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Abstract

This study presents a pseudo-component method using the Perturbed-Chain Statistical
Associating Fluid Theory to predict density, isothermal compressibility, and the
volumetric thermal expansion coefficient (expansivity) of hydrocarbon mixtures and
diesel and jet fuels. The model is not fit to experimental density data but is predictive to
high temperatures and pressures using only two calculated or measured mixture
properties as inputs: the number averaged molecular weight and hydrogen to carbon ratio.
Mixtures are treated as a single pseudo-component; therefore binary interaction
parameters are not needed. Density is predicted up to 470 K and 3,500 bar for
hydrocarbon mixtures and fuels with 1% average mean absolute percent deviation
(MAPD). Isothermal compressibility is predicted with 4% average MAPD for
hydrocarbon mixtures and 9% for fuels. The volumetric thermal expansion coefficient is
predicted with 7% average MAPD for hydrocarbon mixtures and 13% for fuels.

Keywords: PC-SAFT, Diesel fuel, Density, Derivative properties, Pseudo-component,
High pressures
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1 Introduction

Diesel and jet engines remain the predominant combustion technologies for the heavy
duty, automotive, and aviation sectors, due to their performance and fuel economy [1-4].
The need for improved fuel economy and increasingly stringent emission regulations
have motivated diesel and jet engine manufacturers to optimize fuel injection equipment
(FIE) design. Sophisticated and complex FIE systems not only have to perform at
extreme operating conditions but also need to be robust. They need to ensure
performance for diesel and jet fuels that vary in composition in different markets.
Experimental development, testing, and validation of these technologies is a significant

time and resource-intensive process.

To accelerate this process and reduce costs, computational fluid dynamics (CFD)
simulations are routinely used by manufacturers to evaluate, understand, and optimize
FIE design and operation. Many numerical methods and approaches have been developed
to simulate the performance of fuel injectors and provide insight into the physical
processes taking place inside these systems [5-19]. Accurate simulation of the flow field
within the FIE and phenomena observed further downstream (e.g., jet breakup and spray
formation) is required to ensure their reliable predictive capability. In an approach to
meet stringent fuel economy and emission targets, FIE manufacturers are developing new
diesel injector designs that operate at pressures up to 4,500 bar [20] to achieve improved

flow and spray performance.

Accurate simulations of the flow field are dependent on accurate representations of
thermophysical properties of the fuel (e.g., density, isothermal compressibility,

volumetric thermal expansion coefficient). A recent CFD study [21] predicted up to 7%



variation in mass flow rate through diesel injectors when accounting for the temperature
and pressure dependence of thermophysical properties in the model. Local temperatures
were shown to increase by as much as 180 °C when fuel was discharged through diesel
injectors, due to significant friction induced heating near the injector walls, which
overcame cooling effects that occur due to depressurization. CFD has been used to
demonstrate temperature and pressure effects on nozzle flow and cavitation [22], fuel
vaporization [23], and spray distribution [24]. Thermophysical property models of fuels
are needed to accurately predict their high temperature and high pressure (HTHP)

behavior.

Experimental measurement of fuel properties at HTHP are expensive and time
consuming, and data are often not available. These limitations can be overcome using an
equation of state (EoS) to calculate mixture properties beyond the range of experimental
observations. Among the general classes of EoS used in modeling properties of
hydrocarbon mixtures are cubic EoS (e.g., Peng Robinson (PR) and Soave—Redlich—
Kwong (SRK) [21-23]). Another class of EoS are those based on the Statistical
Associating Fluid Theory (SAFT) [24-27], generally acknowledged as superior in
predictive ability [28-32]. Many modifications to the original SAFT EoS have been
proposed, with perhaps the most widely used in industry being the Perturbed-Chain

SAFT (PC-SAFT) EoS of Gross and Sadowski [33].

The computational time for a CFD simulation increases significantly, often non-linearly,
with the number of components in a mixture. Often, a small number of components are
chosen as a surrogate mixture to closely match the thermophysical properties of the fuel

[34-41]. Despite the relative computational simplicity surrogates may offer, selection of



the individual components and their concentrations is difficult and involves a significant
amount of manual effort. Furthermore, since the surrogate mixture is optimized for a
specific fuel, this mixture cannot be expected to predict the properties of another fuel

with a different composition.

Another approach is to represent a complex mixture (e.g., fuels, crude oils) through one
or more pseudo-components [42-47]. Ting [46] modeled the phase behavior of crude oil
using three pseudo-components representing saturates (e.g., alkanes and naphthenes),
aromatics, and asphaltenes. Ting correlated the PC-SAFT parameters to molecular weight
(MW) and calculated parameters for the three pseudo-components using a weighted
averaging term, defined as aromaticity. Ting [46] fit aromaticity to the bubble-point
pressure and defined it to vary from 0 for poly-nuclear aromatics (PNAs) to 1 for benzene
derivatives (BDs). Gonzalez [44] modified the PC-SAFT correlations reported by Ting
[46] and redefined the range of aromaticity from O for BDs to 1 for PNAs. Punnapala and
Vargas [45] fit aromaticity to the saturated liquid density and bubble-point pressure and
redefined the range of it from 0 for normal alkanes (n-alkanes) to 1 for PNAs. The
redefined range of Punnapala and Vargas provided better phase behavior predictions for

crude oils.

Abutagqiya et al. [42] studied several crude oils and predicted density and phase behavior
using a single pseudo-component. They used the PC-SAFT correlations proposed by
Gonzalez and fit aromaticity to experimental saturated liquid density and bubble-point
pressure. Burgess et al. [47] fit correlations for the PC-SAFT parameters to high
temperature and high pressure (HTHP) experimental data [48] and predicted density for

two crude oils. To make the approach predictive, they calculated aromaticity from the



hydrogen to carbon (HN/CN) ratio of the fuel obtained from elemental analysis using a

definition proposed by Huang and Radosz [27].

Previous techniques for predicting density and derivative properties for complex mixtures
have been limited by the need for experimental measurements to fit the EoS parameters
or requiring complex compositional characterization to define multiple pseudo-
components. This study describes the development of a single, pseudo-component
technique using the PC-SAFT EoS to predict density, isothermal compressibility, and the
volumetric thermal expansion coefficient for hydrocarbon mixtures without the need for
fitted binary interaction parameters. Two mixture properties are required for the
predictions: the number averaged MW and the HN/CN ratio, both of which are either
calculated when working with well-defined, simple mixtures or are measured when
working with multicomponent fuel mixtures. The present technique utilizes the HTHP
group contribution (GC) parameters developed by Burgess et al. [49] to correlate the PC-
SAFT parameters with respect to MW. The PC-SAFT parameters of the pseudo-
component are then determined using the mixture HN/CN ratio in a modified averaging
equation previously used by other researchers [50-54]. Fluid property predictions are
compared to experimental data for six hydrocarbon mixtures with varying composition to
demonstrate the technique. Further predictions are then presented for four diesel fuels and
two jet fuels over a wide range of temperatures and pressures to more fully explore the

capabilities of the pseudo-component technique with a focus on HTHP fluid properties.



2 Technique Development

2.1 Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT)

The PC-SAFT EoS, developed by Gross and Sadowski [33], is molecularly based and
accounts for the effects of molecular size, molecular shape, dispersion forces, and
association of molecules. Details of the EoS can be found elsewhere [33]. In the present
study, contribution of the association term is neglected since the compounds in the fuels
and hydrocarbon mixtures do not exhibit association, such as hydrogen bonding. The

residual, reduced Helmholtz free energy (a"¢°) of the pseudo-component is expressed as:

ares = &hc + ddisp (1)

where @"¢ and @%? are the contributions of the hard chain and dispersion reduced
Helmbholtz free energies, respectively.

Pure-component PC-SAFT parameters (i.e., m, the number of segments per chain; o, the
segment diameter; and &/k, the depth of the potential well) are generally fit to vapor
pressure and saturated liquid density data [33]. They also can be determined from group
contribution (GC) methods [55-57]. The GC parameters from most methods are not fit to
high pressure data and lead to property predictions which deviate at high pressures [56-
61]. Since Burgess et al. [49] fit their GC parameters to HTHP density data, and their
parameters are used in this study.

2.1 Pseudo-component Technique

The GC parameters published by Burgess et al. [49] are used to calculate the PC-SAFT
parameters of the 140 compounds reportedly found in two different diesel fuels [35].

Figure 1 shows the variation of m with respect to MW for this range of compounds,



although only selected compounds from the different chemical families in the diesel fuel
are shown to avoid a cluttered graph. For a given MW, m appears to be a function of
molecular structure with n-alkanes and PNAs bounding the distribution. Similar trends
are observed for the other PC-SAFT parameters, mo and k. These observations are
consistent with those reported by Huang and Radosz [27] and Gonzalez [44] who
developed parameter correlations based on pure component parameters fit to vapor

pressure and saturated liquid density.
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Figure 1: PC-SAFT m segment parameter of selected components calculated using GC
parameters of Burgess et al. [49].

Figure 2 shows the PC-SAFT parameters for the two bounds, n-alkanes and PNAs, as
functions of MW. Selected n-alkanes and PNAs are shown to avoid a cluttered graph.
Table 1 lists correlations for m, mo and gk, as a function of MW. The correlations for the
PC-SAFT parameters fit in this study are comparable to those by Burgess et al. [47] but

extend the range of MWs to approximately 500 g/mol for n-alkanes and approximately



300 g/mol for PNAs. This higher MW range covers the broad range of compounds

typically found in diesel fuels and, therefore, avoids the need for extrapolation.
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Figure 2: PC-SAFT parameters calculated using GC parameters of Burgess et al. [49] as a
function of MW for n-alkanes and PNAs. The structures of representative molecules are

n-alkanes

PNAs

m
mo [A]
/i K]

0.0412MW + 0.8954
0.1430MW + 2.5847

exp(5.5599—16-1830/MW)

0.0262MW + 1.7750
0.0922MW + 4.7925

exp (6.0022-39-8810/ )

400

Table 1: PC-SAFT parameter correlations as a function of MW (g/mol) for n-alkanes and

PNAs used in this study.



The pseudo-component PC-SAFT parameters need to account for the MWs and the
degree of unsaturation of the compounds in the mixture. The MWs of all the compounds
in the mixture are averaged to obtain the mixture number averaged MW. Here the degree
of unsaturation (DoU) of compounds in a mixture is normalized and calculated in Eq. 2
as the parameter Z. Z varies from 0 for n-alkanes to 1 for PNAs as shown in Figure 2.
Since the DoU of n-alkanes is zero, Z reduces to the degree of unsaturation of the mixture
divided by the degree of unsaturation of a PNA with a MW equal to the mixture number
averaged MW. The correlation of DoUpy 4 as a function of MW, shown in the
supplementary information (SI), is used to calculate a value for DoUpy 4 needed in Eq 2.

_ DOUmixture B DOUn—alkane _ DOUmixture

DoUpya —DoUp_qikane ~ DoUpya @)
DoU pixture 18 calculated by Eq. 3 from the average carbon number (CN) and average
hydrogen number (HN) of the mixture. The hydrogen to carbon ratio, HN/CN can either
be calculated if all of the mixture components are known or can be obtained from
elemental analysis when dealing with a complex fuel mixture.

DoU =%(2><CN+2—HN) 3)
Similar to the aromaticity parameter used by Punnapala and Vargas [45], the Z parameter
is used to average the contributions of the two bounds (i.e., n-alkanes and PNAs) for each
pseudo-component PC-SAFT parameter, Eq. 4-6.

Mpixture = (1 = Z)Mp_qikane + ZMpna 4)

(mo-)mixture =1-2) (mo-)n—alkane + Z(mU)PNA (5)



<g/k)mixture - (1 B Z)(g/k)n—alkane + Z(E/k)PNA (6)

The hydrocarbon mixtures and diesel and jet fuels in this study do not contain compounds
with DoUs greater than 10 (i.e., phenanthrene). However, DoUs greater than 10 would be
calculated for PNAs using the DoUpp,4 correlation as a function of MW if the mixture
number average MW is greater than that for phenanthrene (i.e. 178 g/mol). Thus, direct
application of Eq. 2 could underpredict the Z parameter. Instead, an upper bound of 10 is
assigned for the DoU of PNAs when the mixture number averaged MW is greater than

178 g/mol, and the Z parameter is redefined as shown in Eq. 7.

DoU.,,,;
(M,Mwmixtwe < 178 g/mol

DOUmixture MW, > 178 I
1—0, mixture = g/mo

The PC-SAFT parameters of the pseudo-component can be calculated using a
combination of either the original expression for the Z parameter (Eq. 2) or the
alternative expression (Eq. 7). Both approaches are used in the following property
predictions for well-characterized hydrocarbon mixtures, four diesel fuels, and two jet
fuels. PC-SAFT fluid property calculations are performed using the VLXE/Blend
software [62]. For clarity only the isotherms at the lowest and highest temperatures are
shown. However, the reported statistical measures include data at all temperatures
available for the literature experimental data. Deviation plots are included in the SI.
Statistical measures reported include percent deviation, maximum deviation (Max D),

standard deviation (SD), MAPD, and bias. These are defined by Eq. 8-12.

(YPredict - yExp)

y Exp

Deviation (%) = 100 x (8)



Max D (%) = Max <100 x |yPredict - yExp|>

YExp
Ly —y)?
[ - |2 77
SD (%) T
1 I
MAPD (%) = _2 100 x |yPT€dlCt yExpl
N YExp
1 I
Bias (%) = —2 100 % (yPTedlct yExp)
N YExp

In Eq. 8-12, Ygxp, Ypreaict>- N, and y denote the experimental data point, the prediction,

number of data points, and the mean, respectively.

3 Hydrocarbon Mixtures

Table 2 lists the composition of the six hydrocarbon mixtures used to evaluate the
pseudo-component technique presented here. Baylaucq et al. [63] reported densities for
binary mixtures of methyl-cyclohexane (MCH) and n-heptane for five different
compositions for 3 isotherms at 303, 323, and 343 K and pressures up to 1,000 bar. [jaz
[64] reported densities of a ternary and two quaternary mixtures for 7 isotherms between
298 and 448 K and pressures up to 1,350 bar. Boned et al.[65] measured densities for a
ternary and a quinary mixture for 7 isotherms between 293 to 353 K and pressures up to
1,000 bar. Table 3 presents the calculated MW, HN/CN ratio, Z parameter, and the PC-
SAFT parameters of the pseudo-components for the six different hydrocarbon mixtures

using both combinations of approaches to calculate Z.

)

(10)

an

(12)



Compounds M1 M2 M3 M4 M5 M6
n-heptane 0.5t0 1.0 - - - - -
methyl-cyclohexane balance - - - - -
n-tridecane - - - - 0.394 0.200
2,2,4,4,6,8,8-hepta-methyl-nonane - - - - - 0.162
heptyl-cyclohexane - - - - 0.348 0.353
heptyl-benzene - - - - 0.258 0.156
1-methyl-naphthalene - - - - - 0.129
n-octane - 0.460 0.349 0.347 - -
n-dodecane - 0.309 0.235 0.235 - -
n-hexadecane - 0.232 0.176 0.175 - -
bi-cyclohexyl - - 0.241 - - -
di-isopropyl-benzene - - - 0.244 - -

Table 2. Molar composition of hydrocarbon mixtures studied in this work.

PC-SAFT parameters

Sample MW HN/CN Z m a(A) e/k (K)
M1 (1.000 mole fraction n-C-) 100.2 2.29 Original 0 5.0237 3.3667 221.08
M1 (0.875 mole fraction n-Cy) 99.9 2.25 Original 0.0236 4.9985 3.3630 222.16
M1 (0.750 mole fraction n-Cy) 99.7 2.21 Original 0.0472 4.9734 3.3592 223.24
M1 (0.625 mole fraction n-Cr) 99.4 2.18 Original 0.0711 4.9484 3.3553 22431
M1 (0.500 mole fraction n-Cr) 99.2 2.14 Original 0.0950 4.9235 3.3514 225.39
M2 157.6 2.20 Original 0 7.3872 3.4000 234.47
M3 159.7 2.11 Original 0.0439 7.4069 3.3967 238.27
M4 158.7 2..03 Original 0.0971 7.2882 3.3912 242.33
Original 0.1363 8.1219 3.3972 249.42

M5 181.6 1.94
Alternative 0.1390 8.1169 3.3969 249.65
Original 0.2027 8.0768 3.3923 255.49

M6 183.6 1.84
Alternative 0.2092 8.0644 3.3917 256.06

Table 3. Mixture properties and PC-SAFT parameters of the pseudo-components for
hydrocarbon mixtures predicted in this study. When the number averaged MW of the
mixture is less than the MW of phenanthrene, Eq. 7 reduces to Eq. 2, and the original and
alternative Z parameters are the same.



Figure 3 shows density predictions for the hydrocarbon mixtures reported by Baylaucq et
al. [63], [jaz [64], and Boned et al. [65] at the lowest and highest temperatures reported
and pressures up to 1,350 bar. For brevity, only the composition containing 0.750 mole
fraction n-heptane and 0.250 mole fraction MCH are reported in Figure 3. The
predictions show quantitative agreement with experiment across all temperatures and
pressures for all six mixtures. Only predictions using the original Z equation are shown
for the M1-M4 mixtures, since their number averaged MWs are less than the MW of

phenanthrene.
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Figure 3. Density predictions (lines) compared to experimental data [63-65] (symbols) for
hydrocarbon mixtures.

Table 4 shows statistical measures for density predictions of the binary mixture (M1)

with MAPDs ranging from 0.2 to 2.5%, with an average MAPD of 1.2% for all

considered mixture compositions. The MAPDs of the density predictions appear to

increase monotonically with increasing mole fraction of MCH. This behavior could



potentially be due to the relatively low MW of n-heptane and MCH, both of which lie at

the extreme lower bound of fitted PC-SAFT correlations. Large concentrations of these

compounds are not typically found in diesel and jet fuels.

Mole fraction

Xn-heptane XMCH MAPD | Bias SD Max D
1.000 0.000 0.2 0.2 0.2 0.9
0.875 0.125 0.4 -0.4 0.2 0.6
0.750 0.250 1.1 -1.1 0.2 1.3
0.625 0.375 1.8 -1.8 0.2 2.1
0.500 0.500 2.5 -2.5 0.1 2.7

Average 1.2 -1.1 0.9 2.7

Table 4. The MAPD (%), bias (%), SD (%), and Max D (%) for density predictions of the
M1 hydrocarbon mixture with different compositions of methyl-cyclohexane (MCH) and

n-heptane.

Table 5 summarizes the density predictions using the original and alternative Z equations

for the calculation of the PC-SAFT parameters for the ternary, quaternary, and quinary

mixtures studied by [jaz [64] and Boned et al. [65] (the M2-M6 mixtures). The density

predictions show that the original and alternative equations used to calculate Z provide

similarly accurate predictions for these well-defined simple mixtures.



Mixture VA MAPD  Bias SD Max D
M2 Original 0.3 0.3 0.3 1.8
M3 Original 2.2 -2.2 0.2 2.4
M4 Original 0.6 0.6 0.4 2.4

Original 0.2 -0.2 0.1 0.5

M5
Alternative 0.1 -0.1 0.1 0.3
Original 0.2 0.0 0.1 1.0

M6
Alternative 0.3 -0.3 0.2 0.6

Table 5. The MAPD (%), bias (%), SD (%), and Max D (%) for density predictions of
M2-M6 hydrocarbon mixtures. When the number averaged MW of the mixture is less
than the MW of phenanthrene, Eq. 7 reduces to Eq. 2, and the original and alternative
Z parameters are the same.

Direct experimental measurement of the isothermal compressibility (k1) and volumetric
thermal expansion coefficient (a,,) is challenging, which is reflected in limited data
available in the literature. Therefore, density data are fit to the Tait equation, Eq. 13, and

the isothermal compressibility (Eq. 14) and volumetric thermal expansion coefficient (Eq.

15) are calculated from derivatives of the Tait fits to density.

In Eq. 13, py is the density at the reference pressure of 0.1 MPa, B is a temperature
dependent parameter, and A4 is a constant. Values for p, and B fit to each isotherm were

subsequently fit to second order polynomials as a function of temperature, Eq. 16 and 17.

p—po(T) _

= Al

1

K__
T

(&),

_ 1(dp)
= p\dT/p

P + B(T)
9810 (PO n B(T))

(13)

(14)

(15)



2
po(T) = Zizoei Ti (16)

2 . 17
B(T) = b; T (17
i=0
MAPDs less than 0.10%, biases less than -0.02%, SDs less than 0.10%, and Max Ds less

than 0.47% are obtained between data and predictions using the Tait equation for the
mixtures considered here. Values for A and the coefficients in Eq. 16 and 17 for all of the
mixtures are found in the SI. For brevity, only the composition containing 0.750 mole
fraction n-heptane and 0.250 mole fraction MCH are reported in the following figures.
Figure 4 presents the predicted mixture x compared to Tait calculations from
experimental density data. The effects of temperature and pressure are well predicted

quantitatively.
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Figure 4. Isothermal compressibility predictions (lines) compared to experimental data
[63-65] (symbols) for hydrocarbon mixtures.

Figure 5 shows predictions for a,, compared to Tait calculations from experimental
density data. The predictions capture the qualitative trends with respect to pressure, with
the coefficients monotonically decreasing with pressure for all mixtures. The predictions

capture the qualitative trends with respect to temperature for the M1-M4 mixtures.



Predictions for the M5 and M6 mixtures exhibit an inverse dependence on temperature
for all pressures compared to the Tait calculations. A crossover in temperature is
observed between 200 and 500 bar for the M1-M4 mixtures for predictions and the Tait
calculations. A crossover in temperature is observed for the Tait calculations at pressures
less than 200 bar and pressures between 200 and 400 bar for the M5 and M6 mixtures,
respectively, but is not observed in the predictions. For pressures below the crossover
point, a,, increases with temperature, and for pressures above the crossover point, a,
decreases with temperature. Previous studies observed a crossover in temperature at
pressures less than 600 bar for benzene, tetrachloromethane, hexane, nonane, dodecane,
tridecane, pentadecane, mixtures of trialkylimidazolium-based ionic liquids, biodiesel
from rapeseed oil, and standard petroleum diesel oil [66-69]. The crossover has been

attributed to anharmonicity of intermolecular vibrations [66-68].
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Figure 5. Volumetric thermal expansion coefficient predictions (lines) compared to
experimental data [63-65] (symbols) for hydrocarbon mixtures.

Tables 6 and 7 summarize statistical measures for the k7 and a,, predictions using the

original and alternative Z equations for the calculation of the PC-SAFT parameters for

the M1-M6 mixtures. The alternative equation used to calculate Z does not significantly

impact predictions of the derivative properties.



Mixture VA MAPD | Bias SD Max D
Ml Original 1.9 -0.2 1.4 5.6
M2 Original 3.8 -0.7 33 14.9
M3 Original 5.6 4.5 3.6 13.2
M4 Original 5.2 -3.5 4.7 20.1

Original 2.5 0.2 1.8 6.7

M5
Alternative 2.5 0.0 1.8 7.1
Original 3.6 2.6 2.9 11.5

M6
Alternative 3.7 2.7 3.0 12.0

Table 6. The MAPD (%), bias (%), SD (%), and Max D (%) for isothermal
compressibility predictions of hydrocarbon mixtures.

Mixture Z MAPD | Bias SD Max D
Ml Original 7.2 -5.8 3.7 21.9
M2 Original 4.0 1.3 2.8 13.1
M3 Original 6.3 5.2 4.7 20.5
M4 Original 6.8 3.1 55 23.8

Original 53 5.1 3.2 11.8

M5
Alternative 53 5.1 3.2 11.8
Original 9.9 9.8 5.7 22.0

M6
Alternative 9.9 9.8 5.7 22.0

Table 7. The MAPD (%), bias (%), SD (%), and Max D (%) for volumetric thermal
expansion coefficient predictions of hydrocarbon mixtures.

3 Diesel and Jet Fuels

Commercially available distillate fuels (e.g., diesel, gasoline, kerosene, jet fuels) are
composed of hundreds of hydrocarbons. Composition depends on the source of the crude
oil, distillation conditions, target fuel quality specifications [70, 71], and additional
processing and blending with additives. Table 8 lists the limited number of experimental

studies reporting the density of diesel and jet fuels up to HTHP conditions. Outcalt and



colleagues [72, 73] measured the density of jet fuels JP-8 3773 (referred to as JP-8) and

Jet A 4658 (referred to as Jet A) at high temperatures between 270 and 470 K and

pressures up to 400 bar. Safarov et al. [74] reported density measurements of the Hallen

DK BO diesel fuel from 2015 (referred to as B02015) and 2016 (referred to as B02016)

over a wide range of temperatures between 263 and 468 K and pressures up to 2,000 bar.

Aquing et al. [35] measured the density of the Middle East SR and Highly Naphthenic

diesel fuels at temperatures between 323 and 423 K and pressures up to 3,500 bar.

Density No. of samples with
Reference Year  Fuel Trange/K Prange/bar . -
uncertainty (%)  measured composition

Peters et al”! 1990 Diesel  299-450 To 1,000 - 0
Payri et al.”®! 2011 Diesel 298-343 To 1,800 0.60 0
Aquing et al.[35] 2012 Diesel 323-423 To 3,500 0.05 2
Bazile et al.l’”! 2012 Diesel 283-423 To 2,000 0.01 0
Schaschke et al.[’*! 2013  Diesel  298-373 To 5,000 0.20 0
Desantes et al.[79] 2015  Diesel 303-353 To 2,000 0.01 0
Ivanis et al.[80] 2016 Diesel 293-413 To 600 0.01 0
Safarov et al.l"#! 2018 Diesel  263-468 To 2,000 0.04 2181
Outcalt et al.l” 2009 Jet 278-343 To 320 0.01 1
Outcalt et al.l”” 2010 Jet 278-343 To 400 0.01 1°
Abdulagatov and

. 2010 Jet 301-745 To 600 0.10 0
Azizov!®

*Number averaged MW and HN/ CN from ref. [83].

*Number averaged MW and HN/ cn from ref. [84].

Table 8. Summary of available density data for diesel and jet fuels measured up to high
temperatures and pressures.

Aquing et al. [35] used gas chromatography to characterize the composition of the

chemical families in the two diesel fuels shown in Table 9. One of the fuels is a

conventional diesel fuel distilled from Middle Eastern crude oil (Middle East Straight



Run (SR)) and the other is a fuel treated after distillation to hydrogenate aromatic
compounds (Highly Naphthenic). Saturated compounds (i.e., normal alkanes, branched
alkanes, cyclohexanes, and decalins) comprise 70 mol% of the Middle East SR diesel
fuel and 65 mol% of the Highly Naphthenic diesel fuel. There is a significant difference
in concentrations of naphthenes (i.e., cyclohexanes and decalins) and alkanes between the
two diesel fuels. The Middle East SR diesel fuel contains 20 mol% naphthenes and about
50 mol% normal and branched alkanes compared to 46 mol% naphthenes and 20 mol%
normal and branched alkanes in the Highly Naphthenic diesel fuel. Figure 6 shows the
MW distribution of the 140 different compounds identified in these diesel fuels. The
MWs of compounds in the Middle East SR diesel fuel range from 100 to 370 g/mol with
the majority of compounds having MWs between 150 to 300 g/mol. The MW distribution
of the Highly Naphthenic diesel fuel is wider from 100 to 480 g/mol. However, the
majority of compounds have lower MWs between 100 to 260 g/mol, as compared to the
Middle East SR diesel fuel. Although not shown here, compositional variability is also
observed between the different jet fuels reported in the literature [35, 85, 86]. The
composition of the Hallen DK BO diesel fuel was not reported [74], but the average MW

and HN/CN ratio were obtained from private communication [81].



Mole percent (%)

Carbon number range

Chemical class

Middle East SR

Highly Naphthenic

Middle East SR

Highly Naphthenic

Normal alkanes
Branched alkanes
Cyclohexanes
Decalins

Benzenes
Naphthalenes
Phenanthrenes
Tetralins + Indanes

Other unsaturates

23
26
16
4
10
7
3
7
4

6
13
26
20
10

3

16
5

7-27
7-27
8-26
10-25
8-24
10-21
14-20
9-23
12-21

7-29
7-29
8-28
10-26
8-20
10-15
14-35
9-22
13-35

Table 9. Molar composition (%) and carbon number ranges of chemical families found
in Middle East SR and Highly Naphthenic diesel fuels obtained from gas
chromatography. Data from ref. [35].
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Figure 6. Molecular weight distribution (left) and cumulative mole percent (right) of the

compounds in Middle East SR and Highly Naphthenic diesel fuels from gas

chromatography. Data from ref. [35].

Table 10 presents the mixture properties for the four diesel fuels and two jet fuels in this

study, the Z parameter, and the PC-SAFT parameters of the pseudo-components for both

combinations of approaches.



PC-SAFT parameters
Sample MW HN/CN Z m o (A) e/k (K)
) Original 0.1731 | 9.7335 | 3.4085 258.44
Middle East SR 225.1° 1.85% )
Alternative 0.2217 | 9.6111 | 3.4053 263.11
) ) Original 0.2537 | 8.7269 | 3.3959 263.24
Highly Naphthenic 203.6° 1.74% )
Alternative 0.2923 | 8.6422 | 3.3928 266.77
Original 0.1294 | 9.4471 | 3.4087 253.17
B0 2015 215.0 1.92
Alternative 0.1579 | 9.3796 | 3.4067 255.85
Original 0.1294 | 9.4471 | 3.4087 253.17
B0 2016 215.0 1.92 )
Alternative 0.1579 | 9.3796 | 3.4067 255.85
Original 0.1444 | 7.2656 | 3.3872 246.33
JP-8 3773 160.0° 1.95 )
Alternative 0.1444 | 7.2656 3.3872 246.33
Original 0.1399 | 7.1747 | 3.3864 245.47
Jet A4658 157.5° 1.96¢ )
Alternative 0.1399 | 7.1747 | 3.3864 245.47

aFrom the gas chromatography results from ref. [35].

®From ref. [84].

°From ref. [83].
Table 10. Mixture properties and PC-SAFT parameters for the pseudo-components of
diesel and jet fuels predicted in this study. When the number averaged MW of the
mixture is less than the MW of phenanthrene, Eq. 7 reduces to Eq. 2, and the original and
alternative Z parameters are the same.
Figure 7 shows the predictions and experimental density data for the four diesel fuels and
the two jet fuels at the lowest and highest temperatures and a range of pressures. The
predictions are in quantitative agreement with experimental data across all temperatures
and pressures for all six fuels. Table 11 summarizes the statistical measures for the four
diesel and two jet fuels, for all temperatures and pressures, using the original and
alternative equations for calculating Z needed to calculate the PC-SAFT parameters. The

use of the alternative equation for Z improves the accuracy of the density predictions for

all of the diesel fuels. However, improvement is not observed for the jet fuel density



predictions since the MW of these fuels is less than the MW of phenanthrene, and the

alternative Z equation (Eq. 7) reduces to the original equation (Eq. 2).
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Sample Z MAPD Bias SD Max D
Original 2.3 -2.3 0.4 3.0
Middle East SR .
Alternative 0.6 -0.6 0.3 1.1
_ _ Original 2.6 -2.6 0.4 3.2
Highly Naphthenic
Alternative 1.2 -1.2 0.4 1.8
Original 1.0 -1.0 04 1.6
B02015
Alternative 04 0.0 0.3 1.7
Original 2.2 -2.2 0.5 29
B02016 .
Alternative 1.2 -1.2 0.5 1.9
Original 1.1 -1.1 0.3 1.4
JP-8
Alternative 1.1 -1.1 0.3 1.4
Original 2.6 -2.6 0.3 3.0
Jet A
Alternative 2.6 -2.6 0.3 3.0

Table 11. The MAPD (%), bias (%), SD (%), and Max D (%) for density predictions of
diesel and jet fuels.

The same approach used for the hydrocarbon mixtures is applied to predict the derivative
properties of the fuels. The A constant and the coefficients in Eq. 16 and 17 for the Tait
equation fit to diesel and jet fuel density data are included in the SI. Figure 8 shows the
predicted isothermal compressibilities (x) for the fuels compared to Tait calculations
from the experimental density data. Predictions are in quantitative agreement with
experimental data. However, the model overpredicts at the lowest temperatures and
underpredicts at the highest temperatures. Although the predictions in Figure 8 for fuels
JP-8 and Jet A appear to exhibit a greater deviation compared to predictions for the diesel
fuels, note that x-axes are scaled differently in the figures. The MAPDs reported for the
K predictions in Table 12 show similar values for the diesel and jet fuels. The
alternative equation for calculating Z does not significantly improve the x, predictions

for the fuels studied in this work.
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Sample Z MAPD Bias SD Max D
) Original 8.0 7.8 4.3 16.3
Middle East SR ]
Alternative 6.4 5.3 3.9 14.8
) ] Original 7.1 6.9 3.8 14.4
Highly Naphthenic ]
Alternative 5.7 4.8 3.5 13.0
Original 14.8 14.8 3.8 21.3
B02015
Alternative 13.1 13.1 4.2 20.2
Original 145 145 3.9 21.0
B02016
Alternative 12.8 12.8 4.3 20.0
g Original 13.8 -13.6 8.7 30.3
Alternative 13.8 -13.6 8.7 30.3
Original 11.1 -10.1 7.3 24.2
Jet A
Alternative 11.1 -10.1 7.3 24.2

Table 12. The MAPD (%), bias (%), SD (%), and Max D (%) for isothermal
compressibility predictions of diesel and jet fuels.

Figure 9 shows predicted volumetric thermal expansion coefficients (a,,) compared to
Tait calculations from the experimental density data. The predictions for all of the fuels
qualitatively capture the observed monotonic decrease in a,, with respect to pressure. All
of the predictions for all fuels show better agreement at higher temperatures compared to
lower temperatures.

The Tait calculations for the Highly Naphthenic diesel fuel exhibit a temperature
crossover between 300 and 600 bar. However, this crossover is not observed with the
Middle East SR diesel fuel. In contrast, a predicted temperature crossover is observed for
both of these diesel fuels, but at a pressure less than 50 bar. Predicted a,, values exhibit
more sensitivity to temperature than experimental values obtained with Tait calculations.
Similar trends are observed with predicted a;,, values for the B02015 and B02016 diesel

fuels, although now the predicted temperature crossover occurs at pressures less than 10



bar. In contrast the predicted a,, for Jet fuels JP-8 and Jet A show a temperature
crossover temperature at approximately 200 bar. However, Tait calculations for a;,, for
these four fuels, do not exhibit a temperature crossover.

Table 13 summarizes the statistical measures for predictions of the volumetric thermal
expansion coefficient for the four diesel fuels and two jet fuels using the original and
alternative approaches for calculating Z for the calculation of the PC-SAFT parameters.
For the volumetric thermal expansion coefficient calculations, the alternative approach
for calculating Z does not significantly improve the predictions for the fuels studied in

this work.
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Sample Z MAPD Bias SD Max D
Original 13.3 12.3 13.2 44.9
Middle East SR
Alternative 13.7 12.4 13.6 46.2
) ] Original 14.6 14.6 8.6 33.8
Highly Naphthenic ]
Alternative 14.6 14.5 9.0 345
Original 14.2 11.7 15.5 62.6
B02015
Alternative 14.3 115 15.7 63.5
Original 17.4 14.0 14.6 65.5
B02016
Alternative 17.5 13.8 14.7 66.4
Original 7.9 -2.3 4.8 22.6
JP-8 )
Alternative 7.9 -2.3 4.8 22.6
Original 5.8 0.3 4.6 21.1
Jet A
Alternative 5.8 0.3 4.6 21.1

Table 13. The MAPD (%), bias (%), SD (%), and Max D (%) for volumetric thermal
expansion coefficient predictions of diesel and jet fuels.

A discussion is found in the SI on the potential sources of error in the derivative property
predictions. Lafitte et al. [87] suggest that the inaccuracy in derivative property
calculations is a result of the intermolecular potential used in the PC-SAFT EoS.
Predictions can be improved if a Mie potential is used instead of the square-well potential
used in PC-SAFT. The Mie potential is used in more recent SAFT variants (i.e., SAFT
for variable range interactions with Mie potentials (SAFT-VR Mie[88]) and SAFT-»-Mie
[89]). However, these SAFT variants are not currently as widely used in industry as is
PC-SAFT. Predictions could also be improved by simultaneously regressing the PC-
SAFT parameters (or the GC parameters) to both density and derivative properties,
similar to the approach of de Villiers et al. [29]. Much broader data sets are needed such
as saturated liquid density, isochoric heat capacity, vapor pressure, enthalpy of

vaporization, and speed of sound as used by de Villiers et al. [29].



4 Conclusion

A purely predictive, single, pseudo-component technique using the Perturbed-Chain
Statistical Associating Fluid Theory (PC-SAFT) equation of state was developed to
predict the density, isothermal compressibility, and volumetric thermal expansion
coefficient of complex hydrocarbon mixtures, such as diesel and jet fuels. This approach
negates the need for fitting binary interaction parameters to experimental mixture data.
The method in this study is predictive up to high temperatures and pressures, without the
need to fit parameters to experimental data. The approach described here only requires
the input of two calculated or experimentally measured mixture properties: the number
averaged molecular weight and the hydrogen to carbon ratio. We speculate that further
improvements in the accuracy of this pseudo-component technique, especially for
derivative property estimations, can be realized if a different variant of the SAFT
equation of state is used, such as SAFT-VR Mie [88] or SAFT- y-Mie [89]. However,
these SAFT variants are not as widely applied in industrial practice, and to be used with
the pseudo-component technique, it would be necessary to develop a set of correlations
specific to these equations of state. The purely predictive, single, pseudo-component
technique described here provides a straightforward, yet powerful, tool to aid the
development of improved fuel injection equipment design and control. This tool will also
aid the development and optimization of fuel and fluid formulations for improved

performance at extreme operating conditions.

Acknowledgements
This project has received funding from the European Union Horizon 2020 Research and

Innovation program, Grant Agreement No 675528. The authors wish to thank Joseph



Roos (Afton), Joseph Remias (Afton), Mark Devlin (Afton), and Rajendar Mallepally

(VCU) for their helpful, technical discussions.

List of symbols

English symbols

a reduced Helmholtz free energy k Boltzmann constant

m segment number P pressure

T temperature CN carbon number

HN hydrogen number y evaluated property

N number of data points X mole fraction

B temperature dependent parameter in Eq. 13 | A a constant in Eq. 13

Z normalized degree of unsaturation HN/CN hydrogen to carbon ratio

e coefficients in Eq. 16 b coefficients in Eq. 17

Greek symbols

S/k depth of potential well o segment diameter

p density ap volumetric thermal expansion coefficient
Kg isothermal compressibility Y exponent in the Mie potential
Superscripts

res residual hc hard-chain

disp  dispersion
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