet fuel. 
Since both n- and iso-alkanes and cycloalkanes are on the bottom right of 
the conventional fuel in Fig. 2, some of the top left aromatic points will 
be needed to bring the blended fuel into the conventional fuel range.

Being able to accurately predict the dielectric constant of blends of 
two fuels is also of significant interest since dielectric constant mea-
surement on every single blend ratio is not feasible. The Clausius- 
Mossotti relationship can be predicted before any blending occurs. In 
light of this, the accuracy of the two abovementioned blending rules 
were investigated against 24 neat molecules and fuels at various blend 
ratios, which include 40 mixtures and 200 data points. The mixtures 
consist of neat molecule to neat molecules, neat molecules to fuel, and 
fuel to fuel blending. For detailed information regarding neat molecules, 
mixture blend ratio, etc., please refer to the supplemental information.

Both the volume fraction and polarizability blending rules achieved 
excellent results. Fig. 5 shows the dielectric constant measurement 
versus prediction for both volume fraction (green open circles) and 
polarizability (red x markers) blending rules. The predicted points 

Fig. 2. Clausius-Mossotti relationship of neat hydrocarbons that are in the jet fuel range. All 172 reference Jet A were interpolated/extrapolated to 10 to 30 ◦C to 
compare with the measurement done on JetDC. The neat molecule’s structure was also presented next to the data point for better illustration.

Fig. 3. The slope and intercept of all 172 Jet A (black open circles) and neat 
molecules (solid-colored circles). A color gradient also presents the carbon 
number associated with individual molecules.
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corresponding to the volume fraction blending rule employed only the 
neat molecules/fuels’ dielectric constant; no other information is 
required by this model. The volume fraction blending rule achieved a 
mean absolute error (MAE) of 0.0038, mean standard error (MSE) of 
0.000039, mean error (ME) of 0.0037, and R-squared of 0.9942. For the 
predictions corresponding to the polarizability blending rule, neat 
component data, including dielectric constant, density, and MW, were 
employed to determine the fuel polarizability and molar volume, 
respectively. The polarizability blend rule achieved a MAE of 0.002, 
MSE of 0.000011, ME of 0.0004, and R-squared of 0.9983. As seen 
visually and numerically in Fig. 5, MAE and ME values are nearly equal 
to one another. The volume fraction blending rule appears to result in a 
small bias higher than the measured data.

Aromatics are needed for 100 % drop-in capacitance based FQIS 
compatibility. The fuel community has demonstrated a strong interest in 
the development of 100 % drop-in SAF options while simultaneously 
aiming to reduce or eliminate aromatics in these fuels to address par-
ticulate matter emissions. In recent years, many publications have 
illustrated the ability of cycloalkanes to complement SPKs [19], e.g., 
density, material compatibility [20], while lowering the sooting po-
tential of the fuel [21,22]. In contrast to those previous studies, cyclo-
alkanes do not complement n- and iso-alkanes. Instead, here they 
adversely affect the Clasusius-Mossotti relationship. Meaning, replacing 
aromatics with cycloalkanes is not an option for this property. The 
precise quantity and type of aromatics required remains unclear at this 

stage for 100 % drop-in capacitance based FQIS compatibility. 
Furthermore, mono-aromatic compounds, such as those found in SAK, 
can offer enhanced dielectric constant to most 100 % paraffinic SAF 
pathways, while simultaneously reducing overall particulate matter 
emissions when compared to traditional jet fuels [16].

4. Conclusion

In this study, we presented the Clausius-Mossotti relationship expe-
rience based dielectric permittivity measurements of 172 worldwide 
conventional jet fuels. Additionally, the effect of hydrocarbon types 
(studied as pure single molecule compounds) and substitution pattern 
on the dielectric constant and subsequent Clausius-Mossotti relationship 
was investigated. We showed that the permanent dipole moment of jet 
fuel range hydrocarbons has a strong correlation with the orthogonal 

Fig. 4. Density (a) and dielectric constant (b) slope and intercept as a function of temperature, the open black circles are the reference jet fuels. Some of the aromatics 
molecule’s structure was presented next to the data point for better illustration. A color gradient also presents the carbon number associated with individ-
ual molecules.

Table 2 
The slope of dielectric constant with respect to temperature and permanent 
dipole moment of selected aromatics. The permanent dipole moment of aro-
matic compounds are taken from the work of Zhao et al. [18].

Molecules DC slope*1000, 
[◦C]

Permanent dipole moment, 
[D]

1,2,3- 
trimethylbenzene

− 3.1346 0.660

o-xylene − 2.9254 0.582
toluene − 2.3262 0.343
1-methylnaphalene − 2.5492 0.318
ethylbenzene − 2.5912 0.297
1,2,4- 

trimethylbenzene
− 2.0012 0.291

m-xylene − 2.1864 0.271
p-xylene − 1.6376 0.081
1,3,5- 

trimethylbenzene
− 1.6336 0.047

Fig. 5. Prediction versus measurement of the dielectric constant of volume 
fraction (green open circles) and polarizability (red x) blending rules. The black 
dashed line represents the unity line.
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distance away from the Clausius-Mossotti relationship commonly 
accepted in modern capacitance-based FQIS. We conclude that to reach 
the current jet fuel experience range for both the dielectric constant and 
the Clausius-Mossotti relationship, SAF made from 100 % paraffins will 
most likely require a minimal concentration of aromatics in order to 
avoid gauging accuracy issues.

Two blending rules for predicting dielectric properties of simple 
mixtures were investigated and achieved excellent results when 
compared to direct measurements. These blending rules can help pro-
vide understanding into how particular jet fuel compositions will impact 
the FQIS performance. This can also provide insight into if additional 
empirical testing is needed to understand the dielectric vs. density 
relationship for a particular fuel composition.

This study clearly showed that different hydrocarbon classes have 
different dielectric permittivity and most importantly different slopes of 
dielectric vs. density relationship. This has further reinforced the need to 
move to a model in which the dielectric vs. density relationship is 
determined for each flight cycle to allow use of a wider range of fuel 
compositions and greater accuracy.
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