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Abstract

The PC-SAFT equation of state is utilised to model the effect of pressure and temperature
on the density, volatility and viscosity of four Diesel surrogates; these calculated
properties are then compared to the properties of several Diesel fuels. PC-SAFT
calculations are performed using different sources for the pure component parameters.
One source utilises literature values obtained from fitting vapour pressure and saturated
liquid density data or from correlations based on these parameters (LC-PC-SAFT). The
second source utilises a group contribution (GC) method based on the chemical structure
of each compound (GC-PC-SAFT). Both modelling methods deliver similar estimations
for surrogate density and volatility that are in close agreement with experimental results
obtained at ambient pressure. Surrogate viscosity is calculated using the entropy scaling
model with a new mixing rule for calculating mixture model parameters. The closest
match of the surrogates to Diesel fuel properties provides mean deviations of 1.7% in
density, 2.9% in volatility and 8.3% in viscosity. The PC-SAFT results are compared to
calculations using the Peng-Robinson equation of state; the greater performance of the
PC-SAFT approach for calculating fluid properties is demonstrated. Finally, an eight-
component surrogate, with properties at high pressure and temperature predicted with the
GC-PC-SAFT method, yields the best match for Diesel properties with a combined mean
absolute deviation of 7.1% from experimental data found in the literature for conditions
up to 373 K and 500 MPa. These results demonstrate the predictive capability of a state-
of-the-art equation of state for Diesel fuels at extreme engine operating conditions.
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1 Introduction

Improving the combustion efficiency and meeting emission regulations from all types of
Diesel powertrains is a pressing environmental issue. Understanding the impact of
changes in pressure and temperature on fuel properties is vital for simulating various
processes relevant to Diesel injection and combustion. Properties such as density,
viscosity, speed of sound and bulk modulus affect the injection process and phase-
changing phenomena within the fuel injector, which in turn, control atomisation, mixing,
and soot emission levels (1) (2) (3) (4). In addition, recent studies show that injection into
air with fuel that reaches supercritical conditions can improve combustion and reduce
emissions further (5) (6).

The modelling of Diesel fuel properties in the automotive and energy fields has become a
major challenge (7) (8) (9) (10) given the lack of experimental data for the wide range of
operating conditions at elevated pressures and temperatures and given the lack of
relevant, widely accepted modelling methods/correlations. As Diesel fuel is composed of
hundreds of hydrocarbons, with unknown individual properties and interactions, research
has focused on creating surrogate mixtures (11) (12) (13) to mimic the properties of
Diesel fuel. Surrogate mixtures ideally consist of a rather small number of hydrocarbons
that replicate selected properties of a particular Diesel (14). Research with surrogate
mixtures could improve the understanding and modelling of the relationships between
fuel composition and engine combustion (15).

The modelling of nozzle-cavitation, internal nozzle deposit build-up, fuel atomisation,
heating and vaporisation depends on the accuracy of estimated Diesel properties at

relevant operating conditions. For example, the recent studies of the author’s group (16)



shows an up to 7% variation in the predicted mass flow rate through Diesel injectors
when variable fuel properties are utilised. Similarly, considerable effects on nozzle flow
and cavitation (17), fuel vaporisation (18) and near-nozzle spray distribution (19) have
been demonstrated. The approaches taken by most studies modelling the thermodynamic
properties of Diesel fuel are either based on collections of Diesel properties (20),
hydrocarbon property databases in NIST (REFPROP (21)), calculated properties using
commercially available software, e.g. ASPEN (22) or SUPERTRAPP (23), calculated
properties using cubic equations of state (EoS), or a combination of all of these
approaches (24). However, there are limitations in each of these approaches. For
example, the best collection of Diesel fuel properties (20) is limited to pressures and
temperatures far from supercritical or saturated vapour conditions. The REFPROP
database is defined for a very limited number of hydrocarbons. In addition, fluid property
estimations with software relying on a cubic EoS are known to be inaccurate when
calculated at high-temperature, high-pressure conditions (HTHP) (25) (26).

The present study investigates the performance of the Perturbed-Chain, Statistical
Associating Fluid Theory (PC-SAFT) (27) equation of state (EoS) for modelling the
properties of Diesel fuel and Diesel fuel surrogate mixtures over a wide range of
pressure-temperature conditions. The PC-SAFT EoS requires three molecular-based
parameters per component for fluid property calculations. In this study two approaches
are used to obtain the pure component parameters. One approach utilizes parameters
reported in the literature that were obtained by fitting vapour pressure and saturated
liquid density data (28) or were calculated with correlations based on parameters reported

for compounds in the same chemical family (29) (LC-PC-SAFT). The other approach



utilizes a group contribution method based on the molecular structure of each component
(30) in the fuel or fuel surrogate to calculate the three parameters (GC-PC-SAFT).
Several advantages accrue when using the PC-SAFT EoS compared to a cubic EoS to
calculate fluid properties. The PC-SAFT EoS more accurately predicts derivative
properties, reducing errors by a factor of up to eight (31) (32), as compared to predictions
with a cubic EoS, such as the Peng-Robinson (PR) EoS (33) or Soave-Redlich-Kwong
EoS (34). Density predictions with the PC-SAFT EoS exhibit six times lower error for a
widely used surrogate such as dodecane (35) and half the error of those made with
improved cubic equations, such as volume-translated versions (36). The PC-SAFT EoS
provides satisfactory agreement between calculated and experimental properties of
reservoir fluids (37), natural gas (38) and asphaltene phase behaviour (39) (40). These
studies suggest the PC-SAFT EoS should provide reasonable predictions of Diesel fuel
properties at extreme engine operating pressures and temperatures. Nevertheless, a
comparison is provided between properties calculated with the PC-SAFT EoS and those
calculated with the PR EoS that demonstrate the superior performance of the PC-SAFT
EoS.

Table 1 lists the molecular weights, molar compositions, and normal boiling points

of four Diesel surrogates reported by Mueller et al. (41), who refer to the surrogates as
VO0a, VOb, V1, and V2. The authors of this study group the surrogates into two broad
"accuracy" types depending on how closely the composition matches that of a 2007 #2
ULSD certification fuel from Chevron-Phillips Chemical Co. V0Oa and VOb are labelled
low-accuracy surrogates that only contain four and five components, respectively, and V1

and V2 are labelled high-accuracy surrogates that contain eight and nine components,



respectively. V0Oa, with four components, is derived numerically for combustion and
emissions simulations (42). VOb, with five components, better mimics the heavy
molecular weight end of the Diesel distillation curve. The authors report that the
components in V1 are chosen to match fuel composition, ignition quality, volatility, and
density of Diesel (11). V2, the surrogate with the largest number of components, exhibits
properties similar to real fuel composition, but it also has five new components with
respect to those in surrogate V1. In the present study the PC-SAFT EoS is used to predict
the thermodynamic (density and volatility) and transport (viscosity) properties of the four
Diesel surrogate mixtures at 0.1 MPa to assess the performance of this EoS to match
available surrogate mixture properties. Unfortunately, there are no available experimental
literature data for the high-pressure, high-temperature properties of the four surrogates.
Therefore, predictions from both the LC-PC-SAFT and GC-PC-SAFT methods are then
used to compare calculated surrogate properties to those experimentally reported for
Diesel in (11) (41), including high pressure densities and viscosities. The comparison of
calculated surrogate mixture properties with experimental Diesel properties provides
insight into the impact of the number and type of components needed for a surrogate

mixture to mimic Diesel fluid properties.



M, Ty, Surrogate mol %
Compound [g/mol] [K] VO0a VOb VI V2
n-hexadecane 2264 560.0 27.8 - 2.7 -
n-octadecane 2545  590.0 - 235 202 108
n-eicosane 282.5 617.0 - - - 0.8
heptamethylnonane 2264 520.0 363 27.0 292 -
2-methylheptadecane 2545 5843 - - - 7.3
n-butylcyclohexane 140.3 456.2 - - 5.1 19.1
triisopropylcyclohexane 2104 5232 - - - 110
trans-decalin 138.2 460.5 148 - 5.5 -
perhydrophenanthrene 1923  546.9 - - - 6.0
1,2,4-trimethylbenzene 120.2  442.6 - 125 7.5 -
1,3,5-triisopropylbenzene 204.4  509.5 - - - 14.7
tetralin 132.2  480.9 - 209 154 164
1-methylnaphthalene 1422 518.0 21.1 16.1 144 139

Table 1:Molar composition for the four Diesel fuel surrogates (V0Oa, VOb, V1, V2) (41)
modelled here. Boiling points at 0.10MPa taken from the literature. *; Prediction found in

(43)



2 Numerical Method

2.1 PC-SAFT Equation of State
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Figure 1:Schematic of three, non-associating molecules modelled with the PC-SAFT
EoS. Each molecule is decomposed into spherical segments of diameter . The segments
then form chains of length m that interact via dispersion forces.

The PC-SAFT EoS (27) is a theoretically derived model, based on perturbation theory
(44) (45) (46) (47), that splits the intermolecular potential energy of the fluid into a
reference term accounting for repulsive interactions and a perturbation term accounting
for attractive interactions. Figure 1 shows the modelling of molecules in PC-SAFT. The
reference fluid is composed of spherical segments comprising a hard sphere fluid that
then forms molecular chains to create the hard-chain fluid. The attractive interactions,
perturbations to the reference system, are accounted for with the dispersion term.
Intermolecular interaction terms accounting for segment self- or cross-associations are
ignored in the form of the PC-SAFT EoS used here given the molecular structure of the
surrogate Diesel compounds listed in Table 1. Hence, each component is characterized by
three pure component parameters, which are a temperature-independent segment

diameter, o, a segment interaction energy, € and a number of segments per molecule m.

The PC-SAFT EoS is derived as summations of the residual Helmholtz free energy, as

shown in Equation (1).
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where R is the universal gas constant and 7 is the temperature. The hard-sphere
contribution, a™, is embedded in the hard-chain term, a”¢, which for a mixture of nc
components, is given in Equation (2).

nc
o =S om0 o

i

where m is the number of segments for a multicomponent mixture,

nc
m= z X ml#(3)
i

and x; is the mole fraction of every component i in the fluid. The hard sphere

contribution is defined as
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¢ Zo (1- (3)+(3(1 5)? G| In(1—¢3)|#(4)

where {;, are defined abbreviations and the term glhjs in Equation (5) is the radial

distribution function of the hard-sphere fluid.
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and p* is the molecular density and d;, the temperature-dependent segment diameter of

component i is

E.
d; = o [1 —0.12 exp (—3 kB‘T)] #(7)

where kg is the Boltzmann constant. The dispersion term is defined as:
a®s? = —2mpl,(n,m)m2ec3 — mpmC,I,(n, m)m2e203#(8)
where 1 = {3 is the reduced density, I; and I, are integrals approximated by simple

power series in density, and C;, an abbreviation for the compressibility factor Z, is given

as:
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The terms m?eo3 and m?e€203 are abbreviations which represent properties of the

mixture:
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To model the mixture parameters o;; and €;;, defined for every pair of unlike segments, a

modified Berthelot-Lorentz combining rule (48) is used:

1



Eij = ‘lEiEj(l - kl])#(13)

where k;;, the binary interaction parameter, is used to correct the segment-segment

1>
interactions between unlike chains. For the Diesel surrogate mixture compounds listed in

Table 1, k;; is expected to be a positive number less than ~0.150 (49) (40). However, in
this study k;; is set to zero for predictive calculations that only depend on pure

component parameters.

Once the different contributions to the residual molar Helmholtz free energy have been
defined, every other thermophysical property can be calculated by its derivatives, as the
Helmholtz free energy is a thermodynamic potential. The properties studied in this paper
are density, volatility and viscosity.

2.1.1 Method for Calculating Density
At a fixed system pressure p, the density of the fluid is adjusted until the calculated

pressure equals the system pressure. More specifically, the iterative method uses the
packing fraction n and calculates the pressure by the expression

<aahc> <aadisp>
+
aT] T,x; aT] T,x;i

2

pcale = <1 +7 )kBTp* 103%#(14)

Once the iterative method converges, the following expression is used to convert the
packing fraction to density in SI units [kg/m3]:

6 nc -1 nc k
p= %(NA”Z% m,_d?) inMWi (10_3 ?‘g) 1030 #(15)

12 l

where Ny, is Avogadro’s number and M,,,, is the molar weight in [g/mol] of each

component. Details on the derivatives of the residual molar Helmholtz free energy are

found in (27).



2.1.2 Method for Calculating Volatility
Volatility, i.e. the conditions governing the formation of vapour in a fluid, is essential to

the understanding of bubble formation in injector nozzle flow, to the steps leading to
cavitation phenomenon, and, importantly, to the vaporisation of the fuel prior to
combustion. In contrast to the behaviour of a pure component, bubble formation within a
mixture does not occur at a constant temperature and pressure, but rather each component
comprising the Diesel fuel or surrogate mixture vaporises at a different rate dependent on
the operating pressures and temperatures. For instance, 1,2,4-trimethylbenzene, the
lightest component in several surrogate mixtures, has a boiling point at atmospheric
pressure of 442.6 K, but at the same pressure the heaviest component, n-eicosane, boils at
616.9 K. For this study, the occurrence of a vapour bubble in the mixture is determined
by minimizing the Gibbs Free Energy and applying the tangent plane criterion to find the
most stable state(s) of the fluid system, according to a published algorithm (50)
consisting of a stability analysis followed by a phase equilibrium calculation. The
stability criterion, i.e. whether the fluid exists as a single phase or as multiple phases, was
first proposed by Baker et al. (51), who demonstrated that a fluid system remains a stable
single phase for certain conditions of pressure, temperature and composition (here
denoted z) if the tangent plane to the Gibbs energy surface at composition z is never
intersected by the Gibbs energy surface for any other composition x. Michelsen (52)
provides a mathematical algorithm defining the vertical distance F(x, T, p) from the
molar Gibbs energy surface at the trial composition x to the Gibbs energy surface at

composition z, which in terms of the chemical potential y; for every component i is

ne

F(x,T,p) = Z x (1, T,p) — u(z,T,p)) = 0 Vx > 0 #(16)



In the present study, Equation 16 is solved using the quasi-Newton BFGS minimization
method (53). If F(x, T, p) is negative at molar fraction x, the fluid has split into two
phases and the phase equilibrium calculation is then solved by searching for the global

minimum of the molar Gibbs energy, G, of the system

Ne 2
Min G = Z Z ™ #(17)
TP

)

where n;™” is the molar number of component i in phase ¥ to mole of feed. This

minimation problem is also solved with the quasi-Newton BFGS minimization method.

2.1.3 Method for Calculating Viscosity
The recent work by Baled et al. (54) compares the performance of several viscosity

models available for hydrocarbons. These authors report that empirical models, such as
the Lohrenz-Bray-Clarke (55), are not recommended for high pressure viscosity
calculations due to the lack of predictability of the parameters needed in the models.
They further note that the semi-theoretical, correlative viscosity prediction methods, e.g.
friction theory (56), free volume theory (57) or expanded fluid theory (58), provide
satisfactory high pressure viscosity predictions, however these models all require some
experimental viscosity data to calculate model parameters. Other semi-theoretical
models, popular in reservoir simulations, are the Chung-Ajlan-Lee-Starling (59) and the
corresponding states Pedersen and Fredenslund (60) viscosity models, that, unfortunately,
fail to provide reliable viscosity predictions at extreme operating conditions. Baled and
co-workers recommend using the entropy scaling model of Lotgering-Lin and Gross (61)
to calculate viscosity at wide ranges of pressures and temperatures since this model

provides predictions in reasonable agreement with experimental data without a need for



fitting parameters. As a consequence of the paucity of experimental data for some of the
components used in this work, viscosity will be calculated using the entropy scaling
model. These compounds include heptamethylnonane, n-butylcyclohexane,

triisopropylcyclohexane and perhydrophenanthrene.

The entropy scaling viscosity model (62) allows transport properties, such as self-
diffusion and dynamic viscosity, to be correlated to a power series of the reduced residual
entropy, s"®°/m, and the universal gas constant, R. For a pure component, the reduced

viscosity, u*, is obtained with the following expression

res gres 2 res, 3

In(u*) = A; + B; (ﬁ) 1 (m) + D, (m) #(18)

where 4;, B;, C;, and D; are viscosity parameters determined from a specific group
contribution method reported by Lotgering-Lin and Gross (61). The reduced viscosity is
given by

K= p/uce#(19)

where g is the Chapman-Enskog (CE) reference viscosity given as

e = 5 MykpT/(mgcNam)
T (2,2)+
16 Géc Qe

#(20)

where mg and o refer to the GC parameters and .Qézéz)* to the reduced collision
integral (63).

It is important to recognize that Lotgering-Lin and Gross used the GC method of Sauer,
et al. (64) when they developed the viscosity entropy scaling parameters needed for the
CE reference viscosity and, therefore, these same GC parameters are used here to

calculate the CE viscosity. The Sauer GC parameters differ from those of Tihic, et al.



(30), which are used here for density, volatility, and residual entropy calculations. Tihic’s
GC parameters provide a better match of the PC-SAFT hexadecane (C16), octadecane
(C18), eicosane (C20), and 2-methylheptadecane (2-methyl-C17) pure component
parameters found from fitting this EoS to vapour pressure and saturated liquid density
data. Rather than fit n-alkane data as a single chemical family, Sauer and co-workers
determined n-alkane GC parameters by simultaneously fitting both normal and branched
alkane data, which results in ~ 10% lower than expected &/k values for C16, C18, C20,
and 2-methyl-C17. Therefore, in the present study, LC and Tihic’s GC-PC-SAFT
parameters are used to calculate the residual entropy, Lotgering-Lin and Gross’s GC
parameters are used to calculate the constants in the entropy scaling equation, and Sauer’s
GC parameters are used to calculate the CE reference viscosity needed to calculate
viscosity. Straightforward mixing rules (65) are used with the PC-SAFT EoS to calculate
the fluid properties of the mixtures considered here.

Initial calculations are performed in two different ways to determine, p,;,, the mixture
viscosity. One approach uses the Grunberg-Nissan mixing rule (66), which requires

values for the viscosity of each component in the mixture

nc nc nc
In pmix = Z xi In(uy) + Z 2(1 — 8;j)x;x;Gyj #(21)
i i
where §;; is the Kronecker delta, set to 1 when i=j and to 0 in any other case. The
interaction parameter G;; in the Grunberg-Nissan equation is set to zero here to obtain

predictives using only pure component parameters and, in fact, mixture viscosity data is

not available to fit this parameter.



where §;; is the Kronecker delta, set to 1 when i=j and to 0 in any other case. The
interaction parameter G;; in the Grunberg-Nissan equation is set to zero here to obtain
predictives using only pure component parameters and, in fact, mixture viscosity data is
not available to fit this parameter.
The second, computationally simpler approach, is to use a mixing rule to calculate A,,; .,
Boix> Cmix»> OF Dy needed to calculate u*. The mixing rule used here follows from the
mixing rule shown as equation (4) in Novak (65).

2

nc
21 ximy, 07 Z;

lgc
#(22)
Z?C ximicco—iz(;c

Zimix =

where Z,,;, stands for A,,ix, Bmix> Cmix> OF Dinix, Nc is the number of components in the

mixture and x; is the mole fraction of component i. For each component i, Sauer’s GC
method (64) is used to calculate m; ., the number of segments, and o; . ., the segment

diameter. Z;, which represents A;, B;, C;, or D;, is calculated using the Lottering-Lin and

Gross GC approach for each component.

3 Results and discussion

Initially the PC-SAFT pure component parameters are calculated for the 13 compounds
found in the four Diesel fuel surrogates (41), VOa, VOb, V1, and V2, listed in Table 1.
Once the pure component parameters are determined, the LC-PC-SAFT and GC-PC-
SAFT approach are used to calculate surrogate properties of density, volatility in terms of
boiling temperature, and viscosity. These surrogate properties are then compared to
available experimental data of the same surrogates (41) available at near ambient
conditions and to the properties of six different Diesel fuels (41) (67) at temperatures

from 298 to 373 K and pressures from 0.1 to 500 MPa. Unfortunately, there is no



composition characterization information for the five Diesel fuels, those found in (67).
Nevertheless, their origin (British), time of year (summer) and existing additives are
known, as listed here:

Fuel 1: British refinery #1 with no performance or handling additives.

Fuel 2: British refinery #1 with both handling and performance additives.

Fuel 3: British refinery #2 with both handling and performance additives.

Fuel 4: British refinery #2 with 5% rape methyl ester.

Fuel 5: A commercially available retail fuel.

Fuel 6: A 2007 #2 summer ULSD certification fuel from Chevron-Phillips Chemical
Company with detailed compositional analysis (41)

The numerical results are presented in bar graphs, tables, or are interpreted using the

Average Absolute Deviation, AAD [%], defined as

Np
100
Np -

exp calc
exp
‘Qi

AADG[%] = #(23)

where () represents the density, boiling temperature, or viscosity and Ny, is the number of

compared experimental data points.



3.1 LC/GC-PC-SAFT parameter characterization

Parameter n-Alkanes Cyclo-Alkanes

m 0.02569M,, + 0.8709 0.02254M,, + 0.6827

ma? (A3) 1.7284M,, + 18.787 1.7115M,, + 1.9393

me/kg (K) 6.8248M,, + 141.14 6.4962M,, + 154.53

Parameter Aromatics Branched Alkanes

m 0.02576M,, + 0.2588 0.02569M,, + 0.8709

SG

(mo®),/| 1+ 0.86381 ((5(;)

mao® (A3) 1.7539M,, — 21.324 ’

_ 1))
me/kg (K) 6.6756M,, + 172.40 6.8311M,, + 124.42

Table 2: Correlations used for the three pure component parameters (29), depending on
the hydrocarbon class, when their values were unavailable in the literature. For branched
alkanes, the subscript 0 refers to the parameter values for the n-alkane with the same
molecular weight as the branched alkane and SG refers to the specific gravity.

The GC-PC-SAFT pure compound parameters are calculated taking into account only the
molecular structure (30). In contrast, the LC-PC-SAFT parameters are found in the
literature (28) and were obtained by fitting experimental data or were calculated using
correlations given in Table 2 for different chemical families (29), when the parameters
were not available. The correlations in Table 2 are used to calculate the pure component
parameters of 2,2,4,4,6,8,8-heptamethylnonane, 2-methylheptadecane, 1,3,5-
triisopropylcyclohexane, perhydrophenanthrene, and 1,3,5-triisopropylbenzene. Table 3
presents the pure component parameters for all 13 components found in different

amounts in the four Diesel fuel surrogates considered here.



LC-PC-SAFT GC-PC-SAFT

Palette Compound Name m o[A]  €/kg[K] Mye  0gc[Alegc/kp[K]
n-hexadecane 6.6485 3.9552  254.70 6.669 3.944 253.59
n-octadecane 7.3271 3.9668  256.20 7.438 3.948 254.90
n-eicosane 7.9849 3.9869  257.75 8.207 3.952 255.96
heptamethylnonane 6.6883 3.9503 249.88 5,603 4.164 266.46
2-methylheptadecane 7.4090 3.9477 251.44 7.374 3.959 254.83
n-butylcyclohexane 3.6023 4.0637 28597 3.682 4.036 282.41
1,3,5- 5.4251 4.0562  280.40 4959 4.177 297.48
triisopropylcyclohexane

trans-decalin 3.1578 4.1329  313.21 3.291 4.067 307.98
perhydrophenanthrene 5.0171 4.0410 279.81 4211 3.851 337.52
1,2,4-trimethylbenzene 3.5204 3.7770 287.45 3.610 3.749 284.25
1,3,5-triisopropylbenzene 5.5241 3.9373 278.21 5.178 4.029 296.68
tetralin 3.3131 3.8750  325.07 3.088 3.996 337.46
1-methylnaphthalene 3.5975 3.8173 335.57 3422 3901 337.14

Table 3: LC-PC-SAFT and GC-PC-SAFT pure component parameters for the 13
compounds in the surrogate mixtures listed in Table 1.

The predictive capabilities of the GC and LC models are shown in Table 4 by listing the
predicted boiling point at 0.1MPa for each palette component along with the absolute
percent deviation from available data. The LC-PC-SAFT predicted boiling points for nine
of the palette compounds are within ~ 0.5% of experimental values, while the predictions
for heptamethylnonane, 1,3,5-triisopropylcyclohexane, perhydrophenantrene, and 1,3,5-
triisopropylbenzene differ by 2-t0-9% from experimentally reported values. The reason is
not apparent for the larger discrepancy with these four compounds. The performance of
the GC-PC-SAFT method is close to, but not quite as good as, that observed with the LC
method. For eight palette compounds the error with the GC predicted boiling points are
slightly greater than those using the LC method, although the maximum error in these
cases is still less than 1.0%. The exceptions are the GC predicted boiling points for the
other five palette compounds with the boiling point for 1,3,5-triisopropylbenzene

exhibiting a rather large 12.3%. With the exception of the predictions for a few of the



palette compounds, both estimation techniques provide reasonable estimates of the

normal boiling temperature without the need for experimental data.

Ty, Prediction [K] Error [%]

Compound [K] LC GC LC GC
n-hexadecane 560.0 560.0 559.5 0 0.09
n-octadecane 590.0 589.6 590.6 0.07 0.10
n-eicosane 617.0 618.0 620.0 0.16 0.49
heptamethylnonane 520.0 551.5 543.5 6.06 4.52
2-methylheptadecane 584.3 582.0 589.0 0.40 0.80
n-butylcyclohexane 456.2 4543 453.3 0.42 0.64
1,3,5- 523.2 557.0 566.0

triisopropylcyclohexane 6.46 8.18
trans-decalin 460.5 459.3 461.3 0.26 0.17
perhydrophenanthrene 546.9 534.0 569.0 2.36 4.04
1,2,4-trimethylbenzene 442.6 442.0 443.0 0.14 0.09
1,3,5-triisopropylbenzene ~ 509.5 553.5 572.0 8.64 12.3
tetralin 480.9 480.0 481.0 0.19 0.02
1-methylnaphthalene 518.0 516.4 506.4 0.31 2.24

Table 4: Comparison between the experimental normal boiling temperatures, i.e. at
0.1MPa, and the prediction values calculated by LC- and GC-PC-SAFT EoS. The percent

CITors are equal to 100 - |Tb,calculated - Tb,experimental |/Tb,experimental-



3.2 Density
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Figure 2: Comparison between experimentally measured surrogate densities at 293 K and
0.1 MPa (41) with predictions made with an EoS-based method developed at NIST (21),
the two parameter sets of PC-SAFT and PR EoS. As a reference, the experimental
densities of six Diesel fuels at 293K are shown as open circles (41) (67).

Figure 2 shows a comparison between the experimentally measured surrogate densities at
293K and 0.1 MPa with calculated densities using the EoS-based method developed at
NIST (21), using the LC- and GC-PC-SAFT modelling methods, and using the widely
known PR EoS. As a reference, the open circles in Figure 2 show the experimental
densities for the six Diesel fuels (41) (67) at the same condition. Note that the density of
Diesel fuels falls into two distinct groups: fuels 1 through 4 originate from refineries and
exhibit the lowest densities and fuels 5 and 6, retail and certification fuels, respectively,
exhibit higher densities. Overall, the GC-PC-SAFT method gives the closest agreement
to surrogate experimental densities, followed by the LC-PC-SAFT method, then the
NIST EoS method and lastly, by a large margin, the PR EoS. Table 5 shows the PR EoS
pure component parameters used for these calculations. The discrepancies between both

PC-SAFT methods with the experimental data are due to the differences in the pure



component and mixture parameters. Nevertheless, at this single temperature and pressure
both PC-SAFT calculation methods are within 1.5% of experimental values, with the
closest result of 0.37% for the density of VOa. These are strictly predictive calculations
since the binary interaction parameters shown in equation 13 are set to zero and, likewise,
the binary interaction parameters used in the mixing rules with the PR EoS are also set to
Zero.

Peng Robinson parameters

Compound T.[K] p.[MPa] w[—] Z.[-]
n-hexadecane 723.0 1.400 0.747 0.241
n-octadecane 747.0 1.290 0.800 0.247
n-eicosane 768.0 1.070 0.876 0.199
heptamethylnonane 693.0 1.570 0.548 0.245
2-methylheptadecane 739.3 1.159 0.727 0.196
n-butylcyclohexane 667.0 2.570 0.534 0.417
triisopropylcyclohexane 685.0 1.653 0.534 0.234
trans-decalin 687.0 3.200 0.274 0.269
perhydrophenanthrene 795.0 2.543 0.554 0.265

1,2,4-trimethylbenzene 649.1 3.200 0.274 0.269
1,3,5-triisopropylbenzene ~ 706.0 1.743 0.554 0.235
tetralin 720.0 3.650 0.304 0.249
1-methylnaphthalene 772.0 3.600 0.348 0.259

Table 5: Properties of pure components within the surrogates for Peng-Robinson EoS.
Taken from (68).
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Figure 3: Deviation of the densities of fuels 2 through 5 with respect to the density of fuel
1. These comparisons cover a temperatures from 298 to 373K. The experimental densities
exhibit an uncertainty of 0.2% (67). The percent deviations are equal to 100 -
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Unfortunately, high pressure surrogate mixture densities are not available for comparison
to the densities of the fuels. However, before comparing calculated and experimental
high-pressure fuel densities, it is worthwhile comparing experimental densities of fuels 1
through 5 to ascertain which fuel densities can be grouped and which ones should be
considered separately. Figure 3 shows the deviation of the experimental densities of fuels
2 through 5 with respect to the experimental density of fuel 1. The reported experimental
uncertainty is 0.2% for all these five fuels. The densities of fuels 1 through 4 agree with
one another to within 1.0% while the densities for fuel 5 consistently vary by ~2%
regardless of the temperature. Therefore, fuels 1 through 4 will be considered collectively

as a single group and fuel 5 will be considered on its own.
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Figure 4: Average Absolute Deviation (AAD) showing the comparison of LC and GC-
PC-SAFT predicted densities of the four surrogates with the fuel densities (67) for
temperatures from 298 to 373 K and pressures from 0.1 to 500 MPa. Error bars represent
one standard deviation.

The LC and GC-PC-SAFT methods are used to predict the densities of the four surrogate
mixtures at 298, 323, 348, and 373 K and pressures from 0.1 to 500 MPa, conditions
similar to those used to measure densities of fuels 1 through 5 (67). As the NIST-based
EoS is unavailable and the Peng-Robinson EoS significantly underperforms in
predictions, both are not taken into account for the rest of this section. Figure 4 shows
AAD values for the experimental densities of the fuels compared to predicted surrogate
densities. The densities of fuels 1 through 4 are, overall, better predicted with the LC-PC-
SAFT than the GC-PC-SAFT method. The closest agreements are found with the LC-PC-
SAFT method with surrogates VOa (1.5%) and V1 (1.8%). The AAD values for fuels 1
through 4 are all less than 8% for the remaining comparisons of the LC- and GC-PC-
SAFT methods and surrogates. Interestingly, both methods match the density of fuel 5

equally well. The largest AAD values for all five fuels are found with calculated densities



of surrogate V2 regardless of the parameter set used for the calculation. Nevertheless,

overall, none of the surrogate calculated densities results in an AAD larger than ~6%.
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Figure 5: Surrogate densities calculated with LC-PC-SAFT (lines) compared to
experimental densities (symbols) (67).

Figure 5 shows a comparison of predicted surrogate densities with experimental fuel
densities of (a) fuels 1 through 4 against densities for VOa calculated with the LC-PC-
SAFT method and (b) fuel 5 (67) against densities for V1 also calculated with the LC-
PC-SAFT method. Plots for the other surrogates and parameter sets are found in the
Supporting Information document. For both cases, the predicted surrogate densities are
slightly lower than the Diesel densities at all temperatures at low pressures and greater
than the Diesel densities at all temperatures at high pressures. This trend is observed
regardless of the chosen surrogate. Nevertheless, the maximum deviations are less than

4% at the upper limit of the pressure. However, the greatest discrepancy noted in these

500

comparisons is that slopes of the predicted isotherms are not in agreement with the slopes

of the experimental data. Hence, predicted isothermal compressibility will be in

significant disagreement with experimental values.



3.3 Volatility

Figure 6 shows the predicted volatility curve at 0.1MPa for all four surrogates, calculated
with LC-, GC-PC-SAFT and PR EoS, against the experimental curves for both the
surrogates and fuel 6. It is obvious that PR EoS estimations are in greater disagreement
with experimental data than both methods of PC-SAFT. As expected, the boiling
temperatures increase with increasing vapour fraction as heavier hydrocarbons remaining

in the liquid phase require more energy and, hence, higher temperatures, to vaporise.

At vapour fractions up to ~10% the PC-SAFT approach, with either method used to

calculate pure component parameters, overpredicts the surrogate boiling temperatures by

as much as 5°C while at vapour fractions greater than 60% this model underpredicts

boiling temperatures. At vapour fractions greater than 80%, estimations for the “high

accuracy” surrogates are a very poor match, where the deviation is close to 40°C at a

vapour fraction of 90%.

Similar conclusions are evident for the comparison of calculated surrogate vapour
fractions with those for fuel 6, where a significant error close to complete vaporisation is

also observed.
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Figure 6: Volatility curves at 0.1 MPa predicted by the PC-SAFT and PR EoS compared
to experimental data for both surrogates and Fuel 6.

Figure 7 presents AAD values for experimental volatility curves at a constant pressure of
0.1 MPa for the four Diesel fuel surrogates (41) and that of fuel 6 (41), compared to
predictions using the LC-PC-SAFT and GC-PC-SAFT methods, i.e. 44D values for the
results shown in Figure 6. Peng-Robinson estimations are omitted as they are clearly in
greater disagreement than those of PC-SAFT. Both PC-SAFT parameter sets provide
very similar boiling temperature estimates in close agreement to experimental values for

all four surrogates, as shown in Figure 7a, particularly for VOa (1.4 - 2.3%)).



The comparison against real Diesel volatility, Figure 7b, shows the LC-PC-SAFT

estimates using VOb (5.9%), V1 (6.2%) and VO0a (6.3%) are closer to experimental values

than those obtained with the GC method. Conversely, the GC-PC-SAFT estimates using

V2 (5.3%) are closer to real Diesel data than those obtained with the LC method. Overall,

the averaged errors for all surrogates by either method are within ~10% of the observed

values.
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Figure 7: Average Absolute Deviation (44D, ;.. lity) for experimental boiling

temperatures of four surrogates and Fuel 6 (41) at 0.1 MPa with predictions using the LC-
PC-SAFT and GC-PC-SAFT calculation methods. Error bars represent one standard

deviation.



3.4 Viscosity
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Figure 8: Comparison of experimental kinematic viscosities of four surrogates at 313.15
K and 0.1 MPa (41) to predictions using PC-SAFT with both parameter sets and mixing
rules, and Peng Robinson (69). As a reference, the open circles show the experimental
kinematic viscosities of the six Diesel fuels at the same condition (67) (41) considered in
this study. Units: 1¢St=10"°m*s™'

Figure 8 presents a comparison of experimental kinematic viscosity at 0.1 MPa and 313
K for the four surrogates (41) to those estimated by PR (69) and the PC-SAFT with both
the LC and GC pure component parameters. Mixture viscosities are calculated with PC-
SAFT using both the empirical (EM) mixing rule in Equation (22) and the Grunberg-
Nissan (GN) mixing rule in Equation (21). On the other hand, only GN is applied to PR-
EoS estimations in absence of any better alternative. For most cases the GC-PC-SAFT
model with the EM mixing rule gives the closest predictions to surrogate experimental
values with errors of 8.6% for V0a, 2.6% for V1, and 1.5% for V2. Predictions of the
VOb kinematic viscosity with either the LC or GC-PC-SAFT method with the EM mixing
rule give similar matches to the experimentally observed value. Peng-Robinson fails to

provide accurate estimations, with errors ranging 20 to 60%. Thus, the results provided



by the Peng-Robinson EoS are omitted in the rest of this section. Moreover, overall
viscosity predictions using the empirical mixing rule shown in Equation (22) provide
slightly better matches with experimentally-observed values compared to predictions
using the Grunberg-Nissan (GN) mixing rule, Equation (21). While it is possible to adjust
the GN rule with a mixture-specific correction factor (66), this was not done to maintain
fidelity with the decision to set binary interaction correction factors to zero in the PC-
SAFT EoS mixing rules. Given that the empirical mixing rule, Equation (22), is
computationally easier to use compared to the GN rule, the remaining mixture viscosity

calculations are done with the EM mixing rule.
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Figure 9: Deviation in viscosity of fuels 2 through 5 relative to the viscosity of fuel 1
(67). These comparisons cover a temperature from 298 to 373K. The uncertainty in the

experimental viscosity is 2%. The percent errors are equal to 100 - (,ufue” — Ufyel 1) /

:ufuel 1

Before comparing calculated and experimental high-pressure fuel viscosities, it is
worthwhile comparing experimental viscosities of fuels 1 through 5 to ascertain which
fuel viscosities can be grouped and which ones should be considered separately, similar
to the analysis performed with the fuel density data. Figure 9 shows a deviation plot

comparing the viscosity of fuel 1 to the viscosity of fuels 2 through 5. The reported



experimental uncertainty is 2%. The bulk of the viscosity data deviation for the different
fuels falls within a range of = 15%, which is much larger than the experimental
uncertainty in the data. The large variation in viscosities is likely a consequence of the
use of additives in fuels 2 through 5. Interestingly, these additives have very little effect
on the density of the fuels as previously shown in Figure 3. Note that additised fuel 2
exhibits the highest deviations and, therefore, the viscosity of fuel 2 is compared

separately to the viscosity of the surrogates.
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Figure 10: Average Absolute Deviation (44D) showing how closely the entropy scaling
predicted viscosities of the four surrogates match experimental viscosities averaged from
Diesel fuels (67) for temperatures from 298 to 373 K and pressures from 0.1 to 500 MPa.
The predictions use the empirical mixing rule defined in equation 21. Error bars represent
one standard deviation.

Figure 10 compares dynamic viscosities averaged from fuels 1, 3, 4, and 5 (10a) and from
fuel 2 (10b) (67) obtained at 298, 323, 348, and 373 K and pressures from 0.1 to 500 MPa
to predicted surrogate viscosities over the same temperature-pressure ranges. Similar to
the comparison of kinematic viscosity at low pressure, both parameter sources give
similar predictions, with the exception of V1 calculated with LC-PC-SAFT. As shown,
the errors for fuel 2 are greater than those for the other fuels, and in many cases the errors

for fuel 2 are twice as large.
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Figure 11: Comparison of averaged experimental viscosities for fuels 1, 3, 4, and 5 (67)
to those predicted by PC-SAFT. The calculation uses the empirical mixing rule defined in
equation 21.

A detailed viscosity comparison is provided in Figure 11 which shows predictions for
VO0a (GC-PC-SAFT) and V2 (LC-PC-SAFT) against averaged experimental data for fuels
1, 3,4, and 5 (67). Plots for the other surrogates and both parameter sources are found in
the Supporting Information document. Both the predicted and experimental viscosities
increase with increasing pressure although the rate decreases as temperature increases.
The predicted surrogate viscosities are in reasonably good agreement with experimental
values for these retail Diesel fuels at most conditions. The largest increase in viscosity
observed experimentally is at low temperatures and high pressures. It is in this region, at
298 K, where the disagreement between data and prediction is as high as 15%. This
mismatch in viscosities at low temperatures and high pressures is characteristic of most

viscosity models (36).

3.5 Discussion



e
A

V0a VOb Vi V2
Diesel Fuel Surrogate

Figure 12: Average Absolute Deviation (44D ,;;) showing the performance of four

different surrogates to match the combined set of density, volatility, and viscosity data for
six different Diesel fuels at temperatures from 298 to 373 K and pressures from 0.1 to
500 MPa. Error bars represent one standard deviation.

Although it is possible to match each thermodynamic property of Diesel fuel with a
unique surrogate mixture, the normal practice is to use a small number of surrogate
mixtures, if not just one mixture, to mimic all of the properties of a Diesel fuel. Figure 12
shows an assessment of how closely a combined set of Diesel fuel density, volatility, and
viscosity data for six different Diesel fuels (67) (41) at 298 to 373 K and 0.1 to 500 MPa
match with each surrogate mixture considered in this study. For the calculation of these
errors, each property contributes in the same amount to the total error. When a combined
set of Diesel fuel properties are considered, it is evident that neither modelling option

considered in this study is favoured. The lowest 44D, ;; is found for surrogate V1 (GC-

PC-SAFT calculations) (7.1%), followed by V0a (GC-PC-SAFT calculations) (7.1%) and

V2 (LC-PC-SAFT calculations) (7.6%) . A4D ,;; values for the rest of predictions,

although larger, are still less than ~10% with the exception of V1 (LC-PC-SAFT

calculations) with a deviation of ~11.7%.
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Figure 13: Isotherms for surrogate V1 calculated with the GC-PC-SAFT method
compared to experimental data for Diesel fuels 1 through 6.

The combined GC-PC-SAFT predicted properties for the V1 surrogate had the best match
to the studied Diesel fuel properties. Figure 13 (a) and (b) show how well the predicted
V1 properties match the densities and viscosities of fuels 1 through 6. As shown in Figure
13 (a), the observed averaged Diesel density is underpredicted at low pressures and
overpredicted at high pressures. However, these errors are within a maximum of ~3%.
For viscosity, although it should be largely better than PR EoS, there is an important
underprediction at low temperatures with errors as high as ~15%. Regarding volatility, as
shown previously in Figure 6, the predictions overestimate the data at low vapour

fractions and underestimate the data at high vapour fractions, with a maximum deviation

of ~40 °C at a vapour fraction of 95%.

4 Conclusions
The properties of four surrogates proposed by Mueller, et al. (41) were modelled using
the PC-SAFT EoS to test the performance of this model to predict density, volatility, and

viscosity. The PC-SAFT pure component parameters for the compounds in each



surrogate mixture were obtained either from the literature or were calculated using
correlations based on literature parameters (LC-PC-SAFT) or were calculated using a
group contribution method (GC-PC-SAFT). Predicted surrogate mixture properties were
then compared to available property data for Diesel fuels. Both methods provided good
predictions for the densities of the four surrogate mixtures. Likewise, the predicted
surrogate mixture densities were in reasonably close agreement with Diesel fuel density
reported over broad temperature and pressure ranges. Both methods also exhibited similar
deviations for predicted normal boiling points for the surrogates and both methods
exhibited similar trends in the distillation curves where predicted temperatures were too
high at low vapour fractions and too low at high vapour fractions. High temperature, high
pressure predicted surrogate viscosities obtained with the entropy scaling viscosity model
matched Diesel experimental data (67) within ~15% when using either the LC and GC
parameter estimation techniques. Comparisons are also presented for calculations with
both the PC-SAFT and PR EoS, showing the greater performance of the PC-SAFT EoS.
Overall, the V1 surrogate modelled with the GC-PC-SAFT method provided the best
match of Diesel properties when a combination of Diesel properties was considered.
These results demonstrate the predictive capability of a state-of-the-art equation of state

for Diesel fuels at extreme operating conditions.
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List of symbols

English symbols
a reduced molar Helmholtz free kj; binary interaction parameter
energy
A molar Helmholtz free energy m chain segment number
Anix mixture viscosity parameter m mean chain segment number
Bix mixture viscosity parameter M,, molar weight
Ciix mixture viscosity parameter N 4,,Avogadro’s number
Cq defined abbreviation (Eq. 9) n  number of moles
d temp. dependent segment diameter p  pressure
Dmix mixture viscosity parameter R universal gas constant
gij site-site radial distribution function s  entropy
Gj; viscosity binary interaction T temperature
parameter
G Gibbs free energy X  generic viscosity parameter
kg Boltzmann constant Z compressibility factor
Greek symbols
€ depth of the potential p* molecular density
Cn defined abbreviation (Eq. 6) p mass density
n packing fraction o segment diameter/standard
deviation
u* reduced viscosity £ reduced collision integral or



generic

u dynamic viscosity or chemical pot. thermodynamic property
V) generic phase w acentric factor
Superscripts

disp dispersion term ig 1ideal gas

he hard-chain term res residual term

hs hard-sphere term

Subscripts

i component i or the ith data point a  attractive contribution
GC group contribution parameter r  repulsive contribution
mix mixture property ¢ Critical property
Abbreviations

%AAD average absolute deviation

EoS equation of state

GC-PC-SAFT group contribution PC-SAFT

LC-PC-SAFT literature and correlations PC-SAFT

PC-SAFT perturbed chain statistical associating fluids theory
ne number of components

GN Grunberg-Nissan mixing rule

EM empirical mixing rule
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