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“Strategy without patience can be caustic. Patience without strategy can become anemic. Having 

both strategy and patience is a rare gift.” 

(Brannon Marshal) 
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Present Contribution 

Summary of Dissertation 

 There are only a few fluid models in the literature which are commonly used to model the 

properties of fuels  

o The utility of these techniques has been limited by the need for expensive and time-

consuming high pressure experimental measurements to fit multiple model 

parameters or require complex compositional characterization to define multiple 

pseudo-components 

 This dissertation presents a novel framework for accurately predicting thermodynamic and 

dynamic thermophysical properties of hydrocarbon mixtures and fuels  

o Variations in mixture and fuel composition are captured using a molecular-based 

equation of state (PC-SAFT) in lieu of complex compositional characterization for 

every fuel and fitting empirical correlations to high temperature and pressure 

(HTHP) data 

 Hundreds of compounds within a fuel are modeled as one pseudo-component 

using two experimentally measured or calculated inputs: 

 Number averaged molecular weight 

 Hydrogen to carbon ratio 

o Predictions are validated for a wide range of hydrocarbon mixtures and fuels (e.g., 

gasoline, kerosene, jet, rocket propellant, and diesel) up to high temperature and 

high pressure (HTHP) conditions (550 K and 3,500 bar) 

 Density is predicted within 1 % mean absolute percent deviation (MAPD) 

 Viscosity is predicted within 4 % MAPD 

 Thermal conductivity is predicted within 3 % MAPD 

 Errors in predictions are generally within the uncertainty of the 

experimental measurement 

 

Impact of Dissertation on Scientific Community 

 This dissertation presents a unified framework to predict  thermodynamic and dynamic 

fluid properties of hydrocarbon mixtures and fuels up to high temperature and pressure 

conditions 
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o The framework is based upon the PC-SAFT equation of state and residual entropy 

scaling  

 This dissertation is the first application of residual entropy scaling using 

pseudo-component based methodologies to predict dynamic properties 

o Properties are accurately predicted and do not require detailed measurements of the 

molecular structure of the mixtures and fuels 

 Only two inexpensive and commonly measured or calculated mixture 

properties are required as inputs 

 Number average molecular weight  

 Hydrogen to carbon ratio 

 The pseudo-component technique requiring only two inputs is shown to be less accurate 

when predicting dynamic properties (i.e. viscosity, thermal conductivity) for mixtures or 

fuels with high concentrations of branched alkanes, which can significantly impact these 

properties at high pressure 

o Two methodologies are proposed to overcome this limitation: 

 Fitting one model parameter to a low pressure reference data point (i.e. 

ambient pressure viscosity or thermal conductivity) 

 An empirical correlation is proposed to correct the predicted residual 

entropy required for calculating dynamic properties 

o Both methodologies significantly improve predictions with the empirical 

correlation improving viscosity to within 9% MAPD 

 

Application of Models to Computational Fluid Dynamics 

 The predictive framework in this dissertation has been implemented into the open-source 

CFD software OpenFOAM by Rodriguez, Rokni, et al. (Submitted to Fuel, 2019)  

 Predictions are shown to be accurate at extreme pressures relevant to modern fuel injectors 

o The accuracy of the CFD simulations is improved using the predictive methods from 

this dissertation compared to previous empirically based state-of-the-art models 

which are generally correlated to low pressure measurements. 

o These techniques are able to capture compositional variations in fluid properties 

during a simulation, leading to more accurate representations of evaporation, 
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condensation, and mass transfer, which may not be properly accounted for in models 

parameterized at a fixed composition and low pressure. 

 As the CFD community progresses toward modeling complex fuel surrogates, the predictive 

framework in this dissertation will lead to significant reductions in computational costs. 

o Only one pseudo-component is required compared to up to tens to hundreds of 

compounds in a fuel or fuel surrogate  

 

Impacts on Overall Objectives of IPPAD Program: 

 The thermophysical property framework described in this dissertation provides the link 

between experimentalists who are measuring fluid properties for selected fuels (ESR1), 

and researchers who are modeling injector hydrodynamics and spray performance 

(ESRs 6, 12, and 13) for a wide range of fuels and conditions. 

 The models developed in this study are computationally efficient, as evidenced by the 

CFD study of ESR 6 of the IPPAD project. 

 The models account for the compositional variations in fuel properties including 

density, compressibility, expansivity, viscosity, and thermal conductivity reported in 

literature or measured by ESR 1 of the IPPAD project. 

 The objective of the IPPAD project was to investigate the effect of fuels and additives 

on diesel injection, spray and soot formation at pressures up to 4,500 bar. Accurate 

modeling of fluid properties is needed for accurate CFD simulations, though the state-

of-the art experimental apparatus can only measure properties up to limited pressures 

(3,000 bar for ESR 1). Therefore, accurate, predictive equation of state approaches are 

required to predict fuel properties beyond experimental limitations and for fuels outside 

of IPPAD for which measurements may not be available. The models presented in this 

dissertation enable both of these objectives. 

 ESR 6 of the IPPAD project has utilized the thermodynamic models in this dissertation 

in CFD to simulate diesel injections at high-load conditions. The one pseudo-component 

based EoS models provided accurate and computationally efficient predictions, 

compared to a state-of-the-art multi-component surrogate approach. A manuscript based 

on this study is in review for publication in the journal Fuel.  
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 ESR 1 of the IPPAD project has measured the properties of diesel fuels and kerosene 

up to high pressures and temperatures. A co-authored manuscript with ESR 1 is in 

preparation and demonstrates the ability to predict density and viscosity differences 

between fuels due to variations in composition.  

 Researchers at Afton are utilizing the models presented in this dissertation to understand 

differences in diesel fuel composition on engine performance, particularly  
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Abstract 

Knowledge of fluid properties (e.g., density, viscosity, thermal conductivity) is critical for 

the design, testing, and development of fuel injection equipment (FIE) in academia and industry, 

especially at extreme temperature and pressure conditions where better spray performance leads to 

less soot emission. Currently, there is a lack of experimental data for fuels up to these conditions, 

and predictive approaches are required to model fuel properties. The objective of this research is to 

develop molecular-based techniques to predict transport and thermodynamic properties for well-

characterized hydrocarbon mixtures and fuels up to high temperature and high pressure (HTHP) 

conditions. 

This PhD focuses on the development of pseudo-component techniques using the Perturbed-

Chain Statistical Associating Fluid Theory (PC-SAFT) equation of state (EoS) for several well-

characterized hydrocarbon mixtures and various fuels (e.g., rocket propellant, jet, kerosene, and 

diesel) with varying composition. The predictive techniques, which treat mixtures as a single 

pseudo-component, do not require binary interaction parameters. The methodology is first used to 

predict density, isothermal compressibility, and volumetric thermal expansion coefficient up to 

HTHP conditions for six hydrocarbon mixtures, two jet fuels, and four diesel fuels using two 

calculated or measured mixture properties as inputs (i.e., the number averaged molecular weight 

(MW) and the hydrogen to carbon (HN/CN) ratio). Density, isothermal compressibility, and 

volumetric thermal expansion coefficient are predicted up to 470 K and 3,500 bar for the 

hydrocarbon mixtures with 1, 4, and 7% mean absolute percent deviations (MAPDs), respectively. 

For fuels, density, isothermal compressibility, and volumetric thermal expansion coefficient are 

predicted with MAPDs of 1, 9, and 13 %, respectively.  
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Entropy scaling based, pseudo-component techniques are also developed to predict 

viscosity and thermal conductivity up to HTHP conditions for mixtures and fuels using the number 

averaged MW and the HN/CN ratio. Viscosity and thermal conductivity are predicted less 

accurately when the mixture contains high concentrations of iso-alkanes. However, predictions for 

mixtures in this study are improved when a third input, a single data point at a chosen reference 

state, is used to fit one model parameter. For six hydrocarbon mixtures with varying concentrations, 

viscosity is predicted with MAPDs of 12 and 7% using the two-parameter and three-parameter 

models, respectively, from 293 to 353 K and up to 1,000 bar. For two different diesel fuels, viscosity 

is predicted with an MAPD of 21% using the two-parameter model and 9% using the three-

parameter model from 323 to 423 K and up to 3,500 bar. For six different mixtures at conditions 

from 288 to 360 K and up to 4,500 bar, thermal conductivities are predicted with MAPDs of 16 and 

3% using the two-parameter and three-parameter models, respectively. Thermal conductivities are 

predicted for three RP fuels and three jet fuels at conditions from 293 to 598 K and up to 700 bar 

with MAPDs of 14 and 2% using the two-parameter and three-parameter models, respectively.  

Finally, the viscosity pseudo-component technique is further analyzed, and a correlation is proposed 

to improve residual entropy predictions when using the two-parameter model. This correlation, fit 

to ~700 hydrocarbon mixture data points, significantly improves viscosity predictions, reducing the 

two-parameter model MAPD from 12.0% to 9.2% for ~1,500 hydrocarbon mixture and fuel data 

points. The successful completion of this thesis expands the current field of hydrocarbon mixture 

and fuel property prediction up to the extreme operating conditions encountered by engineers in the 

petroleum industry. The developed techniques enable simple and accurate predictions without 

requiring expensive and time-consuming experimental HTHP measurements for the design, testing, 

and development of fuel injection equipment (FIE).  
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1. Chapter 1: Introduction 

1.1 Motivation 

Diesel engines produce ~30 wt% of soot emissions in the world [1] but remain the 

predominant combustion technologies for the heavy duty, automotive, and aviation sectors, due to 

their performance and fuel economy [2, 3]. A recent study, Graham et al. [4] reported that increasing 

pressure to 3,000 bar significantly reduced soot. Fuel is introduced in an engine through fuel 

injectors, the operation and performance of which are sensitive to fluid properties, including 

density, viscosity, volatility, and composition. Emission regulations and the need for improved fuel 

economy have motivated diesel engine manufacturers to increase fuel injector operating pressures 

up to 4,500 bar [5]. Therefore, fuel injectors not only have to perform at extreme operating 

conditions but also need to be robust and ensure performance for diesel and jet fuels that vary in 

composition in different markets, leading to resource and time intensive experimental development, 

testing, and validation of these technologies. 

 

1.2 Computational fluid dynamics as an alternative and need of property as inputs  

To accelerate this process and reduce costs, computational fluid dynamics (CFD) 

simulations are routinely used by manufacturers to evaluate, understand, and optimize fuel injection 

equipment (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 [6-20]. CFD has been used to demonstrate temperature 

and pressure effects on nozzle flow [21] and cavitation [22], fuel vaporization [23], and spray 

distribution [24]. Temperature and pressure dependence of thermophysical properties can be 

incorporated in CFD through empirical correlations, look-up tables, or equations of state (EoS). 
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These approaches most often require fitting or measurement of experimental data, which is rarely 

available for fuels up to high temperature and high pressure (HTHP) operating conditions.  

At high pressures, compositional variance between fuels can lead to significant differences 

in properties. For example, the viscosity of two different diesel fuels reported by Aquing et al. [25] 

and Schaschke et al. [26] at 323 K differ by more than 120% at 1,800 bar and 200% at 2,400 bar. 

Models fit to viscosity data for one diesel fuel sample cannot be expected to accurately represent 

the viscosity of another diesel fuel with a different composition. Therefore, predictive models are 

needed that account for temperature, pressure, and composition. Ideally, the models should require 

no or minimal input of experimental data to reduce characterization expense.  

 

1.3 Methodologies to predict properties of hydrocarbon mixtures and fuels 

Approaches available to model the thermodynamic properties of complex mixtures (e.g., 

crude oils, bitumens, heavy oils, and diesel and biodiesel fuels) include general classes of equations 

of state (EoS) such as cubic EoS (e.g., van der Waals [27, 28], Peng-Robinson [29-31], Soave-

Redlich-Kwong [30, 32, 33], Elliott-Suresh-Donohue [34]), Statistical Associating Fluid Theory 

(SAFT) based EoS (e.g., Soft-SAFT [35], Perturbed Chain SAFT (PC-SAFT) [36-38], SAFT 

Variable Range (SAFT-VR) [39], SAFT-γ Mie [40]), and EoS based upon virial expansion (e.g., 

Virial EoS [41, 42], Benedict-Webb-Rubin (BWR) [43, 44]). Cubic and virial expansion based EoS 

involve fitting multiple pure-component parameters to experimental data for every compound 

present in fuels. SAFT-based approaches also require fitting parameters for the compounds present 

in fuels, but are generally shown to have superior accuracy compared to cubic EoS [45-49]. Many 

modifications to the original SAFT EoS, which will be discussed in Chapter 2, have been proposed, 

with perhaps the most widely and currently used in industry being the Perturbed-Chain SAFT (PC-
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SAFT) EoS of Gross and Sadowski [38]. Group contribution (GC) approaches have been devised 

for SAFT-based EoS [40, 50-61], including PC-SAFT [40, 52-55, 58], and can be used to calculate 

parameters for every compound in a given fuel, if the molecular structures of the molecules are 

known. 

Amongst approaches to model the thermodynamic properties of complex mixtures, only a 

few composition-based approaches have been utilized to model properties for diesel fuels and their 

surrogates, a small number of components chosen as a mixture to closely match the thermophysical 

properties of the fuel [25, 62-68]. In a recent study, Vidal et al. [69] utilized the PC-SAFT EoS to 

predict density for four surrogates containing four to nine compounds, calculating the PC-SAFT 

parameters using a GC method [61] and previously fit molecular weight (MW) dependent PC-

SAFT parameter correlations [70, 71]. Despite the relative 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 [37, 72-88]. Burgess et al. [76] used PC-SAFT to model the density of 

two crude oils using three pseudo-components representing saturates (e.g., alkanes and 

naphthenes), aromatics, and asphaltenes. In another study, Abutaqiya et al. [37] defined a pseudo-

component to predict density and phase behavior for several crude oils. Their approach required 

fitting of a model parameter to the saturated liquid density and bubble-point pressure. These 

techniques for predicting properties for complex mixtures have been limited by the need for 

experimental measurements to fit the EoS parameters or requiring complex compositional 
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characterization to define multiple pseudo-components. These limitations can be overcome using 

predictive, pseudo-component techniques which do not require fitting to experimental data. 

 

1.4 Objectives of this study 

The main focus of this PhD study is to develop molecular-based, pseudo-component 

techniques based upon the PC-SAFT EoS to predict transport and thermodynamic properties for 

well-characterized hydrocarbon mixtures and fuels up to high temperature and high pressure 

(HTHP) conditions without need for fitting individual fuel model parameters to expensive HTHP 

experimental measurements. Mixtures are treated as a single pseudo-component; therefore, binary 

interaction parameters are not needed. The pseudo-component techniques require only two 

calculated or measured mixture properties as inputs: the number averaged molecular weight (MW) 

and the hydrogen-to-carbon (HN/CN) ratio. In Chapter 2, we describe a purely predictive, pseudo-

component technique used to predict density, isothermal compressibility, and volumetric thermal 

expansion coefficient up to HTHP for mixtures and fuels. In Chapters 3 and 4, the technique 

presented in Chapter 2 is extended to transport properties and used to develop residual entropy 

scaling based, pseudo-component techniques to predict viscosity and thermal conductivity for well-

characterized mixtures and fuels. Less accurate predictions are achieved when the mixtures contain 

significant amounts of branched alkanes. Predictions for viscosity and thermal conductivity of these 

mixtures are improved when a third input, a single data point at a chosen reference state, is used to 

fit one model parameter. In Chapter 5, the viscosity pseudo-component technique is further 

analyzed, and a correlation is proposed to improve viscosity and thermal conductivity predictions 

without the third input.  
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2. Chapter 2: Pseudo-Component Technique: Density and Its Derivatives1 

Among the general classes of equations of state (EoS) used in modeling fluid properties are 

those based upon the van der Waals equation (1873) [28].  The most famous of these modifications 

include the Redlich-Kwong (RK) EoS (1949) [89] and it’s modification by Soave (1972) [33] and 

the Peng Robinson (PR) (1976) [31] EoS. Another class of EoS includes those based on the 

Statistical Associating Fluid Theory (SAFT) [90-93], generally acknowledged as superior in 

predictive ability [45-49]. The SAFT EoS, based upon Wertheim’s thermodynamic perturbation 

theory of first order (TPT1) [94, 95], was developed in the late 1980s by Gubbins and coworkers 

[90, 91, 96] and successfully describes the effects of molecular association and chain formation on 

thermodynamic properties. SAFT is derived as a summation of the reduced, Helmholtz free 

energies that account for dispersion and repulsive interactions between monomer segments, 

formation of chains from monomer segments, and association due to hydrogen bonding-like 

interactions. Repulsive interactions are determined from the expressions of Carnahan and Starling 

[97] with monomer segments treated as hard spheres, and a corresponding hard-sphere radial 

distribution function is used for the chain and association terms as originally proposed by Chapman 

et al. [90].  Huang and Radosz [93, 98] modified the original dispersion interaction term by using 

the perturbed hard chain theory of Beret and Prausnitz [99] fit to argon data of Chen and Kreglewski 

[100]. This version of SAFT, commonly denoted as SAFT-HR, was the most widely used variant 

until PC-SAFT (described below) became prevalent in the 2000s and has three adjustable 

parameters: 𝑚, the number of segments per chain; 𝜎, the segment diameter; and 𝜀 𝑘⁄ , the depth of 

the potential well, along with two additional parameters, 𝜖𝐴𝐵 and 𝜅𝐴𝐵, to describe association. 

                                                           
1Adapted from Ref. [36] Rokni HB, Gupta A, Moore JD, McHugh MA, Bamgbade BA, Gavaises M. Purely 

predictive method for density, compressibility, and expansivity for hydrocarbon mixtures and diesel and jet 

fuels up to high temperatures and pressures. Fuel 2019;236:1377-90. doi.org/10.1016/j.fuel.2018.09.041  

https://doi.org/10.1016/j.fuel.2018.09.041


8 
 

Huang and Radosz tabulated and fit SAFT parameters to saturated liquid vapor pressures and 

densities for over 100 pure components [93] and their mixtures [98] and found successful agreement 

with experimental data.  

Later variants of SAFT [39, 40, 93, 101-107] modified the hard-sphere reference used to 

describe monomer segment and chain repulsion and attraction interactions. Soft-SAFT [108-110] 

utilizes a Lennard-Jones (LJ) potential in lieu of the hard-sphere reference and has been widely 

used by Vega and coworkers to accurately describe associating fluids and mixtures [111-113]. 

SAFT-VR [39] utilizes variable-range potentials using square-well, Yukawa, Lennard-Jones, or 

Mie fluids (SAFT-VR Mie [114]). SAFT-VR has more recently been cast within a group-

contribution framework (SAFT-γ [40]), with the most recent variant for molecules formed from 

Mie heteronuclear segments (SAFT-γ Mie [56]). 

The most widely used SAFT variant in industry today is the PC-SAFT EoS of Gross and 

Sadowski [38] and is the variant used in this work. In contrast to other variants of SAFT which use 

a hard-sphere as the reference system, PC-SAFT uses a chain of hard-spheres as the reference 

system and has had success in modeling industrial fluids, particularly hydrocarbons [115-120] and 

polymers [121]. Several researchers have also applied PC-SAFT to model complex mixtures (e.g., 

crude oils) through one or more pseudo-components [37, 72-76]. Ting [75] 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 MW and 

calculated the parameters for the three pseudo-components using a weighted averaging term, 

defined as aromaticity. Ting [75] 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 [73] 

modified the PC-SAFT correlations reported by Ting [75] and redefined the range of aromaticity 
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from 0 for BDs to 1 for PNAs. Punnapala and Vargas [74] 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, which provided better phase behavior predictions for crude oils.  

Abutaqiya et al. [37] 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. 

[76] fit correlations for the PC-SAFT parameters to HTHP experimental data [122] and predicted 

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

HN/CN ratio of the fuel obtained from elemental analysis using a definition proposed by Huang 

and Radosz [93].   

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 chapter 

describes the development of a 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 molecular weight (MW) and the 

hydrogen to carbon (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 

technique proposed in this study utilizes the HTHP group contribution (GC) parameters developed 

by Burgess et al. [53] 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 [123-127]. Fluid property 
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predictions are compared to experimental data for six well-characterized 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.  

 

2.1 PC-SAFT equation of state  

The PC-SAFT EoS, developed by Gross and Sadowski [38], is molecularly-based and 

accounts for the effects of molecular size, molecular shape, dispersion forces, and association of 

molecules. In the present study, association is neglected since the compounds in the fuels and 

hydrocarbon mixtures do not exhibit association, such as hydrogen bonding. Therefore, the PC-

SAFT EoS requires three parameters: 𝑚, the number of segments per chain; 𝜎, the segment 

diameter; and 𝜀 𝑘⁄ , the depth of the potential well. The schematic representation of PC-SAFT is 

shown in Figure 2.1.  

 

 

Figure 2.1. Schematic representation of PC-SAFT EoS; adapted from [128]. Hard chains are 

formed from hard spheres and attractive (dispersion) forces are added between chains. 

Association (not shown) is also possible within PC-SAFT to allow for hydrogen bonding-like 

interactions. 
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In PC-SAFT, the residual, reduced Helmholtz free energy (�̃�𝑟𝑒𝑠) of the fluid without 

association is defined by Eq. 2.1: 

 

�̃�𝑟𝑒𝑠 = �̃�ℎ𝑐 + �̃�𝑑𝑖𝑠𝑝 2.1 

 

where  �̃�ℎ𝑐 and �̃�𝑑𝑖𝑠𝑝 are the contributions of the hard chain and dispersion reduced Helmholtz free 

energies, respectively. The hard chain contribution, defined by the hard sphere contribution and the 

average radial distribution function, 𝑔ℎ𝑠, is expressed as:  

 

�̃�ℎ𝑐 = 𝑚�̃�ℎ𝑠 − (m− 1) 𝑙𝑛 𝑔ℎ𝑠 2.2 

 

The Helmholtz free energy of the hard-sphere fluid is given by 

 

�̃�ℎ𝑠 =
1

𝜁0
(
3𝜁1𝜁2
(1 − 𝜁3)

+
𝜁2
3

𝜁3(1 − 𝜁3)2
+ (

𝜁2
3

𝜁3
2 − 𝜁0)  𝑙𝑛 (1 − 𝜁3)) 2.3 

 

and the radial distribution function of the hard sphere fluid is given by 

 

𝑔ℎ𝑠 =
1

(1 − 𝜁3)
+ (

𝑑

2
)

3𝜁2
(1 − 𝜁3)2

+ (
𝑑

2
)
2 2𝜁2

2

(1 − 𝜁3)3
 2.4 

 

with 𝜁𝑛 defined as 
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𝜁𝑛 =
𝜋

6
𝜌m𝑑𝑛          𝑛  ∈   {0, 1, 2, 3} 2.5 

 

where 𝜌 is the total number density of molecules, which can be calculated by Eq. 2.6. 

 

𝜌 =
6

𝜋
𝜂(𝑚𝑑(𝑇)3)−1 2.6 

 

where 𝑑(T) is the temperature dependent segment diameter and 𝜂 is the packing fraction (equal to 

𝜁3, representing the reduced segment density). Gross and Sadowski utilized a modified square-well 

potential, proposed by Chen and Kreglewski [100], to model the pair potential for the segments in 

the chain, as shown in Eq. 2.7. 

 

𝑢(𝑟) = {

∞, 𝑟 < (𝜎 − 𝑠1)

3ε, (𝜎 − 𝑠1) ≤ 𝑟 < 𝜎
−ε, 𝜎 ≤ 𝑟 < 𝜆𝜎
0, 𝜆𝜎 ≤ 𝑟

 2.7 

 

where 𝑢(𝑟), 𝑟, and 𝜆 denote the pair potential, the radial distance between two segments, and the 

reduced well width, respectively. As suggested by Chen and Kreglewski [100], a ratio of 𝑠1/𝜎 =

0.12 is assumed. The temperature dependent segment diameter can be calculated in the framework 

of Barker and Henderson’s perturbation theory [129] for the pair potential in Eq. 2.7 as:  

 

𝑑(𝑇) = ∫ (1 − 𝑒
−𝑢(𝑟)
𝑘𝑇 ) 𝑑𝑟

𝜎

0

= 𝜎 (1 − 0.12 𝑒𝑥𝑝 (−
3ε

𝑘𝑇
)) 2.8 
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The dispersion contribution reduced Helmholtz free energy is given by: 

 

�̃�𝑑𝑖𝑠𝑝 = −2𝜋𝜌𝐼1(𝜂,𝑚)𝑚
2𝜀𝜎3 − 𝜋𝜌m𝐶1𝐼2(𝜂,𝑚)𝑚

2𝜀2𝜎3 2.9 

 

where the abbreviation 𝐶1 is a compressibility expression defined as 

𝐶1 = (1 +m
8𝜂 − 2𝜂2

(1 − 𝜂)4
+ (1 −m)

20𝜂 − 27𝜂2 + 12𝜂3 − 2𝜂4

((1 − 𝜂)(2 − 𝜂))2
) 2.10 

 

where 𝐼1 and 𝐼2 are integrals2 approximated by a power series as a function of chain length and 

packing fraction Gross and Sadowski [38] . Eq. 2.11 is used to calculate pressure.  

 

𝑃 = 𝑘𝑇𝜌 [1 + 𝜂 (
𝜕�̃�𝑟𝑒𝑠

𝜕𝜂
)] 2.11 

 

Pure-component PC-SAFT parameters are generally fit to vapor pressure and saturated liquid 

density data [38] and can also be calculated using group contribution (GC) methods [58-60].  

  

2.2 Pseudo-component technique 

The GC parameters from most methods are not fit to high pressure data and generally lead 

to property predictions which deviate at high pressures [51, 57, 59-61, 130]. Since Burgess et al. 

[53] fit their GC parameters to HTHP density data, their parameters are used here to calculate the 

                                                           
2 𝐼1 and 𝐼2 can be found in Ref. [38]: Gross J, Sadowski G. Perturbed-chain SAFT: An equation of state 

based on a perturbation theory for chain molecules. Industrial & Engineering Chemistry Research 

2001;40(4):1244-60. Eqs. (A.16) and (A.17). 
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PC-SAFT parameters of the 140 compounds reportedly found in two different diesel fuels [25]. 

Figure 2.2 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, 𝑚𝜎 and 𝜀 𝑘⁄ . These observations are consistent with those reported by Huang and 

Radosz [93] and Gonzalez [73] who developed PC-SAFT parameter correlations based on pure 

component parameters fit to vapor pressure and saturated liquid density.  

 

 
 Figure 2.2. PC-SAFT 𝑚 segment parameter of selected components calculated using GC 

parameters of Burgess et al. [53]. 

 

Figure 2.3 shows the PC-SAFT parameters for the two bounds, n-alkanes and PNAs, as a 

function of MW. Selected n-alkanes and PNAs are shown to avoid a cluttered graph. Table 2.1 lists 

correlations for 𝑚, 𝑚𝜎, and 𝜀 𝑘⁄ , as a function of MW. The correlations for the PC-SAFT 
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parameters fit in this study are comparable to those by Burgess et al. [76] but extend the range of 

MWs to approximately 500 g/mol for n-alkanes and approximately 300 g/mol for PNAs. This 

higher molecular weight range covers the broad range of compounds typically found in diesel fuels 

and, therefore, avoids the need for extrapolation.  

 

   

  

 

Figure 2.3. PC-SAFT parameters calculated using GC parameters of Burgess et al.[53] as a 

function of molecular weight for n-alkanes and PNAs. Structures of representative molecules are 

shown on the graphs. The degree of unsaturation of a mixture is represented through a parameter 

𝑍 and is described in the text. 𝑍 varies from 0 for n-alkanes to 1 for PNAs. Note that the selected 

n-alkane and PNA compounds with MW up to 400 g/mol are only shown in the figures. 
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Table 2.1. PC-SAFT parameter correlations as a function of molecular weight (MW (g/mol)) for 

n-alkanes and PNAs used in this study. 

 n-alkanes PNAs 

𝑚 0.0412MW +  0.8954 0.0262MW+  1.7750 

𝑚𝜎 (Å) 0.1430MW +  2.5847 0.0922MW +  4.7925 

𝜀
𝑘⁄  (𝐾) exp(5.5599−

16.1830
MW⁄ ) exp(6.0022−

39.8810
MW⁄ ) 

 

The pseudo-component PC-SAFT parameters need to account for the MWs and the degree of 

unsaturation of the compounds in the mixture. The molecular weights 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 represented by 𝑍, as calculated in Eq. 2.13. 𝑍 varies from 0 

for n-alkanes to 1 for PNAs as shown in Figure 2.2. 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 DoUPNA as a function of MW 

shown in the appendix (Section 2.5) is used to calculate a value for DoUPNA needed in Eq. 2.12. 

 

𝑍 =
DoUmixture − DoUn−alkane
DoUPNA − DoUn−alkane

=
DoUmixture
DoUPNA

 
2.12 

  

DoUmixture is calculated by Eq. 2.13 from the average carbon number (CN) and average hydrogen 

number (HN) of the mixture. The hydrogen to carbon (HN/CN) ratio 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. 
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DoU = 
1

2
(2 × CN + 2 − HN) 2.13 

 

Similar to the aromaticity parameter used by Punnapala and Vargas [74], 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, Eqs. 2.14-2.16. 

 

𝑚mixture = (1 − 𝑍)𝑚n−alkane + 𝑍𝑚PNA 2.14 

(𝑚𝜎)mixture = (1 − 𝑍)(𝑚𝜎)n−alkane + 𝑍(𝑚𝜎)PNA 2.15 

(𝜀 𝑘⁄ )
mixture

= (1 − 𝑍)(𝜀 𝑘⁄ )
n−alkane

+ 𝑍(𝜀 𝑘⁄ )
PNA

 2.16 

 

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 DoUPNA 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. 2.12 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. 2.17. 

 

𝑍 =

{
 

 
DoUmixture
DoUPNA

, MWmixture < 178 g/mol

DoUmixture
10

,MWmixture ≥ 178 g/mol

 
2.17 

 

The PC-SAFT parameters of the pseudo-component can be calculated using a combination of either 

the original expression for the 𝑍 parameter (Eq. 2.12) or the alternative expression (Eq. 2.17). Both 
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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 software VLXE/Blend [131]. For clarity only the isotherms at the lowest and highest 

temperatures are shown. However, the reported statistical measures include data at all temperatures 

available from literature. Deviation plots are included in the appendix (Section 2.5). Statistical 

measures reported, defined by Eqs. 2.18-2.22, include percent deviation, maximum (Max) 

deviation, standard deviation (SD), MAPD, and bias. 

 

Deviation (%) = 100 ×
(𝑦predict − 𝑦exp)

𝑦exp
 2.18 

Max Deviation (%) = Max (100 ×
|𝑦predict − 𝑦exp|

𝑦exp
) 2.19 

SD (%) = √
∑(Deviation −MAPD)2

𝑁 − 1
 2.20 

MAPD (%) =
1

𝑁
∑100 ×

|𝑦predict − 𝑦exp|

𝑦exp
 2.21 

Bias (%) =
1

𝑁
∑100 ×

(𝑦predict − 𝑦exp)

𝑦exp
 2.22 

 

 

In Eqs. 2.18-2.22, 𝑦exp, 𝑦predict, and 𝑁 denote the experimental data point, the prediction, and 

number of data points, respectively.  
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2.3 Results  

2.3.1 Well-characterized hydrocarbon mixtures  

Table 2.2 lists the composition of the six hydrocarbon mixtures used to evaluate the pseudo-

component technique presented here. Baylaucq et al. [132] reported densities for binary mixtures 

of methyl-cyclohexane (MCH) and n-heptane (nC7) for five different compositions for 3 isotherms 

at 303, 323, and 343 K and pressures up to 1,000 bar. Ijaz [88] 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. [133] 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 2.3 presents the calculated MW, the HN/CN 

ratio, 𝑍 parameter, and the PC-SAFT parameters of the pseudo-components for the six different 

well-characterized hydrocarbon mixtures using both combinations of approaches to calculate 𝑍. 

 

Table 2.2. Molar composition (mole fraction) of hydrocarbon mixtures studied in this work. 

Compounds M1 M2 M3 M4 M5 M6 

n-heptane 0.5 to 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 - - 



20 
 

 

 

Table 2.3. Mixture properties and PC-SAFT parameters of the pseudo-components for well-

characterized hydrocarbon mixtures predicted in this study. When the number averaged MW of 

the mixture is less than the MW of phenanthrene, Eq. 2.17 reduces to Eq. 2.12, and the original 

and alternative 𝑍 parameters are the same. 

Sample MW HN/CN 𝑍 𝑚 𝜎 (Å) 𝜀 𝑘⁄  (K) 

M1 (1.000 mole fraction nC7) 100.2 2.29 Original 0 5.0237 3.3667 221.08 

M1 (0.875 mole fraction nC7) 99.9 2.25 Original 0.0236 4.9985 3.3630 222.16 

M1 (0.750 mole fraction nC7) 99.7 2.21 Original 0.0472 4.9734 3.3592 223.24 

M1 (0.625 mole fraction nC7) 99.4 2.18 Original 0.0711 4.9484 3.3553 224.31 

M1 (0.500 mole fraction nC7) 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 

M5 181.6 1.94 
Original 0.1363 8.1219 3.3972 249.42 

Alternative 0.1390 8.1169 3.3969 249.65 

M6 183.6 1.84 
Original 0.2027 8.0768 3.3923 255.49 

Alternative 0.2092 8.0644 3.3917 256.06 

 

 

Figure 2.4 shows density predictions for the well-characterized hydrocarbon mixtures 

reported by Baylaucq et al. [132], Ijaz [88], and Boned et al. [133] 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 2.4. Although 

relatively higher deviations (i.e., 2.2% MAPD) are achieved for mixture M3, which is likely due to 

the presence of high concentration of bi-cyclohexyl, the predictions for all six well-characterized 

hydrocarbon mixtures show quantitative agreement with experiment across all temperatures and 
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pressures. Only predictions using the original 𝑍 equation are shown for mixtures M1-M4, since 

their number averaged MWs are less than the MW of phenanthrene. 

  

  

  
Figure 2.4. Density predictions (lines) compared to experimental data [88, 132, 133] (symbols) 

for well-characterized hydrocarbon mixtures. 
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Table 2.4 shows statistical measures for density predictions of the binary mixture (M1) with 

MAPDs ranging from 0.2 to 2.5%, with an 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. 

 

Table 2.4. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for density predictions of 

mixture M1 with different compositions of methyl-cyclohexane (MCH) and n-heptane (nC7). 

Mole Fraction  

xnC7 xMCH MAPD Bias SD Max Deviation 

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 2.5 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 Ijaz [88] and Boned et al. [133] (mixtures M2-M6). The density predictions show that 

the original and alternative equations used to calculate 𝑍 provide similarly accurate predictions for 

these well-defined simple mixtures. 

 



23 
 

 

Table 2.5. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for density predictions of 

mixtures M2-M6. When the number averaged MW of the mixture is less than the MW of 

phenanthrene, Eq. 2.17 reduces to Eq. 2.12, and the original and alternative  

𝑍 parameters are the same. 

Mixture 𝑍 MAPD Bias SD Max Deviation 

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 

M5 
Original 0.2 -0.2 0.1 0.5 

Alternative 0.1 -0.1 0.1 0.3 

M6 
Original 0.2 0.0 0.1 1.0 

Alternative 0.3 -0.3 0.2 0.6 

 

Direct experimental measurement of the isothermal compressibility (𝜅𝑇) and volumetric 

thermal expansion coefficient (𝛼𝑝) is challenging, which is reflected in limited experimental data 

available in the literature. Therefore, density data are fit to the Tait equation, Eq. 2.23, and the 

isothermal compressibility (Eq. 2.24) and volumetric thermal expansion coefficient (Eq. 2.25) are 

calculated from derivatives of the Tait fits to density.  

 

𝜌 − 𝜌0(𝑇)

𝜌
= 𝐴 log10 (

𝑃 + 𝐵(𝑇)

𝑃0 + 𝐵(𝑇)
) 

2.23   

𝜅𝑇 =
1

𝜌
(
𝑑𝜌

𝑑𝑃
)
𝑇
 

2.24 
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𝛼𝑝 = −
1

𝜌
(
𝑑𝜌

𝑑𝑇
)
𝑃

 
2.25 

 

In Eq. 2.23, 𝜌0 is the density at the reference pressure of 0.1 MPa, 𝐵 is a temperature dependent 

parameter, and 𝐴 is a constant. Values for 𝜌0 and 𝐵 fit to each isotherm were subsequently fit to 

second order polynomials as a function of temperature, Eqs. 2.26 and 2.27.  

 

𝜌0(𝑇) =∑ 𝑒𝑖
2

𝑖=0
𝑇𝑖 

2.26 

𝐵(𝑇) =∑ 𝑏𝑖
2

𝑖=0
𝑇𝑖 2.27 

 

MAPDs less than 0.10%, biases less than -0.02%, SDs less than 0.10%, and Max Deviations 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 Eqs. 2.26 and 2.27 for all of the mixtures are 

found in the appendix (Section 2.5). 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 2.5 

presents the predicted mixture 𝜅𝑇 compared to Tait calculations from experimental density data. 

The effects of temperature and pressure are well predicted quantitatively. 
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Figure 2.5. Isothermal compressibility predictions (lines) compared to experimental data [88, 132, 

133] (symbols) for well-characterized hydrocarbon mixtures. 
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Figure 2.6 shows predictions for 𝛼𝑝 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 mixtures M1-M4. Predictions for mixtures M5 

and M6 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 mixtures M1-M4 

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 mixtures M5 

and M6, respectively, but is not observed in the predictions. For pressures below the crossover 

point, 𝛼𝑝 increases with temperature, and for pressures above the crossover point, 𝛼𝑝 decreases 

with temperature. Previous studies observed a crossover in temperature at pressures less than 600 

bar for benzene, tetrachloromethane, n-hexane, n-nonane, n-dodecane, n-tridecane, n-pentadecane, 

mixtures of trialkylimidazolium-based ionic liquids, biodiesel from rapeseed oil, and standard 

petroleum diesel oil [134-137]. The crossover has been attributed to anharmonicity of 

intermolecular vibrations [134-136]. Tables 2.6 and 2.7 summarize statistical measures for the 𝜅𝑇 

and 𝛼𝑝 predictions using the original and alternative 𝑍 equations for the calculation of the PC-

SAFT parameters for mixtures M1-M6. The alternative equation used to calculate 𝑍 does not 

significantly impact predictions of the derivative properties. 
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Figure 2.6. Volumetric thermal expansion coefficient predictions (lines) compared to 

experimental data [88, 132, 133] (symbols) for hydrocarbon mixtures. 
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Table 2.6. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for isothermal 

compressibility predictions of well-characterized hydrocarbon mixtures. 

Mixture 𝑍 MAPD Bias SD Max Deviation 

M1 Original 1.9 -0.2 1.4 5.6 

M2 Original 3.8 -0.7 3.3 14.9 

M3 Original 5.6 4.5 3.6 13.2 

M4 Original 5.2 -3.5 4.7 20.1 

M5 
Original 2.5 0.2 1.8 6.7 

Alternative 2.5 0.0 1.8 7.1 

M6 
Original 3.6 -2.6 2.9 11.5 

Alternative 3.7 -2.7 3.0 12.0 
 

 

Table 2.7. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for volumetric thermal 

expansion coefficient predictions of well-characterized hydrocarbon mixtures. 

Mixture 𝑍 MAPD Bias SD Max Deviation 

M1 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 5.5 23.8 

M5 
Original 5.3 5.1 3.2 11.8 

Alternative 5.3 5.1 3.2 11.8 

M6 
Original 9.9 9.8 5.7 22.0 

Alternative 9.9 9.8 5.7 22.0 

 

 

2.3.2 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 
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conditions, target fuel quality specifications [138, 139], and additional processing and blending 

with additives. Table 2.8 lists the limited number of experimental studies reporting the density of 

diesel and jet fuels up to HTHP conditions. Outcalt and colleagues [140, 141] 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. [142] reported density 

measurements of the Hallen DK B0 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. [25] 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.  

 

Table 2.8. Summary of available density data for diesel and jet fuels measured up to high 

temperatures and pressures.  

Author Year Fuel Trange/K Pmax/bar 
Density 

uncertainty (%) 

No. of samples with 

measured 

composition 
Peters et al. [143] 1990 Diesel 299-450 1,000 - 0 

Payri et al. [144] 2011 Diesel 298-343 1,800 0.60 0 

Aquing et al. [25] 2012 Diesel 323-423 3,500 0.05 2 

Bazile et al. [145] 2012 Diesel 283-423 2,000 0.01 0 

Schaschke et al. [26] 2013 Diesel 298-373 5,000 0.20 0 

Desantes et al. [146] 2015 Diesel 303-353 2,000 0.01 0 

Ivaniš et al. [147] 2016 Diesel 293-413 600 0.01 0 

Safarov et al. [142] 2018 Diesel 263-468 2,000 0.04 2 [148] 

Outcalt et al. [140] 2009 Jet 278-343 320 0.01 1a 

Outcalt et al. [141] 2010 Jet 278-343 400 0.01 1b 

Abdulagatov and Azizov [149] 2010 Jet 301-745 600 0.10 0 

aNumber averaged MW and HN/CN from ref. [150]. 
bNumber averaged MW and HN/CN from ref. [151]. 
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Aquing et al. [25] used gas chromatography to characterize the composition of the chemical 

families in the two diesel fuels shown in Table 2.9. 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 diesel fuel Middle East SR and 65 mol% of diesel fuel Highly Naphthenic. There is a significant 

difference in concentrations of naphthenes (i.e., cyclohexanes and decalins) and alkanes between 

the two diesel fuels. Diesel fuel Middle East SR 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 diesel fuel Highly Naphthenic. Figure 2.7 shows the molecular weight distribution of the 

140 different compounds identified in these diesel fuels. The molecular weights of compounds in 

diesel fuel Middle East SR range from 100 to 370 g/mol with the majority of compounds having 

molecular weights between 150 to 300 g/mol. The molecular weight distribution of diesel fuel 

Highly Naphthenic is wider from 100 to 480 g/mol. However, the majority of compounds have 

lower molecular weights between 100 to 260 g/mol, as compared to diesel fuel Middle East SR. 

Although not shown here, compositional variability is also observed between the different jet fuels 

reported in the literature [25, 152, 153]. The composition of the Hallen DK B0 diesel fuel was not 

reported [142], but the average MW and HN/CN ratio were obtained from private communication 

[148]. Table 2.10 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.  
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Table 2.9. Molar composition (%) and carbon number ranges of chemical families found in diesel 

fuels Middle East SR and Highly Naphthenic obtained from gas chromatography. Data from ref. 

[25]. 

 Mole Percent (%) Carbon Number Range 

Chemical Class Middle East SR Highly Naphthenic Middle East SR Highly Naphthenic 

Normal Alkanes 23 6 7-27 7-29 

Branched Alkanes 26 13 7-27 7-29 

Cyclohexanes 16 26 8-26 8-28 

Decalins 4 20 10-25 10-26 

Benzenes 10 10 8-24 8-20 

Naphthalenes 7 3 10-21 10-15 

Phenanthrenes 3 1 14-20 14-35 

Tetralins + Indanes 7 16 9-23 9-22 

Other Unsaturates 4 5 12-21 13-35 

 

 

  

Figure 2.7. Molecular weight distribution (left) and cumulative mole percent (right) of the 

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

Data from ref. [25]. 
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Table 2.10. 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. 2.17 reduces to Eq. 2.12, and the original and alternative 𝑍 parameters 

are the same. 

Sample MW HN/CN Z 𝑚 𝜎 (Å) 𝜀 𝑘⁄  (K) 

Middle East SR 225.1a 1.85a 
Original 0.1731 9.7335 3.4085 258.44 

Alternative 0.2217 9.6111 3.4053 263.11 

Highly Naphthenic 203.6a 1.74a 
Original 0.2537 8.7269 3.3959 263.24 

Alternative 0.2923 8.6422 3.3928 266.77  

B0 2015 215.0 1.92 
Original 0.1294 9.4471 3.4087 253.17 

Alternative 0.1579 9.3796 3.4067 255.85 

B0 2016 215.0 1.92 
Original 0.1294 9.4471 3.4087 253.17 

Alternative 0.1579 9.3796 3.4067 255.85 

JP-8 3773 160.0b 1.95b 
Original 0.1444 7.2656 3.3872 246.33 

Alternative 0.1444 7.2656 3.3872 246.33 

Jet A4658 157.5c 1.96c 
Original 0.1399 7.1747 3.3864 245.47 

Alternative 0.1399 7.1747 3.3864 245.47 

aFrom the gas chromatography results from ref. [25]. 

bFrom ref. [151].  

cFrom ref. [150]. 

 

Figure 2.8 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 2.11 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 
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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. 2.17) reduces to the original equation (Eq. 2.12). 

 

  

  

  
Figure 2.8. Density predictions (lines) compared to experimental data [25, 140-142] (symbols) for 

diesel and jet fuels. 
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Table 2.11. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for density predictions of 

diesel and jet fuels. 

Sample 𝑍 MAPD Bias SD Max Deviation 

Middle East SR 
Original 2.3 -2.3 0.4 3.0 

Alternative 0.6 -0.6 0.3 1.1 

Highly Naphthenic 
Original 2.6 -2.6 0.4 3.2 

Alternative 1.2 -1.2 0.4 1.8 

B02015 
Original 1.0 -1.0 0.4 1.6 

Alternative 0.4 0.0 0.3 1.7 

B02016 
Original 2.2 -2.2 0.5 2.9 

Alternative 1.2 -1.2 0.5 1.9 

JP-8  
Original 1.1 -1.1 0.3 1.4 

Alternative 1.1 -1.1 0.3 1.4 

Jet A 
Original 2.6 -2.6 0.3 3.0 

Alternative 2.6 -2.6 0.3 3.0 

 

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. 2.26 and 2.27 for the Tait equation 

fit to diesel and jet fuel density data are included in the appendix (Section 2.5). Figure 2.8 shows 

the predicted isothermal compressibilities (𝜅𝑇) 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 2.9 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 𝜅𝑇  predictions in Table 2.12 show similar values for 

the diesel and jet fuels. The alternative equation for calculating 𝑍 does not significantly improve 

the 𝜅𝑇  predictions for the fuels studied in this work. 
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Figure 2.9. Isothermal compressibility predictions (lines) compared to experimental data [25, 140-

142] (symbols) for diesel and jet fuels. 
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Table 2.12. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for isothermal 

compressibility predictions of diesel and jet fuels. 

Sample 𝑍 MAPD Bias SD Max Deviation 

Middle East SR 
Original 8.0 7.8 4.3 16.3 

Alternative  6.4 5.3 3.9 14.8 

Highly Naphthenic 
Original 7.1 6.9 3.8 14.4 

Alternative 5.7 4.8 3.5 13.0 

B02015 
Original 14.8 14.8 3.8 21.3 

Alternative 13.1 13.1 4.2 20.2 

B02016 
Original 14.5 14.5 3.9 21.0 

Alternative 12.8 12.8 4.3 20.0 

JP-8  
Original 13.8 -13.6 8.7 30.3 

Alternative 13.8 -13.6 8.7 30.3 

Jet A 
Original 11.1 -10.1 7.3 24.2 

Alternative 11.1 -10.1 7.3 24.2 

 

Figure 2.10 shows predicted volumetric thermal expansion coefficients (𝛼𝑝) compared to 

Tait calculations from the experimental density data. The predictions for all of the fuels 

qualitatively capture the observed monotonic decrease in 𝛼𝑝 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 𝛼𝑝 values exhibit more sensitivity to temperature than 

experimental values obtained with Tait calculations. Similar trends are observed with predicted 𝛼𝑝 

values for the B02015 and B02016 diesel fuels, although now the predicted temperature crossover 



37 
 

occurs at pressures less than 10 bar. In contrast the predicted 𝛼𝑝 for Jet fuels JP-8 and Jet A show 

a temperature crossover temperature at approximately 200 bar. However, Tait calculations for 𝛼𝑝, 

for these four fuels, do not exhibit a temperature crossover.   

 

  

  

  
Figure 2.10. Volumetric thermal expansion coefficient predictions (lines) compared to 

experimental data [25, 140-142] (symbols) for diesel and jet fuels. 
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Table 2.13 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. 

 

Table 2.13. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for the volumetric thermal 

expansion coefficient predictions of diesel and jet fuels. 

Sample 𝑍 MAPD Bias SD Max Deviation 

Middle East SR 
Original 13.3 12.3 13.2 44.9 

Alternative 13.7 12.4 13.6 46.2 

Highly Naphthenic 
Original 14.6 14.6 8.6 33.8 

Alternative 14.6 14.5 9.0 34.5 

B02015 
Original 14.2 11.7 15.5 62.6 

Alternative 14.3 11.5 15.7 63.5 

B02016 
Original 17.4 14.0 14.6 65.5 

Alternative 17.5 13.8 14.7 66.4 

JP-8  
Original 7.9 -2.3 4.8 22.6 

Alternative 7.9 -2.3 4.8 22.6 

Jet A 
Original 5.8 0.3 4.6 21.1 

Alternative 5.8 0.3 4.6 21.1 

 

 

A discussion is found in the appendix (Section 2.5) on the potential sources of error in the 

derivative property predictions. Lafitte et al. [154] 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 
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Mie potential is used in more recent SAFT variants (i.e., SAFT for variable range interactions with 

Mie potentials (SAFT-VR Mie [114]) and SAFT-γ-Mie [56]). 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. [46]. 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. [46]. 

 

2.4 Conclusion 

A purely predictive, 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 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 

instead, such as SAFT-VR Mie [114] or SAFT-γ-Mie [56]. 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, pseudo-component technique described here provides a straightforward, yet powerful, 
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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. 

 

2.5 Appendix for Chapter 2 

2.5.1 DoU correlation for PNAs 

Figure 2.11 shows the degree of unsaturation (DoU) for poly-nuclear aromatics (PNAs). The DoU 

of PNAs is correlated to molecular weight (MW) as shown in Eq. 2.28. 

 

 

Figure 2.11. The calculated DoU of PNAs. The DoU of tetracene and pentacene are calculated and 

shown in the figure to provide a more accurate PNAs line, although no tetracene and pentacene are 

in the diesel and jet fuels. 
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DoUPNAs = 0.05993 × MW −  0.68158 (2.28) 

 

2.5.2 Tait coefficients needed for well-characterized hydrocarbon mixtures 

Table 2.14. Coefficients for the Tait equation fits to well-characterized hydrocarbon mixture density 

data [88, 133, 155] . 

 M1 (0.750 mole fraction nC7) M2 M3 M4 M5 M6 

𝐴 0.2299 0.2298 0.2301 0.2301 0.2303 0.2301 

10−3 × 𝑒0 / kg m-3 0.6977 0.9235 0.9495 0.9401 1.034 1.030 

101 × 𝑒1 / kg m-3 K-1 7.516 -5.283 -4.969 -4.902 -8.797 -7.422 

105 × 𝑒2 / kg m-3 K-2 -251.700 -31.450 -34.080 -35.860 25.990 5.810 

10−2 × 𝑏0 / kg m-3 -1.712 3.927 4.168 3.810 3.974 4.454 

10 0  × 𝑏1 / kg m-3 K-1 1.963 -1.291 -1.327 -1.188 -1.225 -1.463 

103 × 𝑏2 / kg m-3 K-2 -3.784 1.104 1.093 0.9429 0.9985 1.3001 

 

 

Table 2.15. Coefficients for the Tait equation fits to diesel and jet fuel density data [25, 140-142].  

 Middle East SR Highly Naphthenic B02015 B02016 JP-8  Jet A 

𝐴 0.2299 0.2300 0.2300 0.2301 0.2303 0.2300 

10−3 × 𝑒0 / kg m-3 1.059 1.060 1.002 1.015 0.9701 0.980 

101 × 𝑒1 / kg m-3 K-1 -7.200 -6.247 -5.494 -5.736 -4.765 -5.261 

105 × 𝑒2 / kg m-3 K-2 4.811 -7.794 -22.290 -10.870 -41.620 -33.060 

10−2 × 𝑏0 / kg m-3 5.558 4.667 4.878 4.956 4.347 4.455 

100  × 𝑏1 / kg m-3 K-1 -1.879 -1.375 -1.590 -1.639 -1.477 -1.514 

103 × 𝑏2 / kg m-3 K-2 1.766 1.0876 1.389 1.460 1.317 1.353 
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2.5.3 Pseudo-component parameters and deviation plots for well-characterized hydrocarbon 

mixtures  

Table 2.16. Mixture properties, PC-SAFT parameters for the pseudo-components, and MAPDs (%) 

for density predictions of well-characterized hydrocarbon mixtures.  

Sample MW HN/CN Z 𝑚 𝜎 (Å) 𝜀 𝑘⁄  (K) MAPD 

M1 (1.000 mole fraction nC7) 100.2 2.29 Original 0 5.0237 3.3667 221.08 0.2 

M1 (0.875 mole fraction nC7) 99.9 2.25 Original 0.0236 4.9985 3.3630 222.16 0.4 

M1 (0.750 mole fraction nC7) 99.7 2.21 Original 0.0472 4.9734 3.3592 223.24 1.1 

M1 (0.625 mole fraction nC7) 99.4 2.18 Original 0.0711 4.9484 3.3553 224.31 1.8 

M1 (0.500 mole fraction nC7) 99.2 2.14 Original 0.0950 4.9235 3.3514 225.39 2.5 

M2 157.6 2.20 Original 0 7.3872 3.4000 234.47 0.3 

M3 159.7 2.11 Original 0.0439 7.4069 3.3967 238.27 2.2 

M4 158.7 2..03 Original 0.0971 7.2882 3.3912 242.33 0.6 

M5 181.6 1.94 
Original 0.1363 8.1219 3.3972 249.42 0.2 

Alternative 0.1390 8.1169 3.3969 249.65 0.1 

M6 183.6 1.84 
Original 0.2027 8.0768 3.3923 255.49 0.2 

Alternative 0.2092 8.0644 3.3917 256.06 0.3 
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Figure 2.12. Predicted density deviations compared to experimental data [88, 133, 155] for well-

characterized hydrocarbon mixtures. Lines are a guide for the eye. 
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Figure 2.13. Predicted isothermal compressibility deviations compared to experimental data [88, 

133, 155] for well-characterized hydrocarbon mixtures. Lines are a guide for the eye. 
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Figure 2.14. Predicted volumetric thermal expansion coefficient deviations compared to 

experimental data [88, 133, 155] for well-characterized hydrocarbon mixtures. Lines are a guide 

for the eye. 
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Figure 2.15. Predicted density deviations compared to experimental data [25, 140-142] for diesel 

and jet fuels. Lines are a guide for the eye. 
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Figure 2.16. Predicted isothermal compressibility deviations compared to experimental data [25, 

140-142] for diesel and jet fuels. Lines are a guide for the eye. 
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Figure 2.17. Predicted volumetric thermal expansion coefficient deviations compared to 

experimental data [25, 140-142] for diesel and jet fuels. Lines are a guide for the eye. 

 

2.5.4 Potential source of inaccuracy for the derivative properties 

There could be several potential sources of error that contribute to the relatively less 

accurate 𝛼𝑝 predictions compared to the density and 𝜅𝑇 predictions: the pseudo-component 
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approach, the Tait equation, the PC-SAFT EoS, and limited experimental data for fitting to the Tait 

equation. It is important to assess and identify the dominant source(s) of error to help recommend 

improvements for future technique development. A potential source of inaccuracy of 𝜅𝑇 and 𝛼𝑝 

could be the pseudo-component approach itself. To test this conjecture, 𝛼𝑝 was predicted using the 

pseudo-component parameters using the technique developed in the present study and using the 

mixing rules for the actual mixture in the PC-SAFT EoS. Figure 2.18 shows the predicted 𝛼𝑝 from 

the PC-SAFT EoS with original mixing rules, from the pseudo-component method using the 

alternative 𝑍 equation, and from Tait calculations from the experimental density data for mixtures 

M5 and M6. Table 2.17 lists the MAPD, Bias, SD, and Max Deviation of 𝛼𝑝 for mixtures M5 and 

M6 calculated using the pseudo-component and the PC-SAFT EoS with mixing rules. Results for 

both mixtures M5 and M6 are essentially the same suggesting that the relative inaccuracy of the 𝛼𝑝 

predictions is not due to the pseudo-component method.  

 

 

Figure 2.18. Volumetric thermal expansion coefficient predictions compared to experimental data 

[133] for the M5 and M6 mixtures. 

 

 



50 
 

Table 2.17. The MAPD (%), bias (%), SD (%), and Max Deviations (%) for volumetric thermal 

expansion coefficient predictions of the M5 and M6 mixtures. 

Mixture Predictions using the Pseudo-component Prediction using the Actual Mixture 

 MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

M5 5.3 5.1 3.2 11.8 5.6 5.6 3.2 11.7 

M6 9.9 9.7 5.7 22.0 10.0 10.0 5.4 21.4 

 

Another potential source of inaccuracy of 𝛼𝑝 could reside in the use of the Tait equation. 

The experimental derivative properties, including 𝛼𝑝 are obtained from the Tait equation fit to 

experimental density data. Though the Tait equation fit to the experimental density data displayed 

excellent accuracy for mixtures M5 and M6 with MAPDs of less than 0.06%, biases of smaller than 

-0.01%, SDs of less than 0.04%, and Max Deviations of less than 0.14%, alternative mathematical 

and polynomial fitting schemes were evaluated to assess the impact of the Tait equation on accuracy 

of the derivative properties. None of these alternative schemes significantly improved the accuracy 

obtained from the Tait equation, and they do not have a noticeable effect on the calculated 

experimental derivative properties, including 𝛼𝑝. This suggests that the Tait equation is not the 

dominant contributor to the relative inaccuracy of the 𝛼𝑝 predictions.  

The next potential source of inaccuracy for 𝛼𝑝 could be due to limited experimental data, 

which affects the quality of the fits to the Tait equation. To assess whether there was insufficient 

data to ensure a good fit, the Tait equation was fit using a complete dataset and a subset of the 

complete dataset. The 𝛼𝑝 predictions were then compared with predictions using both the pseudo-

component technique as well as the PC-SAFT EoS with mixing rules. Boned et al. [133] reported 

the density data of mixtures M5 and M6 at 293, 303, 313, 323, 333, 343, and 353 K for a range of 

pressures up to 1,000 bar. In this test, one data set is used that includes the data for all seven 
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isotherms and a second one is used that includes the data at only 293, 323, and 353 K. The selected 

sets are fit to the Tait equation with MAPDs of less than 0.03%, biases of smaller than -0.02%, SDs 

of less than 0.03%, and Max Deviations of less than 0.14%.  Table 2.18 summarizes the predictions 

for 𝛼𝑝 using seven and three isotherms in the Tait equation for mixtures M5 and M6. Table 2.18 

shows that 𝛼𝑝 using the pseudo-component and the actual mixture are comparable. Therefore using 

limited experimental density data is sufficient for fitting the density of mixtures M5 and M6 and 

for the Tait calculations of 𝛼𝑝.  

 

Table 2.18. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for volumetric thermal 

expansion coefficient predictions of mixtures M5 and M6 [133] using 3 and 7 isotherms in the Tait 

equation. 

Mixture  Predictions using the Pseudo-component Prediction using the Actual Mixture 

  MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

M5 
3 Isotherms 5.1 4.8 3.2 11.6 5.3 5.3 3.1 11.5 

7 Isotherms 5.3 5.1 3.2 11.8 5.6 5.6 3.2 11.7 

M6 
3 Isotherms 10.0 9.8 5.8 22.8 10.1 10.1 5.5 22.1 

7 Isotherms 9.9 9.7 5.7 22.0 10.0 10.0 5.4 21.4 

 

The investigations described in the preceding paragraphs suggest that the pseudo-

component method, the Tait Equation, and a limited set of experimental data are not the dominant 

contributors to the relative inaccuracy of 𝛼𝑝 predictions. Hence, the relative inaccuracy is likely 

due to a deficiency of the PC-SAFT approach in predicting derivative properties. The prediction of 

𝛼𝑝 could potentially be enhanced by improving the intermolecular potential, as suggested by Lafitte 

et al. [154] The predictions could also be improved by simultaneously regressing the PC-SAFT 
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parameters, or the GC parameters, to the density and the derivative properties, similar to the 

approach of de Villiers et al. [46] who fit the PC-SAFT parameters by simultaneously regressing 

different properties (including saturated liquid density, saturated liquid isochoric heat capacity, 

vapor pressure, enthalpy of vaporization, and saturated liquid speed of sound) for n-hexane. 
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3. Chapter 3: Entropy Scaling Based Model for Viscosity3 

Several correlations and theories have been proposed to model the viscosity of pure 

components and mixtures as a function of temperature and pressure [157]. These include empirical 

models and correlations and approaches applied using pseudo-components. Empirical models and 

correlations [158-165] have been used to predict the viscosity of complex mixtures (e.g., crude oils, 

bitumens, heavy oils, and diesel and biodiesel fuels) and their blends. Example viscosity mixture 

models applied using pseudo-components include expanded fluid theory (EFT) [82-85], friction 

theory (FT) [77-81], free volume theory (FVT) [166, 167], the Dymond-Assael (DA) hard sphere 

model [86-88], and Eyring’s absolute rate theory [168, 169].  

Motahhari et al. [83, 84] applied EFT to model the viscosity of several crude oils 

characterized as mixtures of pseudo-components at temperatures to 473 K and pressures to 552 bar. 

They fit EFT parameters to atmospheric viscosity data for some crude oils and predicted the 

parameters for others. Ma et al. [85] used EFT to predict the viscosity of two bitumens characterized 

with a single pseudo-component at temperatures to 463 K and pressures to 100 bar.  Schmidt et al. 

[80] applied FT to model the viscosity of a North Sea crude oil represented as a mixture of pseudo-

components to temperatures of 375 K  and pressures to approximately 500 bar. They obtained the 

values for the FT parameters by fitting individual isotherms for pressures to approximately 350 bar. 

In a different study, Quiñones-Cisneros et al. [78, 79] applied FT to model the viscosity of crude 

oils represented as mixtures of pseudo-components to pressures up to 400 bar. These authors fit FT 

parameters to viscosity data above the saturation pressure and made predictions below the 

                                                           
3Adapted from Ref. [156] Rokni HB, Moore JD, Gupta A, McHugh MA, Gavaises M. Entropy scaling based 

viscosity predictions for hydrocarbon mixtures and diesel fuels up to extreme conditions. Fuel 

2019;241:1203-13. doi.org/10.1016/j.fuel.2018.12.043 

https://doi.org/10.1016/j.fuel.2018.12.043
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saturation pressure. Abutaqiya et al. [81] applied FT to model the viscosity of ten Middle Eastern 

crude oils represented as mixtures of pseudo-components. These authors proposed a new fitting 

approach for FT and reduced the required number of input parameters for each pseudo-component 

from two to one. The parameter was fit to a single data point at saturation, and viscosities were 

predicted for temperatures to 400 K and pressures to 600 bar. 

Using FVT, Khoshnamvand and Assareh [166] modeled the viscosity of live oils. Their 

model defined mixtures containing multiple components including a pseudo-component 

representing C7+ (i.e., compounds with carbon numbers (CNs) greater than 6). They fit FVT 

parameters to experimental data for 22 live oils as a training set, and they predicted viscosity of six 

other oils. Ijaz [88] predicted the viscosity of crude oils through single pseudo-components using 

the DA hard sphere model [86, 87], fitting four parameters in the model to experimental data and 

predicted the viscosity of crude oils up to 448 K and 1,400 bar. In a different approach, Macias-

Salinas et al. [168] represented several crude oils through mixtures of pseudo-components and 

modeled the mixture viscosity using Eyring’s absolute rate theory [169]. They used a tuning factor 

to scale density and viscosity predictions, which required fitting the model to experimental data.  

Entropy scaling is another approach reported for modeling viscosity. First proposed by 

Rosenfeld [170], entropy scaling effectively reduces the temperature and pressure dependence of 

viscosity to a mono-variable dependence on residual entropy. Recently, Lötgering-Lin and Gross 

utilized Rosenfeld’s entropy scaling approach to develop a group contribution (GC) method using 

PC-SAFT to predict the viscosity of pure components [171] and mixtures [172]. Fouad and Vega 

[173, 174] also used entropy scaling to model the viscosity of hydroflurocarbon and 

hydrofluroolefin refrigerants, fitting parameters to experimental saturated viscosity data. 
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This chapter describes an entropy scaling based, pseudo-component technique using the PC-

SAFT EoS [171] to predict the viscosity of hydrocarbon mixtures and diesel fuels. The pseudo-

component technique [36] is applied to correlate reduced viscosity to residual entropy through a 

third order polynomial using the GC method of Lötgering-Lin and Gross [171]. The model is not 

fit to viscosity data but is predictive up to HTHP conditions using two calculated or measured 

mixture properties: the number averaged MW and HN/CN ratio. Deviations in predictions are found 

when the mixture contains large concentrations of iso-alkanes and cyclohexanes. However, this 

deviation is reduced when a third mixture property, viscosity at a chosen reference state, is used to 

fix the value of one of the model parameters. Pseudo-component viscosity predictions are compared 

to experimental data for 54 different hydrocarbon mixture compositions and two diesel fuels over 

a wide range of temperatures and pressures. 

 

3.1 Entropy scaling approach and pseudo-component technique development  

Rosenfeld [170, 175] showed a mono-variable relationship existed between reduced 

viscosity (i.e., 𝜂∗ = 𝜂/𝜂reference) and residual entropy (i.e., �̃�res, the difference between 

absolute entropy and its ideal gas at the same conditions) for spherical monoatomic systems. Chopra 

et al. [176] used entropy scaling to describe the reduced transport properties of water, using 

molecular dynamics to calculate the transport properties. Goel et al. [177] applied entropy scaling 

to Lennard-Jones chains and showed that the entropy scaling parameters were dependent on chain 

length. Galliero et al. [178] extended the work of Goel et al. [177] and applied entropy scaling to 

model viscosity of normal alkanes. Novak [179-182] showed that 𝜂∗scales nearly linearly with 

�̃�res, when the Chapman-Enskog viscosity is used as the reference viscosity, and proposed [180] a 
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PC-SAFT parameter-based residual entropy correlation to predict viscosity for normal alkanes to 

temperatures of 650 K and pressures up to 5,000 bar with an MAPD of 7 %. 

Similar to the approach taken by Novak [180], Lötgering-Lin and Gross [171] used 

perturbed-chain polar SAFT (PCP-SAFT), with the Chapman-Enskog reference viscosity, and 

correlated 𝜂∗ to �̃�res using a third order polynomial, developing a GC entropy scaling method to 

predict viscosity of 110 pure compounds, from 12 different chemical families, with a 5 % MAPD. 

The GC entropy scaling method overcomes the limitation of requiring multiple fitted viscosity 

model parameters needed in other approaches (e.g., FVT – see section 3.4.3 for a comparison 

between FVT and entropy scaling).  This approach is extended in this section and applied to develop 

a pseudo-component technique to predict viscosity of hydrocarbon mixtures and fuels.  

For self-consistency within the GC entropy scaling method, GC PC-SAFT parameters of 

Sauer et al. [58] were used to develop different PC-SAFT parameter correlations for pure-

component n-alkanes and PNAs than are used for predicting density in Chapter 2, and these 

correlations are listed in Table 3.1. Knowing the pseudo-component PC-SAFT parameters, 

calculated using the approach described in Chapter 2, Eq. 3.1 can now be used with the PC-SAFT 

EoS to calculate reduced residual entropy, �̃�res (i.e., the molar residual entropy, 𝑠̅res, divided by 

the gas constant, R), using commercial software (VLXE/Blend [131]). The next section describes 

the steps needed for the calculation of the viscosity, knowing �̃�res. 

 

�̃�res(𝑉, 𝑇) = −(
𝜕�̃�res

𝜕𝑇
)
𝑉

 3.1 
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Table 3.1. PC-SAFT parameter correlations as a function of MW (g/mol) for n-alkanes and PNAs 

using the GC parameters of Sauer et al. [58]. 

 n-alkane PNA 

𝑚 0.0325MW+ 0.2463 0.0231MW+  0.7392 

𝑚𝜎 (Å) 0.1265MW +  0.7564 0.0874MW +  2.6366 

𝜀
𝑘⁄ (K) exp(5.4762 − 1.3302/MW) exp(5.8137 − 15.5549/MW) 

 

 

Rosenfeld [170] showed that reduced viscosity, 𝜂∗ = 𝜂/𝜂reference, scales with �̃�res. Here 

𝜂reference is set equal to the Chapman-Enskog viscosity (Eq. 3.2), as recommended by Novak 

[179, 180] who showed that a straightforward scaling of �̃�res can be obtained over the entire fluid 

phase space. 

 

𝜂reference =
5 

16
 
√MW𝑘 𝑇 (𝑚𝑁A𝜋)⁄

𝜎2Ω(2,2) ∗
 

3.2 

 

where 𝑚 and  𝜎 are the PC-SAFT parameters for a pure compound when calculating viscosity for 

a pure compound or are those of a pseudo-component when calculating viscosity of a pseudo-

component.  In Eq. 3.2, 𝑇, 𝑘, 𝑁A, and 𝛺(2,2) ∗are temperature, Boltzmann's constant, Avogadro’s 

number, and the reduced collision integral, respectively. The correlation of Neufeld et al. [183] is 

used to calculate 𝛺(2,2) ∗. Lötgering-Lin and Gross [171] modified Novak's approach to calculate 

𝜂∗ using a third-order polynomial (Eq. 3.3) in reduced dimensionless residual entropy, 𝑠∗ (Eq. 3.4).  

 

𝑙𝑛(𝜂∗) = 𝐴 + 𝐵𝑠∗ + 𝐶𝑠∗
2
+ 𝐷𝑠∗

3
 3.3 
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𝑠∗ = (
�̃�res(𝑉, 𝑇)

𝑚
) 3.4 

 

In Eq. 3.3, 𝐴, 𝐵, 𝐶, and 𝐷 are the viscosity coefficients of either a pure compound or pseudo-

component needed to calculate the viscosity. For a pure compound, these viscosity coefficients are 

found to best correlate to MW when each coefficient is multiplied by 𝑚2. As a typical result, Figure 

3.1 shows the variation of 𝐴𝑚2 with MW for selected compounds found in diesel fuels, where 𝐴 

is calculated using the GC method of Lötgering-Lin and Gross [171] and 𝑚 = 𝑚pure compound. 

The 𝐴𝑚2 values that fall outside the alkane and PNA curves are ignored since these compounds 

have MWs less than those of the diesels considered in this study [36]. Figure 3.2 shows the variation 

of 𝐴𝑚2, 𝐵𝑚2, 𝐶𝑚2, and 𝐷𝑚2 with MW for n-alkanes and PNAs and Table 3.2 lists the 

coefficients for the polynomial fits needed to calculate each viscosity coefficient. The 𝑍 parameter, 

which is calculated using Eq. 2.17 in Chapter 2, is now used in Eqs. 3.5-3.8 to calculate the pseudo-

component viscosity coefficients needed in Eq. 3.3.  
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Figure 3.1. Effect of molecular weight on 𝐴𝑚2 for selected compounds with 𝐴 calculated using 

the GC method of Lötgering-Lin and Gross [171] and with 𝑚 = 𝑚pure compound. The shaded 

region shows the number averaged MW range (i.e., 172 to 228 g/mol) for the diesel fuels studied 

by Aquing et al. [25]. 
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Figure 3.2. Effect of molecular weight on the viscosity coefficients for n-alkanes and PNAs 

calculated using the GC method of Lötgering-Lin and Gross [171] and with 𝑚 =

𝑚pure compound. Structures of representative compounds are shown in the figures.  
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Table 3.2. Parameters for the 3rd order polynomial correlation as a function of MW (g/mol) for the 

viscosity coefficients of n-alkanes and PNAs: 𝑌𝑚2 = ∑ (𝑒𝑖𝑀𝑊
𝑖)3

𝑖 = 0 . 𝑌 is a viscosity 

coefficient (𝐴, 𝐵, 𝐶 or 𝐷) and 𝑒 is the coefficient in the polynomial equation for n-alkanes and 

PNAs. 

 n-alkane  PNA  

 𝑒0 𝑒1 𝑒2 𝑒3 𝑒0 𝑒1 𝑒2 𝑒3 

𝐴𝑚2 -3.000×10-2 -8.028×10-3 -5.510×10-4 -1.860×10-6 -3.996×10-1 -2.420×10-2 -3.431×10-4 7.111×10-7 

𝐵𝑚2 -1.602×101 3.079×10-1 -4.279×10-3 -5.524×10-6 -2.194×100 -4.339×10-2 -1.522×10-3 -2.172×10-6 

𝐶𝑚2 -9.298×10-3 -2.639×10-3 -2.107×10-4 -3.215×10-6 -1.020×10-1 -7.812×10-3 -1.895×10-4 -1.408×10-6 

𝐷𝑚2 1.085×10-4 -2.519×10-5 -1.232×10-5 -9.383×10-7 1.644×10-3 -4.411×10-4 -3.231×10-5 -5.288×10-7 

 

(𝐴𝑚2)
pseudo − component

= (1 − 𝑍) (𝐴𝑚2)
n − alkane

+ 𝑍 (𝐴𝑚2)
PNA

 3.5 

(𝐵𝑚2)
pseudo − component

= (1 − 𝑍) (𝐵𝑚2)
n − alkane

+ 𝑍 (𝐵𝑚2)
PNA

 3.6 

(𝐶𝑚2)
pseudo − component

= (1 − 𝑍) (𝐶𝑚2)
n − alkane

+ 𝑍 (𝐶𝑚2)
PNA

 3.7 

(𝐷𝑚2)
pseudo − component

= (1 − 𝑍) (𝐷𝑚2)
n − alkane

+ 𝑍 (𝐷𝑚2)
PNA

 3.8 

 

It should be noted that improved predictions can be obtained in some cases if D is fit to a 

single viscosity data point rather than calculating D with Eq. 3.8. Both approaches shown in the 

following section require information on the mixture number averaged MW and HN/CN ratio. For 

convenience, D is fit to a viscosity experimental data point at the lowest reported temperature and 

pressure (e.g., 323 K and ~10 bar for the two diesel fuels in this study). An equally appropriate 
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approach is to fit D to the kinematic viscosity at 40 °C (KV40 [184]) or to the viscosity at 

atmospheric pressure and room temperature since both types of data are commonly measured in 

industry.  

Viscosity predictions are compared with 1822 literature data points for the hydrocarbon 

mixtures and diesel fuels. For mixtures where experimental data for more than three isotherms are 

available, only the lowest, a central, and the highest temperature isotherms are shown for clarity. 

However, all predictions for available experimental data are included in the calculation of percent 

deviation, Max deviation, SD, MAPD, and bias (Eqs. 2.19-2.23). 

 

3.2 Results  

3.2.1 Well-characterized hydrocarbon mixtures  

Table 3.3 lists the molar compositions of hydrocarbon mixtures used to evaluate the 

viscosity pseudo-component technique. Zeberg-Mikkelsen et al. [185] measured the viscosity of 

ternary mixtures (referred to as M1) containing methyl-cyclohexane (MCH), decalin, and 

2,2,4,4,6,8,8-heptamethyl-nonane (i.e., iso-cetane) for three different compositions at seven 

temperatures (293, 303, 313, 323, 343, and 353 K) and pressures up to 1,000 bar. Baylaucq et al. 

[186] reported the viscosity for ternary mixtures (referred to as M2) containing n-heptane (nC7), 

MCH, and methyl-naphthalene for twenty-one compositions at three temperatures (303, 323, and 

343 K) and pressures up to 1,000 bar. Boned et al. [133] reported viscosity measurements for a 

ternary (referred to as M3) and a quinary (referred to as M4) mixture at seven temperatures (293, 

303, 313, 323, 333, 343, and 353 K) and pressures up to 1,000 bar. Dauge et al. [187] measured the 

viscosity of binary mixtures (referred to as M5) containing iso-cetane and n-tridecane (nC13) for 

seven compositions at seven temperatures (293, 303, 313, 323, 333, 343, and 353 K) and pressures 
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up to 1,000 bar. Zeberg-Mikkelsen et al. [188] reported the viscosity for ternary mixtures (referred 

to as M6) containing iso-cetane, nC13, and methyl-naphthalene for twenty-one compositions at 

seven temperatures (293, 303, 313, 323, 333, 343, and 353 K) and pressures up to 1,000 bar. 

 

Table 3.3. Molar composition of the mixtures studied in this work [133, 185-188] and viscosity of 

compounds present in these mixtures at 298 K and 1 atmosphere [189-197]. 

Compound 
Chemical 

Family 

Viscosity 

(cP) 
M1 M2 M3 M4 M5 M6 

n-heptane n-alkanes 0.388 - 0.125-0.750 - - - - 

n-tridecane n-alkanes 2.130 - - 0.394 0.200 0.125-0.875 0.125-0.750 

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

heptamethyl-

nonane 

Iso-alkanes 3.354 balance - - 0.162 balance 0.125-0.750 

methyl-

cyclohexane 
Cyclohexanes 0.681 0.125-0.333 0.125-0.750 - - - - 

heptyl-

cyclohexane 
Cyclohexanes 2.473 - - 0.348 0.353 - - 

decalin Decalins 2.469 0.125-0.333 - - - - - 

heptyl-benzene Benzenes 2.100 - - 0.258 0.156 - - 

methyl-

naphthalene 
Naphthalenes 2.913 - balance - 0.129 - balance 

 

Figures 3.3 and 3.4 show the viscosity predictions and deviations from experiment, 

respectively, for the hydrocarbon mixtures reported by Zeberg-Mikkelsen et al. [185], Baylaucq et 

al. [186], Boned et al. [133], Dauge et al. [187], and Zeberg-Mikkelsen et al. [188]. For brevity, 

only central compositions are included in the figures. For mixture viscosities measured by Zeberg-

Mikkelsen et al. [185], only the data for mixture composition containing 0.250 mole fraction MCH, 

0.250 mole fraction decalin, and 0.500 mole fraction iso-octane (referred to as M1-2) are shown in 
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the figures. For mixture viscosities measured by Baylaucq et al. [186], only the data for mixture 

composition containing 0.250 mole fraction nC7, 0.625 mole fraction MCH, and 0.125 mole 

fraction of methyl-naphthalene (referred to as M2-11) are shown in the figures. For mixture 

viscosities measured by Dauge et al. [187], only the data for mixture composition containing 0.500 

mole fraction nC13 and 0.500 mole fraction of iso-cetane (referred to as M5-4) are shown in the 

figures. For mixture viscosities measured by Zeberg-Mikkelsen et al. [188], only the data for 

mixture composition containing 0.125 mole fraction iso-cetane, 0.625 mole fraction nC13, and 

0.250 mole fraction of methyl-naphthalene (referred to as M6-11) are shown in the figures. Table 

3.4 lists the calculated MW, HN/CN ratio, 𝑍 parameter, viscosity experimental data point (𝜂𝑜) at 

the lowest reported temperature and pressure used to fit 𝐷 in the three-parameter model, the PC-

SAFT parameters, and the viscosity coefficients for the pseudo-components for the hydrocarbon 

mixtures shown in the figures. Table 3.5 summarizes viscosity predictions of the hydrocarbon 

mixtures. Parameters and MAPDs are reported in the appendix (Section 3.4) for all hydrocarbon 

mixture compositions in this study. 
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Figure 3.3. Pseudo-component viscosity predictions compared to experimental data [133, 185-

188] (symbols) for hydrocarbon mixtures listed in Table 3: two-parameter (dashed lines) and 

three-parameter (solid lines) models. Note that the y-axis scale is different in each figure. 
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Figure 3.4. Pseudo-component viscosity deviations compared to experimental data [133, 185-188] 

for hydrocarbon mixtures listed in Table 3: two-parameter (open symbols) and three-parameter 

(filled symbols) models. Note that the y-axis scale is different in each figure. 
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Table 3.4. Pseudo-component properties and parameters for mixtures shown in Figure 3. 𝜂o is the 

viscosity data point at the lowest reported temperature and pressure (1 bar) used to fit 𝐷, now 

termed 𝐷fit, in the three-parameter model. 

Mixture MW HN/CN Z 𝜂o / cP 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D 𝐷fit 

M1-2 172.3 2.01 0.097 2.54 at 293 K 5.736 3.849 244.5 -0.781 -3.439 -0.678 -0.153 -0.199 

M2-11 104.2 1.94 0.220 0.60 at 303 K 3.526 3.816 248.0 -0.665 -2.754 -0.470 -0.093 -0.111 

M3 181.6 1.94 0.139 2.12 at 293 K 5.980 3.847 247.6 -0.788 -3.519 -0.706 -0.162 -0.172 

M4 183.8 1.84 0.206 2.36 at 293 K 5.965 3.841 252.2 -0.776 -3.520 -0.712 -0.165 -0.169 

M5-4 205.4 2.14 0 2.49 at 293 K 6.922 3.863 237.4 -0.857 -3.511 -0.779 -0.181 -0.196 

M6-11 179.1 1.84 0.204 2.07 at 293 K 5.824 3.840 251.4 -0.770 -3.476 -0.698 -0.161 -0.158 

 

 

Table 3.5. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component 

viscosity predictions of hydrocarbon mixtures compared to the literature data [133, 185-188]. 

 Two-parameter  Three-parameter 

 M1 M2 M3 M4 M5 M6 M1 M2 M3 M4 M5 M6 

MAPD 35.0 8.0 7.2 3.1 14.0 10.2 11.0 4.8 3.4 2.8 4.6 5.2 

Bias -35.0 -4.8 -7.2 -2.1 -14.0 -7.9 -10.9 3.5 2.1 2.5 -0.3 -2.2 

SD 10.1 5.1 2.1 2.1 8.8 7.5 7.3 4.2 2.1 1.9 4.2 4.7 

Max Deviation 56.7 24.4 11.6 11.0 49.0 38.7 26.7 24.6 7.8 7.7 22.9 25.5 

 

Viscosities are predicted for mixtures M1 and M2 with MAPDs of 35 and 8%, respectively 

when using the two-parameter model. Although the MAPD for viscosity predictions for 

compositions of mixture M2 is less than for compositions of mixture M1, the MAPDs for both 

mixtures are shown in the appendix (refer to section 3.4.1) to increase with MCH concentration. 

When using the two-parameter model, viscosities are predicted for mixture M1-3 (33.3 mol% 
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MCH) and mixture M2-6 (75.0 mol% MCH) with 45 and 20% MAPDs, respectively. More accurate 

viscosities are predicted using the two-parameter model for mixtures M3 and M4 (7.2 and 3.1% 

MAPD, respectively), which do not contain MCH. Viscosities of mixtures M5 and M6, which 

contain large concentrations of iso-cetane, are predicted with MAPDs of 14 and 10%, respectively 

using the two-parameter model. Due to the definition of DoU (Eq. 2.13), the pseudo-component 

technique does not distinguish normal and iso-alkanes, which could be a reason for viscosity 

prediction deviations, when significant concentrations of iso-alkanes are present in the mixtures. 

Predictions for all hydrocarbon mixtures in this study are improved by fitting the D coefficient 

(three-parameter model).  

It should be noted that MCH (MW = 98.18 g/mol) lies at the extreme lower bounds of the 

fitted PC-SAFT and viscosity coefficient correlations, where the n-alkane and PNA correlations 

converge to the approximately the same value. Thus, the two-parameter pseudo-component model 

does not adequately distinguish low MW cycloalkanes from low MW n-alkanes or PNAs. Decalin 

concentration may also play a role in higher deviations for viscosity predictions using the two-

parameter model. However, decalin’s effect is unclear as it was present in compositions of only 

mixture M1.  

Another reason for deficiencies in the model could be due to the constant value of the D 

coefficient for every functional group in Lötgering-Lin and Gross [171]’s GC viscosity model. 

Extending their model to fit functional group dependent D coefficients could possibly lead to more 

accurate viscosity predictions without fitting D in the three-parameter model. It is also noted that 

in the work of Lötgering-Lin and Gross, the pure component GC viscosity coefficients were fit 

using the homosegmented GC parameters of Sauer et al. [58], where iso and normal alkane 

functional groups were not differentiated when fitting parameters.  
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Nevertheless, the two-parameter model and the Z parameter from Eq. 2.17 do not appear to 

accurately represent mixtures containing significant concentrations of MCH and iso-alkanes. 

Inclusion of a single viscosity data point at a chosen reference state to fit the D coefficient offers 

the potential for improved viscosity predictions in the three-parameter model. Viscosity is predicted 

for hydrocarbon mixtures using the three-parameter model with an MAPD of 7.3% for all 

compositions of all mixtures in this study. This result is comparable to the viscosity predictions of 

Gross and co-workers [172] (i.e., 6.2% MAPD) for non-polar binary mixtures. 

 

3.2.2 Fuels  

Table 3.6 lists the limited number of experimental studies reporting the viscosity of diesel 

fuels up to HTHP conditions. Detailed composition of diesel fuels, required for our analysis, was 

found only in Aquing et al. [25]. Although, Politte [198] provides limited fuel compositional 

information, their reported average CN and average MW were not found to be self-consistent. 

Therefore, the diesel fuel investigated by Politte [198] is not considered in this study. Further 

explanation for its exclusion is included in the SI. Aquing et al. [25] reported gas chromatography 

results of two diesel fuels (referred to in this study as Middle East SR and Highly Naphthenic) and 

measured the viscosity of these diesel fuels from 323 to 423 K and up to 3,500 bar. Table 3.7 lists 

the molar composition and CN range for different classes of compounds in the diesel fuels. Table 

8 lists the number averaged MW, the HN/CN ratio, viscosity experimental data point (𝜂𝑜) at the 

lowest reported temperature and pressure (i.e., 323 K and ~10 bar) used to fit 𝐷 in the three-

parameter model, PC-SAFT parameters (Eqs. 2.15-2.17), and viscosity coefficients (Eqs. 3.5-3.8) 

of the pseudo-components for the two diesel fuels. 
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Table 3.6. Summary of viscosity data for diesel fuels measured up to high temperatures and 

pressures.   

Author Year Trange/K Pmax/bar Uncertainty (%) No. of Samples with 

Composition 

Schaschke et al. [26]  2013 298-373 5,000 2 0 

Aquing et al. [25] 2012 323-423 3,500 2 2 

Duncan et al. [199] 2012 283-373 1,311 - 0 

Bazile et al. [145] 2012 293-353 2,000 1 0 

Duncan et al. [200] 2010 283-373 1,311 - 0 

Robertson and Schaschkle [201] 2009 273-294 1,600 - 0 

Politte [198] 1985 298-422 1,000 - 1a 

aSample is not considered in this study. Explanation is provided in the appendix (Section 3.4). 

 

Table 3.7. Molar composition (%) and carbon number ranges of chemical classes in diesel fuels 

measured by gas chromatography. Data from ref. [25]. 

 Mole Percent (%) Carbon Number Range 

Chemical Class Middle East SR Highly Naphthenic Middle East SR Highly Naphthenic 

n-alkanes 23 6 7-27 7-29 

iso-alkanes 26 13 7-27 7-29 

cyclohexanes 16 26 8-26 8-28 

decalins 4 20 10-25 10-26 

benzenes 10 10 8-24 8-20 

naphthalenes 7 3 10-21 10-15 

phenanthrenes 3 1 14-20 14-35 

tetralins and Indanes 7 16 9-23 9-22 

other unsaturates 4 5 12-21 13-35 
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Table 3.8. Pseudo-component properties and parameters for diesel fuels. 𝜂𝑜 is the viscosity data 

point at the lowest reported temperature and pressure (i.e., 323 K and ~10 bar) used to fit 𝐷, now 

termed 𝐷fit, in the three-parameter model. 

Diesel MW HN CN⁄  Z 𝜂o / cP 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D 𝐷fit 

Middle 

East SR 

225.1 1.85 0.222 2.97 7.202 3.846 254.6 -0.829 -3.885 -0.837 -0.203 -0.226 

Highly 

Naphthenic 

203.6 1.74 0.292 2.57 6.448 3.836 259.0 -0.780 -3.668 -0.771 -0.185 -0.211 

 

Figures 3.5 and 3.6 show viscosity predictions and deviations from experiment, 

respectively, for diesel fuels Middle East SR and Highly Naphthenic for three isotherms (323 K, 

373 K, and 423 K) and pressures up to 3,500 bar. Viscosity is predicted across all conditions for 

both diesel fuels with an MAPD of 22.0% using the two-parameter model and 9.3% using the three-

parameter model. Table 3.9 presents the statistics for viscosity predictions of the diesel fuels. The 

composition of the diesel fuels in this study contain significant concentrations of iso-alkanes (i.e., 

26 mol% for diesel fuel Middle East SR and 13 mol% for diesel fuel Highly Naphthenic) and 

cyclohexanes (16 mol% and 26 mol% for diesel fuels Middle East SR and Highly Naphthenic, 

respectively). Large concentrations of iso-alkanes and cyclohexanes in the diesel fuels are possibly 

the cause of less accurate predictions using the two-parameter model, similar to the compositions 

of mixtures M1 and M2. The Highly Naphthenic diesel fuel also contains 20 mol% decalins, which 

possibly is another cause of viscosity prediction deviations based on our observations for 

compositions of mixture M1. Inclusion of a single viscosity data point as a third parameter to fit a 

model parameter improves viscosity predictions for the diesel fuels in this study.   
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Figure 3.5. Pseudo-component viscosity predictions compared to experimental data [25] (symbols) 

for diesel fuels: two-parameter (dashed lines) and three-parameter (solid lines). Note that the y-axis 

scale is different in each figure. 

 

   

Figure 3.6. Pseudo-component viscosity deviations compared to experimental data [25] for diesel 

fuels: two-parameter (open symbols) and three-parameter (filled symbols) models. Note that the 

y-axis scale is different in each figure. 
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Table 3.9. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component 

viscosity predictions of diesel fuels compared to experimental data [25]. 

 Two-parameter  Three-parameter  

 Middle East SR Highly Naphthenic Middle East SR Highly Naphthenic 

MAPD 18.3 25.2 10.3 8.3 

Bias -17.8 -25.2 4.3 -3.9 

SD 15.2 15.7 5.0 8.3 

Max Deviation 51.3 60.6 17.9 33.2 

 

 

3.3 Conclusion 

A pseudo-component technique based upon residual entropy scaling using the Perturbed-

Chain Statistical Associating Fluid Theory was developed to predict the viscosity of hydrocarbon 

mixtures and diesel fuels. The model predicts viscosity without fitting to high temperature and 

pressure experimental data and requires input of only two calculated or experimentally measured 

mixture properties: the number averaged molecular weight and the hydrogen-to-carbon ratio. 

Inclusion of a third parameter, the viscosity data point at a chosen reference state, to fit a model 

parameter was shown to improve predictions for mixtures that contained significant concentrations 

of iso-alkanes and cyclohexanes. The ability to predict accurate viscosities for complex 

hydrocarbon mixtures such as diesel fuel up to extreme conditions, using relatively simple inputs 

will aid the future development of fuel injection equipment design and support the development 

and optimization of fuel and fluid formulations for improved performance at extreme conditions. 
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3.4 Appendix for Chapter 3 

3.4.1 The pseudo-component properties for hydrocarbon mixtures 

Tables 3.10-3.14 list the pseudo-component properties, the reference viscosity, the PC-SAFT parameters, the viscosity coefficients, and 

MAPDs for viscosity predictions of hydrocarbon mixtures [133, 185-188] listed in Table 3.3. 

 

Table 3.10. Mixture properties, data point (𝜂𝑜) at the lowest reported temperature and pressure (1 bar), the PC-SAFT parameters, the 

viscosity coefficients, and MAPDs (%) of pseudo-component viscosity predictions for mixtures M1-2 (with 0.250 mole fraction MCH 

and 0.250 mole fraction decalin) [185], M2-11 (with 0.250 mole fraction nC7 and 0.625 mole fraction MCH) [186], M3 [133], M4 [133], 

M5-4 (with 0.500 mole fraction nC13 and 0.500 mole fraction iso-cetane) [187], and M6-11 (with 0.250 mole fraction MNP, 0.625 mole 

fraction nC13, and 0.125 mole fraction iso-cetane) [188]. 𝜂𝑜 is used to fit 𝐷, now termed 𝐷fit, in the three-parameter model.  

Mixture MW HN/CN Z 𝜂o (cP) 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐷fit MAPD 

M1-2 172.3 2.01 0.0973 2.54 at 293 K 5.736 3.849 244.5 -0.781 -3.439 -0.678 -0.153 41.1 -0.199 9.3 

M2-11 104.2 1.94 0.2200 0.60 at 303 K 3.526 3.814 248.0 -0.665 -2.754 -0.470 -0.093 12.6 -0.111 4.2 

M3 181.6 1.94 0.1390 2.12 at 293 K 5.980 3.847 247.6 -0.788 -3.519 -0.706 -0.162 7.2 -0.172 3.4 

M4 183.8 1.84 0.2092 2.36 at 293 K 5.961 3.841 252.5 -0.776 -3.519 -0.712 -0.165 3.1 -0.169 2.8 

M5-4 205.4 2.14 0 2.49 at 293 K 6.922 3.863 237.4 -0.857 -3.511 -0.779 -0.181 12.4 -0.196 2.3 

M6-11 179.1 1.84 0.204 2.07 at 293 K 5.824 3.840 251.4 -0.770 -3.476 -0.698 -0.161 8.5 -0.158 3.0 
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Table 3.11. Pseudo-component properties, viscosity experimental data point (𝜂𝑜) at atmospheric pressure and 293 K, the PC-SAFT 

parameters, the viscosity coefficients, and MAPDs (%) of pseudo-component viscosity predictions for mixtures M1 [185] with 

varying composition of methyl-cyclohexane (MCH), decalin, and iso-cetane. x is mole fraction. 𝜂𝑜 is used to fit 𝐷, now termed 𝐷fit, 

in the three-parameter model. 

Mixture XMCH Xdecalin Xiso-cetane MW HN/CN Z 𝜂o (cP) 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐷fit MAPD 

M1-1 0.125 0.125 0.750 199.4 2.07 0.0505 3.12 6.657 3.858 241.8 -0.835 -3.712 -0.760 -0.176 35.2 -0.210 11.0 

M1-2 0.250 0.250 0.500 172.3 2.01 0.0973 2.54 5.736 3.849 244.5 -0.781 -3.439 -0.678 -0.153 41.1 -0.199 9.3 

M1-3 0.333 0.333 0.334 154.3 1.98 0.1296 2.18 5.137 3.842 246.1 -0.748 -3.252 -0.623 -0.137 45.3 -0.197 4.8 

 

 

Table 3.12. Pseudo-component properties, viscosity experimental data point (𝜂𝑜) at atmospheric pressure and 303 K, the PC-SAFT 

parameters, the viscosity coefficients, and MAPDs (%) of pseudo-component viscosity predictions for mixtures M2 [186] with 

varying composition of n-heptane (nC7), methyl-cyclohexane (MCH), and methyl-naphthalene (MNP). x is mole fraction. 𝜂𝑜 is used 

to fit 𝐷, now termed 𝐷fit, in the three-parameter model. 

Mixture XnC7  XMCH XMNP MW HN/CN Z 𝜂o (cP) 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐷fit MAPD 

M2-1 0.125 0.125 0.750 131.4 1.22 0.6771 1.50 4.014 3.780 277.4 -0.628 -2.885 -0.545 -0.123 10.2 -0.137 8.7 
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M2-2 0.125 0.250 0.625 125.9 1.35 0.5915 1.22 3.930 3.787 271.4 -0.643 -2.868 -0.531 -0.117 9.2 -0.130 6.7 

M2-3 0.125 0.375 0.500 120.4 1.49 0.5008 0.99 3.839 3.795 265.3 -0.654 -2.845 -0.517 -0.111 9.6 -0.125 7.1 

M2-4 0.125 0.500 0.375 114.9 1.63 0.4121 0.87 3.739 3.802 259.5 -0.660 -2.815 -0.502 -0.104 14.9 -0.122 6.0 

M2-5 0.125 0.625 0.250 109.4 1.76 0.3323 0.75 3.624 3.808 254.4 -0.663 -2.782 -0.486 -0.099 14.8 -0.116 4.6 

M2-6 0.125 0.750 0.125 103.9 1.90 0.2476 0.68 3.503 3.813 249.3 -0.663 -2.748 -0.469 -0.093 19.8 -0.124 10.4 

M2-7 0.250 0.125 0.625 126.2 1.39 0.5624 1.12 3.958 3.791 269.8 -0.648 -2.878 -0.533 -0.117 3.5 -0.123 5.2 

M2-8 0.250 0.250 0.500 120.7 1.53 0.4720 0.93 3.866 3.798 263.7 -0.658 -2.854 -0.518 -0.111 6.6 -0.122 6.0 

M2-9 0.250 0.375 0.375 115.2 1.66 0.3907 0.80 3.760 3.804 258.4 -0.663 -2.822 -0.503 -0.105 7.0 -0.115 5.0 

M2-10 0.250 0.500 0.250 109.7 1.80 0.3044 0.68 3.648 3.811 253.0 -0.666 -2.788 -0.487 -0.099 8.4 -0.108 3.6 

M2-11 0.250 0.625 0.125 104.2 1.94 0.2200 0.60 3.526 3.816 248.0 -0.665 -2.754 -0.470 -0.093 12.5 -0.111 4.2 

M2-12 0.375 0.125 0.500 120.9 1.56 0.4507 0.68 3.886 3.801 262.6 -0.661 -2.860 -0.519 -0.111 2.9 -0.112 3.3 

M2-13 0.375 0.250 0.375 115.4 1.70 0.3627 0.74 3.782 3.807 256.9 -0.666 -2.829 -0.503 -0.104 2.7 -0.108 2.7 

M2-14 0.375 0.375 0.250 109.9 1.83 0.2835 0.65 3.665 3.813 251.9 -0.668 -2.793 -0.487 -0.099 4.7 -0.105 4.4 

M2-15 0.375 0.500 0.125 104.4 1.97 0.1994 0.56 3.542 3.818 246.9 -0.667 -2.758 -0.471 -0.093 6.8 -0.103 3.1 

M2-16 0.500 0.125 0.375 115.7 1.73 0.3416 0.69 3.803 3.810 255.8 -0.668 -2.835 -0.505 -0.104 3.6 -0.103 2.5 

M2-17 0.500 0.250 0.250 110.2 1.87 0.2559 0.59 3.689 3.816 250.5 -0.670 -2.800 -0.488 -0.099 3.5 -0.102 4.7 

M2-18 0.500 0.375 0.125 104.7 2.01 0.1721 0.52 3.564 3.821 245.6 -0.669 -2.764 -0.472 -0.093 9.0 -0.088 3.4 

M2-19 0.625 0.125 0.250 110.5 1.91 0.2284 0.56 3.713 3.818 249.1 -0.673 -2.806 -0.489 -0.099 6.7 -0.097 4.2 

M2-20 0.625 0.250 0.125 104.9 2.04 0.1518 0.49 3.581 3.823 244.6 -0.671 -2.767 -0.473 -0.093 4.1 -0.090 1.7 

M2-21 0.750 0.125 0.125 105.2 2.08 0.1248 0.46 3.603 3.826 243.2 -0.673 -2.773 -0.474 -0.093 5.7 -0.084 3.6 
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Table 3.13. Pseudo-component properties, viscosity experimental data point (𝜂𝑜) at atmospheric pressure and 293 K, the PC-SAFT 

parameters, the viscosity coefficients, and MAPDs (%) of pseudo-component viscosity predictions for mixtures M5 [187] with 

varying composition of n-tridecane (nC13) and heptamethyl-nonane (iso-cetane). x is mole fraction. 𝜂𝑜 is used to fit 𝐷, now termed 

𝐷fit, in the three-parameter model. 

Mixture XnC13 Xiso-cetane MW HN/CN Z 𝜂o (cP) 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐷fit MAPD 

M5-1 0.125 0.875 221.2 2.13 0 3.28 7.435 3.865 237.5 -0.884 -3.674 -0827 -0.195 24.8 -0.218 8.6 

M5-2 0.250 0.750 215.9 2.13 0 2.98 7.264 3.864 237.5 -0.875 -3.621 -0.811 -0.190 19.4 -0.210 5.7 

M5-3 0.375 0.625 210.7 2.14 0 2.69 7.093 3.864 237.4 -0.866 -3.567 -0.795 -0.185 15.3 -0.201 4.2 

M5-4 0.500 0.500 205.4 2.14 0 2.49 6.922 3.863 237.4 -0.857 -3.511 -0.779 -0.181 12.4 -0.196 2.3 

M5-5 0.625 0.375 200.1 2.14 0 2.29 6.751 3.862 237.4 -0.857 -3.511 -0.779 -0.176 10.4 -0.190 1.8 

M5-6 0.750 0.250 194.9 2.15 0 2.14 6.580 3.682 237.3 -0.838 -3.398 -0.747 -0.171 8.1 -0.186 4.6 

M5-7 0.875 0.125 189.6 2.15 0 1.98 6.409 3.861 237.3 -0.829 -3.340 -0.731 -0.167 7.6 -0.181 4.9 
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Table 3.14. Pseudo-component properties, viscosity experimental data point (𝜂𝑜) at atmospheric pressure and 303 K, the PC-SAFT 

parameters, the viscosity coefficients, and MAPDs (%) of pseudo-component viscosity predictions for mixtures M6 [188] with 

varying composition of methyl-naphthalene (MNP), n-tridecane (nC13), and heptamethyl-nonane (iso-cetane). x is mole fraction. 𝜂𝑜 

is used to fit 𝐷, now termed 𝐷fit, in the three-parameter model. 

Mixture XMNP X𝑛𝐶13 Xiso-cetane MW HN/CN Z 𝜂o (cP) 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐷fit MAPD 

M6-1 0.125 0.125 0.750 210.7 1.98 0.1176 3.1 6.918 3.853 246.1 -0.838 -3.797 -0.794 -0.188 15.1 -0.196 9.6 

M6-2 0.125 0.250 0.625 205.4 1.98 0.1145 3.2 6.757 3.853 245.8 -0.830 -3.750 -0.778 -0.183 15.2 -0.187 8.5 

M6-3 0.125 0.375 0.500 200.1 1.98 0.1116 2.5 6.596 3.852 245.4 -0.823 -3.702 -0.762 -0.178 11.4 -0.181 5.8 

M6-4 0.125 0.500 0.375 194.9 1.99 0.1087 2.5 6.434 3.852 245.1 -0.815 -3.654 -0.746 -0.173 9.6 -0.176 3.8 

M6-5 0.125 0.625 0.250 189.6 1.99 0.1061 2.1 6.272 3.851 244.8 -0.807 -3.605 -0.730 -0.169 16.5 -0.189 1.1 

M6-6 0.125 0.750 0.125 184.4 1.99 0.1035 2.1 6.109 3.851 244.5 -0.799 -3.555 -0.714 -0.164 20.7 -0.122 8.0 

M6-7 0.250 0.125 0.625 200.1 1.82 0.2267 2.9 6.436 3.842 253.8 -0.794 -3.663 -0.761 -0.180 19.0 -0.194 9.1 

M6-8 0.250 0.250 0.500 194.9 1.83 0.2208 2.9 6.284 3.842 253.2 -0.788 -3.618 -0.745 -0.176 16.2 -0.188 6.5 

M6-9 0.250 0.375 0.375 189.6 1.83 0.2150 2.4 6.131 3.841 252.6 -0.782 -3.571 -0.729 -0.171 7.4 -0.167 5.5 

M6-10 0.250 0.500 0.250 184.3 1.84 0.2094 2.3 5.978 3.841 252.0 -0.776 -3.524 -0.713 -0.166 5.9 -0.163 3.2 

M6-11 0.250 0.625 0.125 179.1 1.84 0.2039 2.1 5.824 3.840 251.4 -0.770 -3.476 -0.698 -0.161 8.5 -0.158 3.0 

M6-12 0.375 0.125 0.500 189.6 1.67 0.3266 3.0 5.987 3.830 260.5 -0.753 -3.529 -0.727 -0.173 8.8 -0.167 8.5 

M6-13 0.375 0.250 0.375 184.3 1.68 0.3178 2.5 5.843 3.830 259.6 -0.749 -3.485 -0.712 -0.168 6.9 -0.162 6.1 
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M6-14 0.375 0.375 0.250 179.1 1.68 0.3092 2.3 5.698 3.830 258.8 -0.745 -3.441 -0.696 -0.163 6.4 -0.159 3.9 

M6-15 0.375 0.500 0.125 173.8 1.68 0.3090 2.1 5.543 3.829 258.5 -0.739 -3.392 -0.680 -0.158 5.9 -0.155 2.8 

M6-16 0.500 0.125 0.375 179.1 1.52 0.4169 2.7 5.570 3.819 266.3 -0.717 -3.397 -0.693 -0.165 7.8 -0.161 6.3 

M6-17 0.500 0.250 0.250 173.8 1.52 0.4165 2.4 5.420 3.818 265.9 -0.712 -3.351 -0.678 -0.160 6.4 -0.156 4.4 

M6-18 0.500 0.375 0.125 168.5 1.53 0.4181 2.1 5.268 3.817 265.6 -0.707 -3.303 -0.662 -0.155 6.0 -0.151 2.9 

M6-19 0.625 0.125 0.250 168.5 1.37 0.5283 2.6 5.147 3.806 273.1 -0.678 -3.255 -0.659 -0.157 7.1 -0.155 4.3 

M6-20 0.625 0.250 0.125 163.3 1.37 0.5304 2.2 5.000 3.804 272.8 -0.674 -3.209 -0.643 -0.152 6.5 -0.150 3.2 

M6-21 0.750 0.125 0.125 158.0 1.22 0.6461 2.6 4.740 3.790 279.9 -0.640 -3.111 -0.623 -0.148 7.8 -0.152 2.9 

 

 

3.4.2 Exclusion of diesel viscosity data 

Politte [198] did not report detailed composition of the diesel fuel but did report the carbon number distribution and the average 

molecular weight (MW). Typically, this information should be sufficient to calculate the degree of unsaturation (DoU). For the diesel 

sample reported by Politte [198], Eq. 3.9 is used to calculate the hydrogen number (HN) of the diesel fuel from the reported average 

MW and the calculated average CN from gas chromatography. Eq. 3.10 shows that the calculated degree of unsaturation for the sample 

is negative, which is unrealistic. This indicates that the reported average MW is not consistent with the carbon number distribution. 

Therefore, the degree of unsaturation of the sample cannot be ascertained with confidence. Since this information is needed to calculate 

the PC-SAFT parameters for the pseudo-component, this sample is excluded from the present study. 
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HNdiesel =
MWdiesel − 12.01CNdiesel

1.01
=
212.0 − 12.01 × 14.7

1.01
= 35.2 (3.9) 

DoUdiesel =
1

2
(2 × CNdiesel + 2 − HNdiesel) =

1

2
(2 × 14.7 + 2 − 35.2) = −1.89 (3.10) 

 

 

3.4.3 Performance of entropy scaling compared to free volume theory (FVT) 

Free volume theory (FVT) [202] is compared with the entropy scaling approach for pure compounds from different chemical 

families and diesel fuels. The densities required in the FVT model are calculated using the PC-SAFT EoS of Gross and Sadowski [38]. 

For entropy scaling, the GC parameters of Sauer et al. [58] are used to calculate the PC-SAFT parameters for pure compounds, and the 

correlations developed in Chapter 2 using the parameters listed in Table 3.1 are used to calculate the PC-SAFT parameters for the diesel 

fuels. The FVT model parameters (i.e., α, l, and Bi) are fit to viscosity data at one isotherm, and the fitted parameters are used to predict 

viscosity for other isotherms. It is possible to fit temperature dependent FVT parameters to data at multiple isotherms, which would 

result in more accurate FVT predictions.  However, here, we consider only a FVT predictive technique with minimal inputs by fitting 

temperature independent parameters to a single isotherm.  

Table 3.15 lists the pure compounds (i.e., n-octane (nC8), n-dodecane (nC12), and n-octadecane (nC16)), branched alkanes (i.e., 

isooctane (iC8), iso-cetane (iC16)), and aromatics (i.e., m-xylene and toluene)) and diesel fuels for which viscosity is predicted up to 

high temperatures and pressures using either FVT or the GC entropy scaling method. Baled et al. [203] measured the viscosity of nC8 

and iC8 at temperatures from 304 to 523 K and pressures up to 2,400 bar. Caudwell et al. [204] reported the viscosity for nC12 at 
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temperatures from 298 to 473 K and pressures up to 1,900 bar. Baled et al. [205] reported viscosity measurements for nC18 up to 534 

K and 2,430 bar. Zeberg-Mikkelsen et al. [188] measured iC16 at temperatures from 293 to 3535 K and pressures up to 1,000 bar. 

Caudwell et al. [206] reported viscosity for m-xylene up to 473 K and 1,970 bar. Rowane et al. [207] measured the viscosity of toluene 

up to 531 K and 2,200 bar.  Aquing et al. [25] measured the viscosity of two diesel fuels up to 423 K and 3,500 bar. 

Unlike the GC entropy scaling method developed by Lötgering-Lin and Gross [171], no study has reported group contribution 

FVT parameters. Therefore, viscosity data are required to fit the three FVT parameters. The lowest reported isotherm is used to fit the 

FVT parameters for the pure compounds and diesel fuels. Table 3.15 lists the fitted FVT and entropy scaling parameters required to 

predict viscosity.  The GC entropy scaling method developed by Lötgering-Lin and Gross [171] is used for pure compounds, and the 

three-parameter pseudo-component technique described in Chapter 3 is used for diesel fuels. Predictions are summarized in Table 3.16 

and show that entropy scaling yields more accurate viscosity predictions compared to FVT, when minimal inputs are used by fitting 

FVT parameters to a single isotherm. 
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Table 3.15. Model parameters for selected compounds and diesel fuels. Data from [25, 188, 203-207]. 

  PC-SAFT FVT Viscosity Entropy Scaling 

Fluid MW 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) l (Å) α (m5mol-1s-2) Bi×103 A B C D 

nC8 114.2 3.960 3.839 236.2 1.184 118.8 4.851 -0.696 -2.869 -0.501 -0.100 

nC12 170.3 5.785 3.855 237.1 2.017 146.8 4.639 -0.794 -3.455 -0.671 -0.149 

nC18 254.5 8.521 3.867 237.7 2.517 216.6 3.309 -0.942 -4.209 -0.927 -0.224 

iC8 114.2 2.989 4.091 264.3 0.958 94.4 7.192 -0.599 -2.524 -0.460 -0.100 

iC16 226.4 5.009 4.277 284.8 1.209 133.1 8.885 -0.575 -3.264 -0.758 -0.199 

m-xylene 106.2 3.225 3.748 281.6 0.953 88.2 6.080 -0.689 -2.566 -0.509 -0.100 

toluene 92.1 2.882 3.739 278.4 0.885 82.8 7.457 -0.658 -2.513 -0.451 -0.087 

Middle East 225.1 7.202 3.841 254.6 1.403 188.2 5.481 -0.829 -3.885 -0.837 -0.226 

Highly Naphthenic 203.6 6.448 3.831 259.0 0.954 171.5 6.785 -0.780 -3.668 -0.771 -0.210 

 

Table 3.16. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for FVT and entropy scaling viscosity predictions of selected 

compounds and diesel fuels compared to literature data [25, 188, 203-207]. Table 3.16 also lists the MAPD, bias, SD, and Max 

Deviation achieved for only the single isotherm used to fit the FVT parameters for each fluid.   

Fluid FVT prediction for all data points FVT prediction for fitted single isotherm Entropy scaling prediction for all data points 
 MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

nC8 8.1 7.9 6.6 22.0 0.5 -0.3 0.6 1.8 2.8 2.0 1.9 7.4 

nC12 27.6 27.6 16.6 55.5 2.4 -0.1 0.3 0.9 3.3 0.4 1.9 7.5 

nC18 59.0 58.9 35.6 112.7 0.4 -0.2 0.4 1.4 10.9 10.1 9.2 27.8 

iC8 2.1 -1.2 2.1 7.7 0.7 0.0 0.5 1.5 5.5 0.0 2.8 12.9 

iC16 12.7 12.4 8.3 30.9 1.5 -0.3 1.2 2.8 4.1 -3.1 3.0 12.3 

m-xylene 5.8 5.7 3.5 11.3 0.4 0.0 0.3 0.8 3.2 -3.1 1.9 8.2 

toluene 5.3 1.6 3.9 13.9 0.9 -0.2 0.9 3.8 3.6 2.4 1.8 8.3 

Middle East 39.6 7.5 34.9 120.3 1.1 -0.5 1.2 4.2 10.3 4.3 5.0 17.9 

Highly Naphthenic 22.8 3.8 21.6 70.2 2.4 -0.9 2.2 7.0 8.3 -3.9 8.3 33.4 
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4. Chapter 4: Entropy Scaling Based Model for Thermal Conductivity4  

Limited experimental thermal conductivity data are available for pure compounds and well-

characterized hydrocarbon mixtures up to extreme conditions, and there is a greater lack of thermal 

conductivity data available for complex mixtures, such as rocket propellant (RP), jet, and diesel 

fuels. Various correlations and theories have been developed for the prediction of thermal 

conductivity for pure hydrocarbons [209-233] and their mixtures [214, 222-224, 231, 234-238] 

including structure-based, group contribution methods [239-245].  

A few pseudo-component based methodologies have been developed to model the thermal 

conductivity of complex mixtures, such as crude oil and its fractions. These methodologies include 

an expanded fluid-based (EFB) model [238, 246] and a corresponding-states approach defined by 

an effective carbon number (ECN) [222]. Yarranton and co-workers [238] used EFB to model the 

thermal conductivity of several crude oils up to 100 bar and 398 K. They fit four EFB pseudo-

component parameters for the crude oils to available experimental data and predicted the thermal 

conductivity within 1% MAPD compared to experimental data [238]. They extended this work by 

developing structure independent correlations to calculate the EFB parameters and obtained 

predictions within 3% MAPD [246]. Teja and Tarlneu [222] used the ECN-based approach to 

predict the thermal conductivity of different cuts of  three crude oils at temperatures from 308 to 

528 K and atmospheric pressure within 7% MAPD. Their ECN-based model required as inputs the 

average molecular weight (MW) and critical properties of the pseudo-components, which were 

                                                           
4Adapted from Ref. [208] Rokni HB, Moore JD, Gupta A, McHugh MA, Mallepally RR, Gavaises M. 

General method for prediction of thermal conductivity for well-characterized hydrocarbon mixtures and 

fuels up to extreme conditions using entropy scaling. Fuel 2019;245:594-604. 

doi.org/10.1016/j.fuel.2019.02.044  

https://doi.org/10.1016/j.fuel.2019.02.044
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calculated using the reported boiling temperature and specific gravity of the pseudo-components 

[247] through the correlations developed by Kesler and Lee [248].  

The two-abovementioned pseudo-component based techniques capture the effect of 

composition only through the mixture average MW and are limited in predictive capability by the 

need for multiple pseudo-components or for fitting to experimental data. Hence, a technique is 

needed that considers the effects of both the molecular structure and MW of compounds present in 

mixtures while only requiring a minimum number of parameters fit to experimental data.  

In this chapter, a pseudo-component technique is developed using the residual entropy 

scaling based thermal conductivity correlation of Hopp and Gross [227] and the PC-SAFT [38] 

EoS. Thermal conductivities of well-characterized hydrocarbon mixtures and fuels are predicted up 

to high temperature and high pressure (HTHP) conditions using two mixture properties: the number 

averaged MW and the HN/CN ratio. Less accurate predictions are obtained using the two-parameter 

model for the mixtures containing high amounts of iso-alkanes, but the predictions are improved 

when a single thermal conductivity data point at a reference condition is used to fix the value of 

one model parameter. The technique described here accurately predicts thermal conductivity up to 

HTHP conditions for fourteen well-characterized hydrocarbon mixtures and six fuels.  

 

4.1 Pseudo-component Entropy scaling technique  

Pure compound PC-SAFT parameters are determined by directly fitting to properties (e.g., 

saturated liquid density and vapor pressure data) or using group contribution (GC) methods [58-

60]. In this chapter, the PC-SAFT parameters are determined using the GC parameters of Sauer et 

al. [58] to be consistent with the technique to predict viscosity in Chapter 3. However, in general, 

other PC-SAFT GC parameters could be used, such as those reported by Tihic et al. [61] or Burgess 
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et al. [53]. PC-SAFT parameters are fit as a function of molecular weight (MW) for a given 

chemical family. The correlations reported in Table 3.1 for 𝑚, 𝑚𝜎, and 𝜀 𝑘⁄  for n-alkanes and poly-

nuclear aromatics (PNAs) are used here to be consistent with the viscosity pseudo-component 

technique.  

Similar to reduced viscosity, as observed by Rosenfeld [170], reduced thermal conductivity, 

𝜆∗, (Eq. 4.1) of a pure compound scales with the residual entropy. Hopp and Gross [227] 

investigated several choices of a reference thermal conductivity including Chapman Enskog (CE), 

CE with Eucken correction, and the reference proposed by Liang and Tsai [249] based on the work 

of Stiel and Thodos [250]. None of these references was completely successful in describing the 

nonlinear entropy scaling behavior for the complete fluid space from low-density gas to dense 

liquid. Hopp and Gross [227] proposed a new, empirically-based reference that did correlate the 

complete fluid space and allowed for a mono-variable dependence of 𝜆∗ with reduced residual 

entropy. Hopp and Gross [227] showed that the CE reference thermal conductivity (Eq. 4.2) can 

adequately reproduce 𝜆∗ in the dense fluid region, which is the region of interest in the present 

study. Hence, the CE reference term is used as the reference thermal conductivity in the present 

study.   

 

𝜆∗ =
𝜆

𝜆reference
 4.1 

𝜆reference = 𝜆CE =
5 

16
 
√MW𝑘𝑇 (𝑚𝑁A𝜋)⁄

𝜎2Ω(2,2) ∗
 

4.2 

 

where, 𝑘, 𝑇, 𝑁𝐴, and 𝛺(2,2)∗ are Boltzmann’s constant, temperature, Avogadro’s number, and the 

reduced collision integral, respectively. In Eq. 4.2, 𝑚 and  𝜎 are the PC-SAFT parameters of a pure 

compound when calculating thermal conductivity for a pure compound or are those of a pseudo-
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component when calculating thermal conductivity of a pseudo-component. Hopp and Gross [227] 

modified the third-order polynomial reported by Lötgering-Lin and Gross [171] for viscosity and 

proposed Eq. 4.3 to correlate 𝜆∗ to the reduced, dimensionless residual, entropy, 𝑠∗ (Eq. 4.4). 

 

𝑙𝑛(𝜆∗) = 𝐴 + 𝐵𝑠∗ + 𝐶(1.0 − exp(𝑠∗)) + 𝐷𝑠∗2 4.3 

𝑠∗ = (
�̃�𝑟𝑒𝑠(𝑉, 𝑇)

𝑚
) 4.4 

 

where 𝐴, 𝐵, 𝐶, and 𝐷 are the thermal conductivity coefficients. In the present study, instead of using 

Eq. 4.3 to calculate 𝜆∗, the simpler expression in Eq. 4.5 is used since it adequately describes liquid-

phase thermal conductivities. 

 

𝑙𝑛(𝜆∗) = 𝐴 + 𝐵𝑠∗ + 𝐶𝑠∗
2
+ 𝐷𝑠∗

3
 4.5 

 

where the thermal conductivity coefficients of a pure compound are used when calculating thermal 

conductivity of a pure compound or those of a pseudo-component are used when calculating the 

thermal conductivity of a pseudo-component. 

Hopp and Gross [227] used Eq. 4.3 to fit thermal conductivity coefficients for 148 pure 

compounds that included normal and iso-alkanes, alkenes, aldehydes, ethers, esters, ketones, 

alcohols, acids, and benzenes. However, they did not report parameters for some compounds from 

chemical classes present in petroleum fuels including cyclohexanes, decalins, tetralins, indanes, 

naphthalenes, and phenanthrenes due to the limited amount of thermal conductivity data available 

in the literature. In the pseudo-component approach, n-alkanes and PNAs are the two bounds for 

values of the thermal conductivity coefficients. Since Hopp and Gross [227] did not report 
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coefficients for n-alkanes and PNAs using only the CE reference term, new pure compound liquid 

phase thermal conductivity coefficients (i.e., A,B,C, and D) are fit in the present study.  

For many n-alkanes and PNAs, experimental thermal conductivity data at HTHP conditions 

are not reported in the literature. Thus, experimental thermal conductivities at atmospheric pressure 

are utilized here to fit the n-alkane parameters. Experimental data is lacking for PNAs even at 

atmospheric pressure, with the exception of benzene. Briggs [251] reported a thermal conductivity 

correlation as a function of temperature at atmospheric pressure for some PNAs (i.e., benzene, 

naphthalene, and phenanthrene). However, thermal conductivities of benzene using the Briggs 

correlation deviate by up to 8% compared to data reported in the Dortmund Data Bank (DDB) [252] 

containing data of Rastorguev and Pugach [253]. Here we use the model of Gharagheizi et al. [239] 

for benzene at atmospheric pressure to predict thermal conductivity within 4% of the DDB. 

Furthermore, since no other experimental data for heavier PNAs are available to assess the accuracy 

of the Briggs correlation [251], the model of Gharagheizi et al. [239] is also used to calculate the 

thermal conductivities of naphthalene and phenanthrene (PNAs) at atmospheric pressure. More 

information on the differences between the thermal conductivities of benzene, naphthalene, and 

phenanthrene using these two approaches is reported in the appendix (Section 4.4). Table 4.1 lists 

coefficients 𝐴, 𝐵, 𝐶, and 𝐷 fit to Eq. 4.5 for selected n-alkanes and PNAs. For n-alkanes, 𝐴 does 

not vary monotonically with MW. 𝐵 decreases with MW, whereas 𝐶 and 𝐷 appear constant for n-

alkanes. For PNAs, 𝐴, 𝐵, and 𝐶 monotonically increase with MW, whereas 𝐷 is a constant. Figure 

4.1 shows these coefficients plotted versus MW for n-alkanes and PNAs, and the correlations are 

listed in Table 4.2.  
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Table 4.1. Thermal conductivity coefficients fit to atmospheric pressure data using Eq. 4.5 for 

selected n-alkanes and PNAs. 

Compounds 𝐴 𝐵 𝐶 𝐷 Trange / K λrange / Wm-1K-1 Reference 

n-octane 0.482 -0.972 -0.001 0.013 298-348 0.127-0.112 Kashiwagi et al. [254] 

n-decane 0.482 -0.990 -0.001 0.013 303-373 0.130-0.110 Kashiwagi et al. [254] 

n-undecane 0.482 -1.002 -0.001 0.013 292-364 0.135-0.120 Wada et al. [255] 

n-dodecane 0.482 -1.008 -0.001 0.013 298-373 0.136-0.119 Kashiwagi et al. [254] 

n-tetradecane 0.506 -1.009 -0.001 0.013 284-363 0.143-0.126 Wada et al. [255] 

n-hexadecane 0.506 -1.024 -0.001 0.013 296-362 0.144-0.132 Wada et al. [255] 

benzene 0.303 -1.362 -0.217 -0.013 279-413 0.145-0.118 Gharagheizi et al. [239]  

naphthalene 0.367 -1.307 -0.195 -0.013 354-545 0.126-0.088 Gharagheizi et al. [239] 

phenanthrene 0.415 -1.293 -0.183 -0.013 375-483 0.129-0.107 Gharagheizi et al. [239] 
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Figure 4.1. Effect of molecular weight (g/mol) on thermal conductivity coefficients for selected 

compounds from n-alkanes and PNAs. Note that the y-axis scale is different in each figure. 

 

Table 4.2. Thermal conductivity coefficient correlations as a function of MW (g/mol) fit to 

selected compounds from n-alkanes and PNAs.  

Coefficient n-alkanes PNAs 

𝐴 2.6702 × 10−4MW+ 4.4472 × 10−1 1.1140 × 10−3MW+ 2.1893 × 10−1 

𝐵 −4.2810 × 10−4MW− 9.2891 × 10−1 6.8258 × 10−4MW− 1.4083 × 100 

𝐶 −1.0012 × 10−3 3.3215 × 10−4MW− 2.4099 × 10−1 

𝐷 1.2568 × 10−2 −1.2867 × 10−2 

 



90 
 

In the viscosity pseudo-component technique [156], the viscosity coefficients for chemical 

classes present in fuel were scaled with the PC-SAFT parameter m, so that parameter values for n-

alkanes and PNAs bounded parameter values for all other chemical families. Due to the lack of 

thermal conductivity data available in the literature for the pure compounds from different chemical 

classes found in fuels, only the thermal conductivity coefficients for n-alkanes and PNAs are 

considered here and the coefficients for the two chemical groups are assumed to be the two bounds 

for the pseudo-component thermal conductivity coefficients in Eq. 4.5. The 𝑍 value, calculated 

using Eq. 2.17, is used in Eqs. 4.6-4.9 to calculate the pseudo-component thermal conductivity 

coefficients needed for the calculation of the reduced thermal conductivity using Eq. 4.5.  

 

𝐴pseudo − component = (1 − 𝑍)𝐴n − alkane + 𝑍𝐴PNA 4.6 

𝐵pseudo − component = (1 − 𝑍)𝐵n − alkane + 𝑍𝐵PNA 4.7 

𝐶pseudo − component = (1 − 𝑍)𝐶n − alkane + 𝑍𝐶PNA 4.8 

𝐷pseudo − component = (1 − 𝑍)𝐷n − alkane + 𝑍𝐷PNA 4.9 

 

When applying this approach to well-characterized hydrocarbon mixtures and fuels, thermal 

conductivity predictions improve by fitting 𝐵 to a single reference state data point. In this study, 

the reference state is chosen as the experimental data point at the lowest reported temperature and 

pressure for the mixtures of interest. Coefficient 𝐵 is fit to reproduce the thermal conductivity at 

the reference state, while 𝐴, 𝐶, and 𝐷 are determined from Eqs. 4.6, 4.8, and 4.9, respectively. The 

results for the two-parameter and three-parameter models are described in the following sections 

for well-characterized hydrocarbon mixtures and fuels. 
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The thermal conductivity predictions are compared with 655 data points for well-characterized 

hydrocarbon mixtures, rocket propellant fuels, and jet fuels. The performance of the approach is 

characterized by the percent deviation, Max deviation, SD, MAPD, and bias (Eqs. 2.18-2.22). 

 

4.2 Results  

4.2.1 Well-characterized hydrocarbon mixtures  

The pseudo-component technique is applied to several binary and ternary hydrocarbon 

mixtures [255-257]. Wakeham et al. [256] measured the thermal conductivity for binary mixtures  

containing benzene and 2,2,4-trimethylpentane (i.e., iso-octane) (TMP) (referred to as M1) for two 

different compositions at temperatures from 313 to 345 K and pressures up to 3,500 bar. Fareleira 

et al. [257] and Wakeham et al. [256] reported thermal conductivity data for binary mixtures 

containing n-heptane (nC7) and TMP (referred to as M2) for three different compositions at 

temperatures from 308 to 360 K and pressures up to 4,500 bar. Wada et al. [255] reported the 

thermal conductivity data for binary mixtures containing nC7 and n-undecane (nC11), nC7 and n-

hexadecane (nC16), and nC11 and nC16 (referred to as M3, M4, and M5, respectively) for three 

different compositions for each mixture at atmospheric pressure and a range of temperatures from 

295 to 345 K.  Wada et al. [255] also reported the thermal conductivity for ternary mixtures (referred 

to as M6) including nC7, nC11, and nC16 for three compositions at temperatures from 295 to 345 

K and 1 bar. Table 4.3 lists the molar composition of these mixtures. For brevity, only central 

compositions of mixtures M3-M6 (referred to as M3-2, M4-2, M5-2, and M6-2, respectively) are 

shown in the figures. However, all mixture compositions of mixtures M3-M6 are included in the 

reported statistical metrics.  
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Table 4.3. Molar composition (mol%) of the well-characterized hydrocarbon mixtures studied in 

this work. Data from ref. [255-257] 

Compound Chemical Family M1 M2a M3 M4 M5 M6 

n-heptane n-alkanes - 

48.9 

74.4 

75.1 

25.0 

50.0 

75.0 

- 

25.0 

50.0 

75.0 

10.0 

33.4 

59.9 

n-undecane n-alkanes - - balance 

25.0 

50.0 

75.0 

- 

29.9 

33.3 

30.0 

n-hexadecane n-alkanes - - - balance balance balance 

2,2,4-trimethylpentane (TMP) iso-alkanes 
25.0 

75.0 
balance - - - - 

benzene benzenes balance - - - - - 

a The composition of mixture M2 containing 74.4 mol% nC7 and 25.6 mol% TMP measured by 

Fareleira et al. [257] is close to that of the mixture containing 75.1 mol% nC7 and 24.9 mol% 

TMP measured by Wakeham et al. [256], and the two data sets agree within 0.05%. Both sets of 

data are included in the reported statistics in Table 4.4, but only the data reported by Wakeham et 

al. [256], which have a greater temperature range, are shown in Figures 4.2 and 4.4.  

 

 

Figures 4.2 and 4.3 present the thermal conductivity predictions for the investigated 

hydrocarbon mixtures at different temperatures and pressures. Figures 4.4 and 4.5 show the thermal 

conductivity prediction deviations for these mixtures. The appendix (Section 4.4) provides 

information on the calculated MW, the HN/CN ratio, 𝑍 parameter, thermal conductivity 

experimental data point (𝜆𝑜) at the lowest reported temperature and pressure used to fit 𝐵 in the 

three-parameter model, the PC-SAFT parameters, and the thermal conductivity coefficients for the 

pseudo-components for all of the well-characterized hydrocarbon mixtures considered in this study. 

Table 4.4 summarizes the statistical metrics of the thermal conductivity predictions for these 

mixtures.  
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Figure 4.2. Pseudo-component thermal conductivity predictions compared to experimental data 

[256, 257] (symbols) for mixtures M1 and M2. Dashed lines show the two-parameter predictions 

and solid lines show the three-parameter predictions.    
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Figure 4.3. Pseudo-component thermal conductivity predictions compared to experimental data 

[255] (symbols) for mixtures M3-2 to M6-2. Dashed lines show the two-parameter predictions 

and solid lines show the three-parameter predictions.   
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Figure 4.4. Pseudo-component thermal conductivity prediction deviations compared to 

experimental data [256, 257] for mixtures M1 and M2: two-parameter (open symbols) and three-

parameter (filled symbols) models.  
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Figure 4.5. Pseudo-component thermal conductivity prediction deviations compared to 

experimental data [255-257] for mixtures M3-2 to M6-2 at 1 bar: two-parameter (open symbols) 

and three-parameter (filled symbols) models. 
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Table 4.4. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for the pseudo-component 

thermal conductivity of well-characterized hydrocarbon mixtures compared to the literature [255-

257].   

 Two-parameter Three-parameter 

 MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

M1 20.0 20.0 7.9 45.6 3.7 2.6 3.7 15.2 

M2 24.6 24.6 9.8 43.4 2.4 -1.3 1.7 5.1 

M3 1.2 0.5 0.9 2.8 1.9 -1.9 1.3 4.1 

M4 2.0 -0.8 1.0 3.5 2.9 -2.9 2.0 5.6 

M5 1.3 0.1 0.9 2.9 2.3 -2.3 1.4 4.2 

M6 1.3 0.2 0.9 2.8 2.2 -2.2 1.4 4.2 

 

 

The pseudo-component technique developed in this study captures the effects of 

temperature and pressure for all mixtures. Figures 4.2 and 4.4 show that pseudo-component thermal 

conductivities are predicted for mixtures M1 and M2 with MAPDs of 20 and 25%, respectively, 

using the two-parameter model. The MAPDs for thermal conductivity predictions for all 

compositions of mixtures M1 and M2, shown in the appendix (Section 4.4), increase as the 

concentration of TMP, an iso-alkane, increases. Figures 4.3 and 4.5 show that more accurate 

thermal conductivities with MAPDs less than 2% are predicted at atmospheric pressure and a range 

of temperatures using the two-parameter model for mixtures M3-M6, composed of only n-alkanes. 

Their better predictions could be due the fact that the correlations in the technique were fit to 

ambient pressure data. Furthermore, since 𝑍 = 0 for n-alkane mixtures, the thermal conductivity 

coefficients in Eqs. 4.6-4.9 reduce to the correlations for n-alkanes, leading to reduced error, as 

there is no mixing with the PNA correlations.  

It should be noted that the compounds present in mixtures M1 and M2 (nC7 with MW = 

100.21 g/mol, benzene with MW = 78.11 g/mol, and TMP with MW = 114.23 g/mol) are at the 
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extreme lower MW bounds of the fitted PC-SAFT parameter and thermal conductivity coefficient 

correlations. The two-parameter pseudo-component model may not accurately represent the PC-

SAFT parameters and thermal conductivity coefficients for mixtures with such low MW 

compounds. Note that the definition of DoU (Eq. 2.13) does not distinguish between normal and 

iso-alkanes, which could be an additional reason for thermal conductivity prediction deviations for 

mixtures containing significant amounts of iso-alkanes. Figures 4.2 and 4.3 show that inclusion of 

a single thermal conductivity data point at a chosen reference state to fit B improves the predictions 

for mixtures M1 and M2 containing large amounts of iso-alkanes. Thermal conductivity is predicted 

for hydrocarbon mixtures using the three-parameter model with an MAPD of 3.0% for all 

compositions of all investigated mixtures. This MAPD is comparable to thermal conductivity 

predictions for all 148 pure compounds studied by Hopp and Gross [227], who reported a 4.2% 

MAPD. 

 

4.2.2 Fuels  

Gasoline, kerosene, jet, and diesel fuel fractions distilled from crude oil are complex 

mixtures of hydrocarbon compounds with properties and composition that vary due to quality 

specifications [138, 139]. Table 4.5 lists the limited HTHP thermal conductivity literature data 

found only for rocket propellant (RP) and jet fuels. Akhmedova-Azizova et al. [258] measured the 

thermal conductivity of RP1 fuel at temperatures between 293 and 598 K and pressures up to 600 

bar. Bruno [259] measured the thermal conductivity of RP2 fuel over a wide range of temperatures 

from 300 to 550 K and pressures up to 600 bar. Xu et al. [260] reported thermal conductivity 

measurements of RP3 fuel at temperatures from 285 to 513 K and pressures up to 50 bar. Jia et al. 

[261] reported thermal conductivity of RP3 fuel at temperatures from 311 to 399 K and a single 

isobar at 30 bar. Bruno [262] also measured the thermal conductivity of three different jet fuels 
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including S-8 4734 (referred to as S-8), JP-8 3773 (referred to as JP-8), and Jet A 4658 (referred to 

as Jet A) at high temperatures from 270 to 470 K and pressures up to 400 bar. Table 4.6 lists the 

calculated MW, the HN/CN ratio, 𝑍 parameter, thermal conductivity reference experimental data 

point (𝜆𝑜) at the lowest reported temperature and pressure used to fit 𝐵 in the three-parameter 

model, the PC-SAFT parameters, and the thermal conductivity coefficients for the pseudo-

components for the fuels.   

 

Table 4.5. Summary of HTHP thermal conductivity data available in the literature for rocket 

propellant (RP) and jet fuels.  

Reference Fuel Trange/K Pmax/bar Uncertainty (%) 

Akhmedova-Azizova et al. [258]  RP1 a 293-598 600 2 

Bruno [259] RP2 b 300-550 600 - 

Xu et al. [260], Jia et al. [261] RP3 c 285-513 50 3 

Bruno [262] S-8 d 304-504 700 3 

Bruno [262] JP-8 d 303-407 600 3 

Bruno [262] Jet A d 303-501 400 3 

 a The number averaged MW and the HN/CN ratio of the sample are calculated from the molecular 

formula of a typical RP1 fuel reported by Edwards [263]. 

b The number averaged MW and the HN/CN ratio of the sample are calculated from the molecular 

formula of a typical RP2 fuel reported by Xu et al. [264]. 

c The number averaged MW and the HN/CN ratio of the sample are calculated from the detailed 

composition of the RP3 fuel reported by Deng et al. [265]. The 30 bar thermal conductivities 

reported by Xu et al. [260], which are measured using a double transient hot-wire method, are on 

average 9% different compared to data reported by Jia et al. [261] at the single pressure of 30 bar, 

which are measured using a steady and kinetic method, an experimental technique proposed in the 

article [261].  We note that all three studies [260, 261, 265] are from the same research group. 

d The number averaged MW and the HN/CN ratio of the mixtures are reported by Won et al. [151] 

and Chickos and Zhao [150]. 
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Table 4.6. The pseudo-component properties and parameters for fuels modeled in this study [258-

262]. 𝜆o (W/m-K) is the thermal conductivity at the lowest reported temperature and pressure 

used to fit 𝐵, here termed 𝐵fit, in the three-parameter model. The lowest temperatures and 

pressures for the fuels are: RP1 at 293 K and 1 bar, RP2 at 300 K and 2 bar, RP3 at 299 K and 1 

bar, S-8 at 304 K and 3 bar, JP-8 at 303 K and 8 bar, and Jet A at 302 K and 2 bar.  

Fuel MW HN CN⁄  𝑍 𝜆o  𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D 𝐵fit 

RP1 167.7 1.95 0.139 0.113 5.546 3.844 246.5 0.478 -1.041 -0.027 0.009 -0.926 

RP2  177.0 2.03 0.082 0.108 5.903 3.851 242.8 0.486 -1.028 -0.016 0.010 -0.893 

RP3 153.0 1.93 0.163 0.126 5.065 3.839 247.6 0.470 -1.045 -0.032 0.008 -0.989 

JP-8  160.0 1.95 0.144 0.116 5.300 3.842 246.6 0.474 -1.041 -0.028 0.009 -0.948 

S-8  154.5 2.14 0.028 0.117 5.241 3.851 238.7 0.483 -1.004 -0.006 0.012 -0.934 

Jet A  157.5 1.96 0.140 0.112 5.227 3.842 246.2 0.474 -1.039 -0.027 0.009 -0.933 

 

 

Figures 4.6 and 4.7 present the thermal conductivity predictions for the RP and jet fuels at 

different temperatures and pressures, respectively. Figures 4.8 and 4.9 show the thermal 

conductivity prediction deviations for these fuels. Table 4.7 summarizes the statistical metrics of 

the thermal conductivity predictions for the six fuels. The pseudo-component technique captures 

the effects of both temperature and pressure on thermal conductivity with an MAPD of 14.3% using 

the two-parameter model across all temperatures and pressures for all fuels. Two sets of 

experimental data are reported in the literature for the thermal conductivity of RP3 at 30 bar [260, 

261].  Using the two-parameter model, thermal conductivity is predicted with 1% MAPD compared 

to the data reported by Jia et al. [261] and 9% MAPD compared to data reported by Xu et al. [260]. 

There is a 9% difference between these two sets of experimental measurements, which were 

obtained using two different techniques (double transient hot wire and steady and kinetic methods). 
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It should be noted that Jia et al. [261] proposed the steady and kinetic method in the same article as 

the RP3 measurements at 30 bar.  

Typical RP and jet fuels contain between 10 to 40 weight percent iso-alkanes [263, 264, 

266-268] and also contain amounts of alkylated compounds [260, 264, 267, 268] including 

alkylated cyclohexanes and alkylated benzenes. The pseudo-component technique does not 

distinguish the differences between normal and iso-alkanes. Since Z = 0 for both normal and iso-

alkanes, the effect of the iso-alkanes and alkylated compounds (branching) in the fuel on the thermal 

conductivity may not be accurately captured using the two-parameter pseudo-component model for 

the fuels investigated in this study. By including a single thermal conductivity data point as a third 

input, predictions are significantly improved with an MAPD of 2.0%, which is within the 

experimental uncertainty of 3% reported in the literature [258-262]. RP3 thermal conductivities at 

30 bar are predicted less accurately using the three-parameter model when comparing to the Jia et 

al. [261] data (8.3 % MAPD) than the Xu et al. [260] data (2.3 % MAPD) . 
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Figure 4.6. Pseudo-component thermal conductivity predictions compared to experimental data 

[258-261] (symbols) for rocket propellant (RP) fuels listed in Table 4.6. Dashed lines show the 

two-parameter predictions, and solid lines show the three-parameter predictions. A separate figure 

is shown for the RP3 thermal conductivities at 30 bar, since two data sets [260, 261] were 

reported in the literature.  Note that the x-axis scale is different in the figure for RP3 at 30 bar. 
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Figure 4.7. Pseudo-component thermal conductivity predictions compared to experimental data 

[262] (symbols) for jet fuels listed in Table 4.6. Dashed lines show the two-parameter predictions, 

and solid lines show the three-parameter calculations. Note that the x-axis scale is different in the 

figure for Jet A. 
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Figure 4.8. Pseudo-component thermal conductivity predictions deviations compared to 

experimental data [258-261] for rocket propellant (RP) fuels listed in Table 4.6: two-parameter 

(open symbols) and three-parameter (filled symbols) models.  
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Figure 4.9. Pseudo-component thermal conductivity predictions deviations compared to 

experimental data [262] for jet fuels listed in Table 4.6: two-parameter (open symbols) and three-

parameter (filled symbols) models. Note that the x-axis scale is different in the figure for Jet A. 
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Table 4.7. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component 

thermal conductivity predictions of rocket propellant (RP) and jet fuels listed in Table 4.6 [258-

262] at temperatures from 293 to 598 K and pressures up to 700 bar. 

 Two-parameter Three-parameter 

 MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

RP1 22.3 22.3 5.4 33.8 1.1 0.5 1.2 6.2 

RP2 23.6 23.6 6.7 40.1 1.4 0.0 0.9 3.5 

RP3 7.3 7.0 3.5 11.6 2.3 -1.2 2.8 11.2 

S-8 13.3 13.3 4.1 22.5 2.2 -0.9 1.4 4.6 

JP-8 21.2 21.2 3.6 29.7 1.8 1.8 1.3 4.7 

Jet A 15.4 15.4 5.9 30.3 3.1 -2.8 1.5 5.6 

 

 

4.3 Conclusion 

A PC-SAFT, pseudo-component technique based on entropy scaling was presented to 

predict the thermal conductivity of well-characterized hydrocarbon mixtures, rocket propellant 

fuels, and jet fuels up to high temperature and high pressure (HTHP) conditions. The two 

experimental mixture properties required to predict thermal conductivity were the number average 

molecular weight and the hydrogen-to-carbon ratio. Correlations for the model parameters were 

developed from pure component thermal conductivity coefficients fit at atmospheric pressure. 

However, the predicted thermal conductivities deviated from the experimental data for mixtures 

containing significant amounts of iso-alkanes. A third input, the thermal conductivity at a single 

low-temperature, low-pressure reference state was incorporated in the model to improve the 

predictions for the mixtures of interest. Although the model was developed from atmospheric 

pressure data, accurate predictions were obtained when the technique was applied to well-

characterized hydrocarbon mixtures and fuels up to HTHP conditions. The method was predictive 
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and did not require measurement of or fitting to HTHP thermal conductivity data. Thermal 

conductivities were predicted for fuels at conditions from 285 to 598 K and up to 700 bar using the 

three-parameter pseudo-component technique with a mean absolute percent deviation of 2.0%, 

which is within 3%, the reported uncertainty of the experimental measurements. 
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4.4 Appendix for Chapter 4 

4.4.1 Pseudo-component parameters for well-characterized hydrocarbon mixtures 

Tables 4.8 and 4.9 list the calculated MW (g/mol), HN/CN ratio, 𝑍 parameter, thermal conductivity experimental data point (𝜆𝑜) 

at the lowest reported temperature and pressure used to fit 𝐵 in the three-parameter model, the PC-SAFT parameters, and the thermal 

conductivity coefficients for the pseudo-components for all concentrations of all hydrocarbon mixtures [255-257] listed in Table 4.3. 

 

Table 4.8. Pseudo-component properties (average MW, the HN/CN ratio, the PC-SAFT parameter, and the thermal conductivity 

coefficients) and mean absolute percent deviations (MAPDs (%)) for predictions compared to the literature. 𝜆𝑜 (W/m-K) is the 

thermal conductivity data point at the lowest reported temperature and pressure used to fit 𝐵, here termed 𝐵fit, in the three-parameter 

model for all compositions of mixtures M1-M5 [255-257] 

Mixture   MW HN/CN Z 𝜆𝑜 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐵fit MAPDfit 

 Xbenzene XTMP               

M1 0.75 0.25 87.1 1.38 0.717 
0.117 at 313 K 

and 1 bar 
2.861 3.762 265.1 0.367 -1.220 -0.141 -0.004 14.6 -1.165 1.3 

M1 0.25 0.75 105.2 2.00 0.178 
0.098 at 313 K 

and 1 bar 
3.557 3.821 245.3 0.449 -1.038 -0.037 0.008 33.2 -0.904 3.3 

 XnC7 XTMP               

M2 0.489 0.511 107.4 2.27 0 
0.104 at 308 K 

and 15 bar 
3.737 3.838 236.0 0.473 -0.975 -0.001 0.013 24.5 -0.877 2.0 
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M2 0.744 0.256 103.8 2.28 0 
0.112 at 308 K 

and 21 bar 
3.620 3.836 235.9 0.472 -0.973 -0.001 0.013 17.4 -0.923 4.6 

M2 0.751 0.249 103.7 2.28 0 
0.112 at 308 K 

and 21 bar 
3.617 3.836 235.9 0.472 -0.973 -0.001 0.013 17.8 -0.921 4.7 

 XnC7 XnC11               

M3-1 0.75 0.25 114.2 2.26 0 
0.126 at 296 K 

and 1 bar 
3.958 3.841 236.2 0.475 -0.978 -0.001 0.013 1.3 -0.965 1.6 

M3-2 0.50 0.50 128.3 2.23 0 
0.130 at 288 K 

and 1 bar 
4.416 3.847 236.5 0.479 -0.984 -0.001 0.013 0.9 -0.971 1.8 

M3-3 0.25 0.75 142.3 2.21 0 
0.133 at 289 K 

and 1 bar 
4.871 3.851 236.7 0.483 -0.990 -0.001 0.013 1.4 -0.978 2.2 

 XnC11 XnC16               

M4-1 0.75 0.25 173.8 2.17 0 
0.137 at 295 K 

and 1 bar 
5.895 3.858 237.1 0.491 -1.003 -0.001 0.013 2.0 -0.992 2.9 

M4-2 0.50 0.50 191.4 2.15 0 
0.139 at 296 K 

and 1 bar 
6.467 3.861 237.3 0.496 -1.011 -0.001 0.013 2.2 -0.998 3.2 

M4-3 0.25 0.75 208.9 2.14 0 
0.142 at 297 K 

and 1 bar 
7.036 3.864 237.4 0.501 -1.018 -0.001 0.013 1.8 -1.008 2.6 

 XnC7 XnC16               

M5-1 0.75 0.25 131.8 2.25 0 
0.127 at 298 K 

and 1 bar 
4.530 3.848 236.5 0.480 -0.985 -0.001 0.013 1.2 -0.971 1.8 

M5-2 0.50 0.50 163.3 2.21 0 
0.136 at 290 K 

and 1 bar 
5.554 3.856 237.0 0.488 -0.999 -0.001 0.013 1.2 -0.985 2.8 

M5-3 0.25 0.75 194.9 2.17 0 
0.141 at 294 K 

and 1 bar 
6.581 3.862 237.3 0.497 -1.012 -0.001 0.013 1.5 -1.000 2.4 

X is mole fraction 
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Table 4.9. Pseudo-component properties (Average MW, the HN/CN ratio, the PC-SAFT parameter, and the thermal conductivity 

coefficients) and mean absolute percent deviations (MAPDs (%)) for predictions compared to the literature. 𝜆𝑜 (W/m-K) is the 

thermal conductivity data point at the lowest reported temperature and pressure (1 bar) used to fit 𝐵, here termed 𝐵fit, in the three-

parameter model for all compositions of mixture M6 [255] 

Mixture    MW HN/CN Z 𝜆𝑜 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐵fit MAPDfit 

 XnC7 XnC11 XnC16               

M6-1 0.599 0.300 0.101 129.8 2.24 0 0.128 at 294 K 4.465 3.847 236.5 0.479 -0.984 -0.001 0.013 1.2 -0.970 2.0 

M6-2 0.100 0.299 0.601 192.9 2.16 0 0.139 at 297 K 6.516 3.861 237.3 0.496 -1.011 -0.001 0.013 1.4 -0.999 2.4 

M6-3 0.334 0.333 0.333 160.9 2.20 0 0.134 at 294 K 5.476 3.855 237.0 0.488 -0.998 -0.001 0.013 1.4 -0.985 2.2 

X is mole fraction 
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4.4.1 Thermal conductivity of PNA derivatives 

Figure 4.10 shows the calculated thermal conductivities for benzene, naphthalene, and phenanthrene using the models of Briggs [251] 

and Gharagheizi et al. [239] at 1 bar and a range of temperatures, which differ by up to 8, 8, and 9% for benzene, naphthalene, and 

phenanthrene, respectively. 

 

 
Figure 4.10. Comparison of calculated thermal conductivities at 1 bar for benzene (solid lines), naphthalene (dashed lines), and 

phenanthrene (dotted lines) using the correlations reported by Briggs [251] (red lines) and Gharagheizi et al. [239] (black lines). The 

temperature ranges of the calculated thermal conductivities shown here cover the limited range listed for the respective correlations. 

The open squares (□) represent experimental benzene data reported in the Dortmund Data Bank (DDB) [252]. To the best of our 

knowledge there are no available data for naphthalene or phenanthrene.  
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The thermal conductivity technique is developed to work for simple and complex hydrocarbon mixtures. However, it is 

interesting to compare performance for pure components such as benzene, toluene, and xylene. Figure 4.11, shows the atmospheric 

pressure thermal conductivities of benzene, toluene and xylene, which are predicted with MAPDs of 2.4, 9.5, and 11.5%, respectively, 

when using the two-parameter model, and MAPDs of 3.2, 1.6, and 1.5%, respectively, when using the three-parameter model. Because 

n-alkanes and PNAs are used as the two numerical bounds for the parameters and coefficients, the predictions using the two-parameter 

model are accurate for benzene, similar to the observation for mixtures M3 to M6. Furthermore, since both toluene and xylene are 

branched compounds, it is expected to observe less accurate predictions for these molecules when using the two-parameter model 

compared to the three-parameter model.   
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Figure 4.11. Pseudo-component thermal conductivity predictions compared to experimental data obtained from DDB [252], Assael et 

al. [269] and Ramires et al. [270] (symbols) for benzene, toluene, and isomers of xylene, respectively, at atmospheric pressure and a 

range of temperatures. Dashed lines show the two-parameter predictions, and solid lines show the three-parameter predictions. Note 

that the measurements for different isomers of xylene are lumped together. Note that the x-axis is different in the plot for benzene. 

 

 

 

 

 

 



114 
 

5. Chapter 5: Further Analysis of the Viscosity Pseudo-Component 

Technique 

5.1 Strengths and weaknesses of the viscosity pseudo-component technique  

5.1.1 Sensitivity of the entropy scaling approach to PC-SAFT parameters 

Lötgering-Lin and Gross [171] calculated entropies required in the entropy scaling approach 

using the PC-SAFT EoS and used the GC-PC-SAFT parameters of Sauer et al. [58] to fit their GC 

viscosity coefficients. To investigate the sensitivity of the entropy scaling approach to GC-PC-

SAFT parameters, we selected different sets of GC parameters (i.e., Tihic et al. [61], Burgess et al. 

[53], and Sauer et al. [58]) to calculate the viscosity for n-decane (n-C10H22) at different 

temperatures and pressures. Table 5.1 lists the different approaches used for calculating the PC-

SAFT parameters and MAPDs of predictions achieved using these approaches compared to the 

measurements reported by Caudwell et al. [206] at temperatures from 298 to 373 K and pressures 

up to 1,917 bar. To be consistent within the entropy scaling technique, the same PC-SAFT 

parameters are used for calculating entropy and the viscosity coefficients.  

 

Table 5.1. The approaches used to calculate the PC-SAFT parameters of n-C10H22 and MAPD of 

viscosity predictions compared to the data reported by Caudwell et al. at temperatures from 298 to 

373 K and pressures up to 1,909 bar 

Approach for PC-SAFT parameters 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) A B C D MAPD (%) 

GC parameters of Burgess et al. [53] 6.753 3.695 231.8 -0.745 -3.173 -0.586 -0.125 26.6 

GC parameters of Tihic et al. [61] 4.363 3.921 246.9 -0.794 -3.130 -0.586 -0.125 5.2 

GC parameters of Sauer et al. [58] 4.872 3.849 236.7 -0.773 -3.112 -0.586 -0.125 2.3 
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Here, as expected from [171], we noticed that the parameters used in the original fitting of 

Lötgering-Lin and Gross [171] (the GC-PC-SAFT parameters of Sauer et al. [58]) provided the best 

viscosity predictions. When using different PC-SAFT parameters (e.g., GC-PC-SAFT parameters 

of Tihic et al. [61]) in the entropy scaling approach, if comparable residual entropies and PC-SAFT 

parameters are used in the calculations, the predicted viscosities will not differ significantly 

compared to the predictions obtained using the original Lötgering-Lin and Gross [171] approach, 

which uses the GC-PC-SAFT parameters of Sauer et al. [58]. However, the GC-PC-SAFT 

parameters of Burgess et al. [53], fit to high pressure density data, can result in significantly 

different values of the calculated residual entropy compared to when using the Sauer et al. [58] or 

Tihic et al. [61] parameters, which will lead to greater deviation in the predicted viscosity. 

 

5.1.2 Application of the viscosity pseudo-component technique to mixtures containing very light 

or heavy compounds 

In section 3.2.1, the pseudo-component technique was used to study mixtures containing 

compounds present in typical diesel fuels as reported by Aquing et al. [25]. However, the capability 

of the pseudo-component technique to predict HTHP viscosity for selected mixtures, which contain 

very light or heavy compounds compared to the compounds found in diesel fuels [25], is further 

analysed in this section. Table 5.2 lists the molar compositions of selected mixtures used to evaluate 

the two-parameter and three-parameter viscosity pseudo-component techniques. Dymond et al. 

[271] measured viscosity of mixtures (referred to as M1) containing toluene (92.14 g/mol) and n-

hexane (nC6) (86.18 g/mol) for three different compositions at temperatures from 298 to 373 and 

pressures up to 5,000 bar. Kumagai et al. [272] reported viscosity measurements of mixtures 
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(referred to as M2) containing n-butane (nC4) (58.12 g/mol) and squalane (iC30) (422.83 g/mol) 

for six different compositions up to 333 K and 300 bar. 

 

Table 5.2. Molar composition of the mixtures studied in this work [271, 272]. 

 MW (g/mol) M1 M2 

n-butane 58.12 - 0.247-0.846 

n-hexane 86.18 0.250-0.750 - 

toluene 92.14 balance - 

squalane 422.83 - balance 

 

 

Figures 5.1 and 5.2 show the viscosity predictions using the two-parameter and three-

parameter models and deviations from experiment, respectively, for the hydrocarbon mixtures 

reported by Dymond et al. [271] and Kumagai et al. [272]. For brevity, only one composition for 

each mixture is included in the figures. For mixture viscosities measured by Dymond et al. [271], 

only the data for mixture composition 0.5 mole fraction nC6 and 0.5 mole fraction toluene (referred 

to as M1-2) are shown in the figures. For mixture viscosities measured by Kumagai et al. [272], 

only the data for mixture composition containing 0.456 mole fraction nC4 and 0.544 mole fraction 

iC30 (referred to as M2-3) are shown in the figures.  
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Figure 5.1. Pseudo-component viscosity predictions using the two-parameter (dashed lines) and 

three-parameter (solid lines) models compared to experimental data [271, 272] (symbols) for 

mixtures M1-2 (with 0.5 mole fraction nC6 and 0.5 mole fraction toluene) and M2-3 (with 0.456 

mole fraction nC4 and 0.544 mole fraction iC30). Note that the y-axis and x-axis scales are 

different in each figure. 

 

  

Figure 5.2. Pseudo-component viscosity deviations compared to experimental data [271, 272] for 

mixtures M1-2 (with 0.5 mole fraction nC6 and 0.5 mole fraction toluene) and M2-3 (with 0.456 

mole fraction nC4 and 0.544 mole fraction iC30): two-parameter (open symbols) and three-

parameter (filled symbols) models. Note that the y-axis and x-axis scales are different in each 

figure. 
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However, Table 5.3 lists the pseudo-component properties, the reference viscosity, the PC-

SAFT parameters, the viscosity coefficients, and MAPDs for viscosity predictions of all 

compositions of mixtures M1 and M2. For mixture M1, the MAPD for predictions using the two-

parameter model slightly decreases from 16.6 to 12.3 % when the nC6 mole fraction increases from 

0.25 to 0.75. For mixture M2, which contains high concentrations of a high MW branched alkane 

(i.e., squalane), less accurate predictions are achieved using the two-parameter model compared to 

the predictions for mixture M1. The MAPD increases with mole fraction of iC30 from 0.154 to 

0.482 (mixtures M2-1 to M2-3). However, the MAPD decreases with increasing concentration of 

squalane for mole fractions from 0.544 to 0.753 (mixtures M2-4 to M2-6). The higher MAPDs for 

mixtures M2-3 and M2-5 (i.e., 60.0 and 62.2 %, respectively) compared to those for mixtures M2-

4 and M2-6 (i.e., 42.4 and 32.2 %, respectively) could be due to the fact that a reference point at 

higher reported temperature is used to fit coefficient D for mixtures M2-4 and M2-6. Table 5.4 

summarizes the predictions using the two-parameter and three-parameter models for mixtures M1 

and M2. For mixture M1, the MAPD for predictions using the two-parameter model (i.e., 14.7%) 

is reduced to 6.2% when using the three-parameter model, which uses a reference data point to fit 

the D viscosity coefficient. For mixture M2, which contains high concentrations of iC30, the MAPD 

for predictions using the two-parameter model (i.e., 47.6 %) is significantly reduced to 6.3 % when 

using the three-parameter model.  

Although the two-parameter model yields large deviations for viscosity predictions for 

mixtures with lighter and heavier compounds than are present in fuels, the three-parameter model 

predictions show that it is possible to accurately predict viscosity up to HTHP for these mixtures 

when a reference data point is used to fit the D viscosity coefficient.
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Table 5.3. Pseudo-component properties, viscosity experimental data point (𝜂𝑜) at the lowest reported temperature and pressure (1 bar 

for M1 and 10 bar for M2), the PC-SAFT parameters, the viscosity coefficients, and MAPDs (%) of pseudo-component viscosity 

predictions for mixtures M1 and M2 listed in Table 5.2 [271, 272],  𝜂𝑜 is used to fit 𝐷, now termed 𝐷fit, in the three-parameter model.  

Mixture   Trange MW HN/CN Z 𝜂o (cP) 𝑚 𝜎 (Å) 𝜀 𝑘⁄ (K) 𝐴 𝐵 𝐶 D MAPD 𝐷fit MAPD 

 XnC6 Xtoluene (K)               

M1-1 0.250 0.750 298-373 90.6 1.4 0.6073 0.44 at 298 K 2.974 3.770 263.8 -0.631 -2.573 -0.429 -0.084 16.6 -0.073 5.1 

M1-2 0.500 0.500 298-373 89.2 1.7 0.3967 0.37 at 298 K 3.007 3.790 253.6 -0.640 -2.580 -0.425 -0.080 15.0 -0.068 7.7 

M1-3 0.750 0.250 298-373 87.7 2.0 0.1945 0.32 at 298 K 3.031 3.809 244.1 -0.645 -2.579 -0.421 -0.077 12.3 -0.065 7.7 

 XnC4 XiC30                

M2-1 0.846 0.154 273-333 114.3 2.4 0 1.3 at 273 K 3.961 3.841 236.2 -0.696 -2.866 -0.501 -0.100 41.8 -0.160 6.0 

M2-2 0.710 0.290 273-333 163.9 2.4 0 4.1 at 273 K 5.573 3.856 237.0 -0.784 -3.393 -0.652 -0.144 50.1 -0.223 4.4 

M2-3 0.482 0.518 273-293 247.0 2.3 0 16.6 at 273 K 8.275 3.868 237.7 -0.930 -4.151 -0.905 -0.218 60.0 -0.309 9.5 

M2-4 0.456 0.544 313-333 256.5 2.3 0 5.1 at 313 K 8.583 3.869 237.7 -0.947 -4.230 -0.934 -0.226 42.4 -0.308 5.1 

M2-5 0.259 0.741 273-293 328.4 2.2 0 46.2 at 273 K 10.918 3.874 238.0 -1.073 -4.792 -1.153 -0.290 62.2 -0.386 11.2 

M2-6 0.247 0.753 313-333 332.7 2.2 0 8.5 at 313 K 11.060 3.874 238.0 -1.081 -4.824 -1.166 -0.294 32.2 -0.351 3.7 
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Table 5.4. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component 

viscosity predictions using the two-parameter and three-parameter models for mixtures listed in 

Table 5.2. Data from [271, 272]. 

 Two-parameter Three-parameter 

 M1 M2 M1 M2 

MAPD 14.7 47.6 6.6 6.3 

Bias 14.7 -47.6 -3.6 2.9 

SD 7.1 11.1 5.7 5.8 

Max Deviation 44.5 72.4 21.6 26.6 

 

 

5.2 Sensitivity of the pseudo-component technique to branching  

As shown in Chapters 3 and 4, the viscosity and thermal conductivity techniques are not as 

accurate when mixtures contain high concentrations of branched alkanes. Therefore, an empirical 

correlation, which is a function of temperature, pressure, and three mixture properties (the number 

averaged MW, the HN/CN ratio, and concentration of branched alkanes), is proposed to overcome 

this limitation. The correlation is fit to predict the difference between the residual entropies 

predicted using the two-parameter model and the residual entropy fit to exactly reproduce the 

experimentally measured viscosity at each temperature and pressure data point. Hence, this 

approach improves residual entropy predictions, and it should be applicable to both the viscosity 

and thermal conductivity pseudo-component techniques.  

 

5.2.1 Modifications to the viscosity pseudo-component technique 

This section presents an approach to improve the viscosity predictions using corrected 

residual entropies. Table 5.5 lists the mixtures studied in this section. Dauge et al. [187] measured 
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the viscosity of binary mixtures (referred to as M3) containing 2,2,4,4,6,8,8-heptamethylnonane 

(i.e., iso-cetane, referred to as HMN) and n-tridecane (nC13) for seven compositions at 

temperatures from 293 to 353 K and pressures up to 1,000 bar. Zeberg-Mikkelsen et al. [185] 

measured the viscosity of ternary mixtures (referred to as M4) containing methyl-cyclohexane 

(MCH), decalin, and HMN for three different compositions with high concentrations of HMN at 

temperatures from 293 to 353 K and pressures up to 1,000 bar. Ducoulombier et al. [273] measured 

viscosity for a quaternary mixture (referred to as M5) containing n-decane (nC10), n-dodecane 

(nC12), n-tetradecane (nC14), and n-hexadecane (nC16) at temperatures from 313 to 353 K and 

pressures up to 1,000 bar. Zeberg-Mikkelsen et al. [188] reported the viscosity for ternary mixtures 

(referred to as M6) containing HMN, nC13, and methylnaphthalene (MNP) for twenty-one 

compositions at temperatures from 293 to 353 K and pressures up to 1,000 bar. [133, 185, 187, 188, 

273]. Boned et al. [133] reported viscosity measurements for a ternary (referred to as M7) and a 

quinary (referred to as M8) mixture at 293 to 353 K and up to 1,000 bar. 
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Table 5.5. Molar composition of the mixtures considered in this study [133, 185, 187, 188, 273] 

Compound Chemical Family M3 M4 M5 M6 M7 M8 

n-heptane n-alkanes - - - - - - 

n-decane n-alkanes - - 0.250 - - - 

n-dodecane n-alkanes - - 0.250 - - - 

n-tridecane n-alkanes 0.125-0.875 - - 0.125-0.750 0.394 0.200 

n-tetradecane n-alkanes - - 0.250 - - - 

n-hexadecane n-alkanes - - 0.250 - - - 

2,2,4,4,6,8,8-heptamethylnonane iso-alkanes balance balance - 0.125-0.750 - 0.162 

methylcyclohexane cyclohexanes - 0.125-0.333 - - - - 

heptylcyclohexane cyclohexanes - - - - 0.348 0.353 

decalin decalins - 0.125-0.333 - - - - 

heptylbenzene benzenes - - - - 0.258 0.156 

methylnaphthalene naphthalenes - - - balance - 0.129 

 

First, the residual entropies are fit to reproduce the experimentally measured viscosity using 

the two-parameter model for the mixtures listed in Table 5.5. ∆𝑠∗(i.e., 𝑠∗predicted − 𝑠
∗
fitted: the 

difference between the predicted (using the two-parameter model) and fitted reduced dimensionless 

residual entropy (see Eq. 3.4)) is calculated for the mixtures at different temperatures and pressures. 

For all mixtures considered in this study, ∆𝑠∗ varies monotonically with temperature, pressure, and 

concentration of branched alkanes when the mixtures contain some concentration of branched 

alkane. Figure 5.3 shows that ∆𝑠∗ increases with pressure and branched alkane concentration, while 

it decreases with increasing temperature for mixture M3. A similar dependence on temperature, 

pressure, and branched alkane concentration is observed for the other mixtures listed in Table 5.5. 

For brevity, only the mixture viscosities measured by Dauge et al. [187] at the lowest and highest 

temperatures are shown in Figure 5.3.  
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Figure 5.3. ∆𝑠∗ (difference between the predicted (using the two-parameter model) and fitted 

reduced dimensionless residual entropy)) for different concentrations of HMN and nC13 binary 

mixtures at 293 and 353 K. Note that the y-axis scale is different in each figure. 

 

Equation 5.1 is proposed to quantitatively capture the effects of temperature, pressure, and 

molar concentration of branched alkanes (Xbranched−alkanes) on ∆𝑠∗.  

 

∆𝑠∗ = [𝐴𝑠∗ × (𝑇 − 𝐵𝑠∗) + 𝐶𝑠∗ × 𝑃] × exp(𝐷𝑠∗ 𝑇⁄ ) 5.1 

 

where 𝐴𝑠∗, 𝐵𝑠∗, 𝐶𝑠∗ ,  and 𝐷𝑠∗ are the coefficients needed to calculate ∆𝑠∗ for mixtures and are 

assumed to be a linear function of the number averaged MW, the HN/CN ratio, and 

Xbranched alkanes. It was observed that including all three mixtures properties in the correlation 

yielded the best predictive ability for viscosity prediction improvements for all mixtures. Table 5.6 

lists the parameters in Eq. 5.1, which are fit to a training set of ~700 data points considering 

mixtures M3 (with HMN concentration varying from 0.875 to 0.375 mole fraction), M4, M5, M6 

(M6-1 to M6-7), and M7.  
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Table 5.6. Parameters for Eq. 5.1 as a function of the number averaged MW, the HN/CN ratio, 

and Xb−alkanes: 𝐺𝑠∗ = 𝐺𝑠∗1 ×MW+ 𝐺𝑠∗2 × HN CN⁄ + 𝐺𝑠∗3 × Xb−alkanes when 𝐺𝑠∗  is 

𝐴𝑠∗, 𝐵𝑠∗, 𝐶𝑠∗ , or  𝐷𝑠∗ in Eq. 5.1. 

𝐺𝑠∗ 𝐺𝑠∗1 𝐺𝑠∗2 𝐺𝑠∗3 

𝐴𝑠∗  -1.8163×10-6 1.7068×10-4 1.6145×10-4 

𝐵𝑠∗  3.2832×100 -1.4095×102 -1.4018×102 

𝐶𝑠∗  2.6394×10-7 -1.0013×10-5 3.8451×10-5 

𝐷𝑠∗ 1.9597×10-1 4.0696×102 -1.1123×102 

 

Aquing et al. [25] reported the viscosity of two diesel fuels (referred to as MESR and HNA) 

from 323 to 423 K and up to 3,500 bar. The 12 universal parameters, listed in Table 5.6, are applied 

to a test set of ~800 data points considering the remaining mixtures (i.e., the mixtures not considered 

in fitting the parameters in Eq. 5.1) and the diesel fuels. Figures 5.4 and 5.5 show the viscosity 

predictions using the ∆𝑠∗ correlation (referred to as correlated two-parameter) and two-parameter 

models and deviation plots, respectively, for selected hydrocarbon mixtures (i.e., mixtures M6-1 

containing high concentration of branched alkanes (i.e., HMN) and M8) and diesel fuels (i.e., 

MESR and HNA). Table 5.7 lists the parameters needed in Eq. 5.1, calculated using the correlations 

and parameters in Table 5.6, for the hydrocarbon mixtures and diesel fuels and the MAPDs for 

predictions using the two-parameter, correlated two-parameter, and three-parameter models. Table 

5.8 summarizes the predictions using all three models for all hydrocarbon mixtures and diesel fuels. 

Overall, the predictions using the correlated two-parameter model are improved compared to the 

predictions using the two-parameter model, whereas the predictions using the correlated two-

parameter model are comparable to those achieved using the three-parameter model. 
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Figure 5.4. Pseudo-component viscosity predictions compared to experimental data [25, 188, 273, 

274] (symbols) for selected hydrocarbon mixtures (mixtures M6-1 and M8) and diesel fuels 

(MESR and HNA): two-parameter (dashed lines), three-parameter (dotted lines), and correlated 

two-parameter (solid lines) models. Note that the y-axis and x-axis scales are different in each 

figure. 
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Figure 5.5. Pseudo-component viscosity deviations compared to experimental data [25, 188, 273, 

274]  for selected hydrocarbon mixtures (mixtures M6-1 and M8) and diesel fuels (MESR and 

HNA): two-parameter (orange symbols), three-parameter (blue symbols), and correlated two-

parameter (open symbols) models. Note that the y-axis scale is different in each figure. 
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Table 5.7. The Eq. 5.1 parameters needed for hydrocarbon mixtures and diesel fuels and MAPDs for pseudo-component viscosity 

predictions using the two-parameter, correlated two-parameter, and three-parameter models for mixtures M3-M8 with different 

compositions and diesel fuels. 

Sample    MW HN/CN 𝐴𝑠∗ ×104 𝐵𝑠∗ ×10-2 𝐶𝑠∗ ×104 𝐷𝑠∗ ×10-2 MAPD (%) 

          
Two-

parameter 

Correlated 

two-parameter 

Three-

parameter 

  XnC13 XHMN          

M3-1  0.125 0.875 221 2.13 1.0285 3.0349 0.7071 8.1227 24.2 15.8 12.6 

M3-2  0.250 0.750 216 2.13 0.9283 3.0324 0.6448 8.2661 18.6 9.4 9.1 

M3-3  0.375 0.625 211 2.13 0.8282 3.0298 0.5825 8.4095 14.2 9.3 5.8 

M3-4  0.500 0.500 205 2.14 0.7281 3.0273 0.5202 8.5529 11.1 8.7 4.2 

M3-5  0.625 0.375 200 2.14 0.6280 3.0247 0.4579 8.6963 8.7 8.0 2.3 

M3-6  0.750 0.250 195 2.15 0.5278 3.0221 0.3956 8.8397 6.1 7.4 1.8 

M3-7  0.875 0.125 190 2.15 0.4277 3.0196 0.3333 8.9831 5.4 7.9 4.6 

 XMCH XHMN Xdecalin          

M4-1 0.125 0.750 0.125 199 2.07 1.1204 2.5789 0.6075 7.9754 35.0 11.0 9.8 

M4-2 0.250 0.500 0.250 172 2.01 1.1121 2.1203 0.4456 7.9716 41.0 9.3 6.3 

M4-3 0.333 0.334 0.333 154 1.98 1.1067 1.8148 0.3377 7.9690 45.0 4.8 4.6 

   Xbranched alkanes          

M5   0 184 1.84 0.3358 3.0103 0.2705 9.1460 3.1 5.4 2.5 

 XMNP XnC13 XHMN          

M6-1 0.125 0.125 0.750 211 1.98 0.7303 3.0975 0.6477 7.5438 14.2 6.6 10.0 

M6-2 0.125 0.250 0.625 205 1.98 0.6019 3.1137 0.5867 7.6085 10.2 6.4 9.3 

M6-3 0.125 0.375 0.500 200 1.98 0.4735 3.1300 0.5256 7.6731 6.4 8.5 7.0 

M6-4 0.125 0.500 0.375 195 1.99 0.3452 3.1463 0.4646 7.7378 4.2 10.3 5.3 

M6-5 0.125 0.625 0.250 190 1.99 0.2168 3.1626 0.4035 7.8024 2.6 11.7 3.8 

M6-6 0.125 0.750 0.125 184 1.99 0.0884 3.1789 0.3425 7.8671 2.2 12.6 2.9 

M6-7 0.250 0.125 0.625 200 1.99 0.4603 3.1412 0.5871 7.0437 8.3 6.4 10.5 

M6-8 0.250 0.250 0.500 195 1.83 0.3319 3.1575 0.5260 7.1083 5.7 8.7 8.2 
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M6-9 0.250 0.375 0.375 190 1.83 0.2036 3.1737 0.4650 7.1730 4.4 11.1 6.5 

M6-10 0.250 0.500 0.250 184 1.83 0.0752 3.1900 0.4039 7.2376 4.3 12.9 4.4 

M6-11 0.250 0.625 0.125 170 1.83 -0.0532 3.2063 0.3429 7.3023 5.1 13.8 2.8 

M6-12 0.375 0.125 0.500 190 1.67 0.1903 3.1849 0.5264 6.5436 6.7 7.7 8.7 

M6-13 0.375 0.250 0.375 184 1.67 0.0620 3.2012 0.4654 6.6082 6.0 10.9 6.6 

M6-14 0.375 0.375 0.250 179 1.67 -0.0664 3.2175 0.4043 6.6729 5.6 11.2 4.6 

M6-15 0.375 0.500 0.125 174 1.67 -0.1948 3.2337 0.3433 6.7375 8.1 14.6 3.0 

M6-16 0.500 0.125 0.375 179 1.52 -0.0796 3.2286 0.4658 6.0434 5.8 6.3 6.6 

M6-17 0.500 0.250 0.250 174 1.52 -0.2080 3.2449 0.4048 6.1081 5.7 9.2 4.9 

M6-18 0.500 0.375 0.125 169 1.52 -0.3364 3.2612 0.3437 6.1727 8.6 13.1 3.1 

M6-19 0.625 0.125 0.250 169 1.37 -0.3496 3.2723 0.4052 5.5433 4.8 5.2 4.5 

M6-20 0.625 0.250 0.125 163 1.37 -0.4780 3.2886 0.3441 5.6080 6.1 8.9 3.3 

M6-21 0.750 0.125 0.125 158 1.22 -0.6195 3.3161 0.3445 5.0432 2.7 1.4 2.8 

   Xbranched alkanes          

M7   0 184 2.15 0.0158 3.2250 0.2849 8.2571 6.8 4.6 3.3 

   XHMN          

M8   0.162 182 1.94 0.0613 3.2153 0.3633 7.6610 3.1 3.9 2.9 

   Xbranched alkanes          

MESR   0.258 225 1.85 -0.5159 4.4217 0.5081 7.6778 18.2 13.4 10.3 

HNA   0.130 204 1.74 -0.5100 4.0435 0.4129 7.3549 25.2 13.3 7.8 
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Table 5.8. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component viscosity predictions using the two-

parameter, correlated two-parameter, and three-parameter models for mixtures M3-M8 and diesel fuels. 

Sample Two-parameter Correlated two-parameter Three-parameter 

 MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

M3 12.6 -12.6 9.2 48.6 8.2 0.1 5.9 29.2 5.5 1.1 4.4 28.2 

M4 39.2 -39.2 8.9 57.5 9.9 -9.2 6.4 31.3 7.9 -7.2 5.3 26.2 

M5 3.1 -2.2 2.0 6.7 8.4 8.2 6.1 19.3 2.5 0.5 1.5 4.7 

M6 6.1 1.1 4.9 36.2 9.5 9.3 3.0 23.0 5.2 1.6 4.8 21.8 

M7 2.3 0.5 1.8 8.1 4.6 -1.6 2.9 10.7 2.8 2.5 2.2 8.4 

M8 3.1 -2.2 2 6.7 2.9 2.8 1.0 7.3 3.9 1.5 1.1 4.7 

MESR 18.2 -17.7 15.2 51.0 13.4 13.4 8.0 30.5 10.3 4.3 5.0 17.9 

HNA 25.2 -25.2 15.7 60.6 13.3 -13.3 8.4 34.8 7.8 -1.9 7.2 30.3 
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Equation 5.1 is also used to calculate ∆𝑠∗ for mixtures M1 and M2, listed in Table 5.2. These 

mixtures contain compounds with molecular weight beyond the range of mixture number averaged 

MWs (i.e., from 154 to 221 g/mol) considered in the development of the ∆𝑠∗ correlation. Table 5.9 

lists the Eq. 5.1 parameters needed for different compositions of mixtures M1 and M2 and MAPDs 

for predictions using the two-parameter, correlated two-parameter, and three-parameter models. 

Table 5.10 summarizes the predictions using the three models for mixtures listed in Table 5.2. The 

correlated two-parameter model improved predictions for only one composition of mixture M2 

(referred to as M2-2, containing 0.290 mole fraction iC30 and 0.710 mole fraction nC4), which has 

a number averaged MW (i.e., 163.9 g/mol) within the range of number averaged MWs varying 

from 154 to 221 g/mol. The correlated two-parameter provides less accurate predictions for all other 

compositions of mixtures M1 and M2. Thus, Eq. 5.1 appears to only improve viscosity predictions 

for mixtures with number averaged MWs within the range of mixture number averaged MWs (i.e., 

from 154 to 221 g/mol) considered when fitting the ∆𝑠∗ correlation and should not be extrapolated 

for mixtures with MWs outside this range. 
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Table 5.9. The Eq. 5.1 parameters needed for mixtures listed in Table 5.2 and MAPDs for pseudo-

component viscosity predictions using the two-parameter, correlated two-parameter, and three-

parameter models. 

Sample   MW HN/CN 𝐴𝑠∗ ×104 𝐵𝑠∗ ×10-2 𝐶𝑠∗ ×104 𝐷𝑠∗ ×10-2 MAPD (%) 

         
Two-

parameter  

Correlated 

two-parameter 

Three-

parameter 

 XnC6 Xtoluene          

M1-1 0.250 0.750 91 1.44 0.0144 5.6770 0.6178 -0.4003 16.6 40.2 4.9 

M3-2 0.500 0.500 89 1.74 0.0174 10.5423 0.0808 -1.0188 15 103.3 7.4 

M1-1 0.750 0.250 88 2.04 0.0204 15.4257 -0.4594 -1.6400 12.3 376.5 7.5 

 XnC4 Xsqualane           

M2-1 0.846 0.154 114 2.25 0.0225 15.3532 -0.2645 -0.8715 41.8 896.3 6 

M2-2 0.71 0.29 164 2.17 0.0217 6.4668 1.1993 1.0109 50.1 2.8 4.4 

M2-3 0.482 0.518 247 2.11 0.0211 -7.2821 3.5303 4.0217 60 29.7 9.5 

M2-4 0.456 0.544 257 2.26 0.0226 -6.4436 3.5402 4.0616 42.4 30.2 5.1 

M2-5 0.259 0.741 328 2.18 0.0218 -18.7738 5.6036 6.7201 62.2 23981.8 11.2 

M2-6 0.247 0.753 333 2.17 0.0217 -19.5892 5.7351 6.8899 32.2 25244.0 3.7 

 

 

Table 5.10. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component 

viscosity predictions using the two-parameter, correlated two-parameter, and three-parameter 

models for mixtures listed in Table 5.2. Data from [271, 272]. 

 Two-parameter Correlated two-parameter Three-parameter 

 M1 M1 M1 M2 M1 M2 

MAPD 14.7 6.6 173.3 896.3 6.6 6.3 

Bias 14.7 -3.6 173.3 896.3 -3.6 2.9 

SD 7.1 5.7 826.7 1965.1 5.7 5.8 

Max Deviation 44.5 21.6 171.83 614.58 21.6 26.6 
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5.2.2 Application of the ∆𝑠∗ correlation to the thermal conductivity pseudo-component 

technique 

The correlation proposed for ∆𝑠∗, Eq. 5.1, was applied to the thermal conductivity pseudo-

component technique. Table 5.11 lists the mixtures considered in this study. Wakeham et al. [256] 

measured thermal conductivity for binary mixtures containing benzene and 2,2,4-trimethylpentane 

(TMP) (referred to as M9) for two different compositions at temperatures of 313 and 345 K and 

pressures up to 3,500 bar. Fareleira et al. [257] reported thermal conductivity data for binary 

mixtures containing nC7 and TMP (referred to as M10) for two different compositions at 

temperatures from 308 to 337 K and pressures up to 4,440 bar. Wada et al. [255] reported thermal 

conductivity for ternary mixtures (referred to as M11) including nC7, n-undecane (nC11), and nC16 

for three compositions at temperatures from 295 to 345 K and 1 bar. For studies which report HTHP 

thermal conductivity data for fuels (see Table 4.5), only Jia et al. [261] and Xu et al. [260] reported 

the composition of branched alkanes. Therefore, only one fuel, RP3, is considered here.  

 

Table 5.11. Molar composition of the mixtures and mole fraction of branched alkanes in the RP3 

fuel 

Compound Chemical Family M9 M10 M11 RP3 

n-heptane n-alkanes - 
48.9 

74.4 

10.0 

33.4 

59.9 

- 

n-undecane n-alkanes - - 

29.9 

33.3 

30.0 

- 

n-hexadecane n-alkanes - - balance - 

2,2,4-trimethylpentane (TMP) iso-alkanes 
25.0 

75.0 
balance - 

- 

benzene benzenes balance - - - 

branched alkanes - - - - 0.320 
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Knowing the mixture number averaged MW, the HN/CN ratio, and Xbranched−alkanes, Eq. 

5.1 is used to calculate ∆𝑠∗ for mixtures M9-M11 and the RP3 fuel. Table 5.12 lists the parameters 

used in Eq. 5.1 for different compositions of mixtures M9-M11 and the RP3 fuel and MAPDs for 

thermal conductivity predictions using the two-parameter, correlated two-parameter, and three-

parameter models. Table 5.13 summarizes the predictions compared to the data [255-257, 260, 261] 

using all three models for the mixtures listed in Table 5.11. Since the ∆𝑠∗ correlation corrects 

residual entropy predictions, the parameters in Table 5.6, fit using viscosity data, should also be 

applicable to the thermal conductivity pseudo-component technique. However, less accurate 

thermal conductivity predictions are achieved using this correlation for the mixtures listed in Table 

5.11, as shown in Tables 5.12 and 5.13. This deficiency could be related to the limited availability 

of experimental data used to fit the thermal conductivity coefficients for pure n-alkanes and PNAs, 

the limited number of compounds used to generate the thermal conductivity coefficient correlations, 

or inconsistencies in the mathematical form of the thermal conductivity coefficient correlations 

compared to the form of the viscosity coefficient correlations for n-alkanes and PNAs.     
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Table 5.12. The Eq. 5.1 parameters needed for the mixtures listed in Table 5.11 and the MAPDs for pseudo-component thermal 

conductivity predictions using the two-parameter, correlated two-parameter, and three-parameter models. 

Sample    MW HN/CN 𝐴𝑠∗ ×104 𝐵𝑠∗ ×10-2 𝐶𝑠∗ ×104 𝐷𝑠∗ ×10-2 MAPD (%) 

          
Two-

parameter 

Correlated 

two-parameter 

Three-

parameter 

  Xbenzene XTMP          

M9-1  0.75 0.25 87.1 1.38 7.8761 0.0577 0.3924 5.9350 14.6 26.5 1.3 

M9-2  0.25 0.75 105.2 2.00 18.1671 -1.3512 1.3220 8.7241 33.2 105.8 3.3 

  XnC7 XTMP          

M10-1  0.489 0.511 107.4 2.27 20.4324 -1.2971 0.0110 9.7864 24.5 223.5 2.0 

M10-2  0.744 0.256 103.8 2.28 18.6826 -0.8742 -0.8873 9.5500 17.4 182.3 4.6 
 XnC7 XnC11 XnC16          

M11-1 0.100 0.299 0.601 192.9 2.16 -1.8583 2.7996 0.9064 8.9857 1.4 2.0 2.4 

M11-2 0.334 0.333 0.333 160.9 2.20 4.548 1.6868 -0.0128 9.0809 1.4 10.8 2.2 

M11-3 0.599 0.300 0.101 129.8 2.24 10.8297 0.5978 -0.9137 9.1822 1.2 50.9 2.0 

   Xbranched alkanes          

RP3   0.340 153 1.93 5.2550 1.1256 1.3422 8.3516 7.3 19.7 2.3 

 

 

Table 5.13. The MAPD (%), bias (%), SD (%), and Max Deviation (%) for pseudo-component thermal conductivity predictions using 

the two-parameter, correlated two-parameter, and three-parameter models for mixtures listed in Table 5.11. 

Sample Two-parameter Correlated two-parameter Three-parameter 

 MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation MAPD Bias SD Max Deviation 

M9 19.4 19.4 15.2 43.4 105.8 105.8 75.6 215.1 3.7 2.6 3.7 15.2 

M10 21.6 21.6 8.1 45.6 223.5 223.5 57.1 342.5 2.4 -1.3 1.7 5.1 

M11 1.3 0.2 0.9 2.8 21.2 20.2 22.2 60.4 2.2 -2.2 1.4 4.2 

RP3 7.3 7 3.5 11.6 19.7 19.7 4.1 27.5 2.3 -1.2 2.8 11.2 
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5.3 Conclusion 

Sensitivity of the entropy scaling approach of Lötgering-Lin and Gross [171] was 

investigated using different sets of group contribution (GC) PC-SAFT parameters for n-decane at 

different temperatures and pressures. The GC-PC-SAFT parameters of Sauer et al. [58], which were 

used by Lötgering-Lin and Gross [171] in fitting their entropy scaling GC parameters, provided the 

best viscosity predictions with an MAPD of 2%. When using different PC-SAFT parameters in the 

entropy scaling approach, if comparable residual entropies and PC-SAFT parameters were used in 

the calculations, the predicted viscosities (e.g., with an MAPD of 5% using the GC-PC-SAFT 

parameters of Tihic et al. [61]) did not significantly differ compared to the predictions obtained 

using the original Lötgering-Lin and Gross [171] approach, who used the parameters of Sauer et al. 

[58]. However, greater deviations (i.e., 27% MAPD) were obtained using the GC-PC-SAFT 

parameters of Burgess et al. [53], fit to high pressure density data, compared to those obtained when 

using the parameters of Sauer et al. [58].  

In Chapter 3, the viscosity pseudo-component technique was developed for mixtures containing 

compounds with MWs present in fuels using the two-parameter and three-parameter models. However, in 

Chapter 5, the capability of the viscosity pseudo-component technique was investigated for mixtures with 

lighter and heavier compounds compared to those compounds in fuels. Although the two-parameter 

model yields large deviations for viscosity predictions for mixtures with lighter and heavier 

compounds than are present in fuels, the three-parameter model predictions show that it is possible 

to accurately predict viscosity up to HTHP for these mixtures when a reference data point is used 

to fit the D viscosity coefficient. 
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An empirical correlation, which is a function of temperature, pressure, and mixture 

properties (i.e., number averaged molecular weight, hydrogen to carbon ratio, and molar 

concentration of branched alkanes), was proposed to improve the residual entropy calculated using 

the two-parameter viscosity pseudo-component model for hydrocarbon mixtures and diesel fuels 

which contained large concentrations of branched alkanes. A training set of ~700 data points was 

used to fit the correlation parameters and a test set of ~800 data points was used to validate the 

correlation. The correlation improved viscosity predictions (9.2% MAPD) for all hydrocarbon 

mixtures and diesel fuels in this study compared to when using the two-parameter (12.0% MAPD).  

The residual entropy correlation (Eq. 5.1) was also applied to the thermal conductivity 

pseudo-component technique but did not improve predictions. This deficiency could be related to 

the limited availability of thermal conductivity experimental data used to fit the thermal 

conductivity coefficients for pure n-alkanes and PNAs in Chapter 4, the limited number of 

compounds used to generate the thermal conductivity coefficient correlations, or inconsistencies in 

the mathematical form of the thermal conductivity coefficient correlations compared to the form of 

the viscosity coefficient correlations for n-alkanes and PNAs. To overcome this deficiency, a 

different set of correlation coefficients for use in Eq. 5.1 could be fit using thermal conductivity 

data, repeating the exercise used with the viscosity data. However, due to the limited availability of 

experimental thermal conductivity data for well-characterized hydrocarbon mixtures, the fitting of 

different coefficients for thermal conductivity was not investigated in this study. 
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6. Chapter 6: Conclusions and Future Work 

6.1 Conclusions 

Fuel injectors are key systems that determine the performance, emissions, and fuel economy 

of diesel engines. Advanced computational fluid dynamics (CFD) approaches have been utilized to 

simulate the performance of fuel injection equipment systems and to investigate phenomena, such 

as cavitation and fuel atomization. The outcomes of CFD simulation at conditions up to high 

pressures are dependent on accurate representation of fluid physical properties. Due to the lack of 

experimental data for fuels up to high temperatures and high pressures (HTHP), predictive 

techniques are needed to model the thermophysical properties at such conditions. The goal of this 

study was to develop molecular-based techniques to predict transport and thermodynamic 

properties for well-characterized hydrocarbon mixtures and fuels up to HTHP with minimal 

experimental inputs. 

A pseudo-component technique based upon the Perturbed-Chain Statistical Associating 

Fluid Theory (PC-SAFT) equation of state (EoS) was presented to predict density, isothermal 

compressibility, and the volumetric thermal expansion coefficient for well-characterized 

hydrocarbon mixtures and fuels (e.g., rocket propellant, jet, kerosene, and diesel). A pseudo-

component was defined to represent mixtures and fuels through two calculated or measured mixture 

properties: the number averaged molecular weight (MW) and the hydrogen to carbon ratio 

(HN/CN). Density, isothermal compressibility, and the volumetric thermal expansion coefficient 

were predicted up to HTHP with mean absolute percent deviations (MAPDs) of 1, 9, and 13 %, 

respectively, for well-defined hydrocarbon mixtures and fuels. 

The pseudo-component technique was further extended to transport properties using 

residual entropy scaling to predict viscosity and thermal conductivity up to HTHP with 21 and 16% 
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MAPDs, respectively, for mixtures and fuels when using two mixture properties as inputs. 

However, less accurate predictions were found for mixtures containing high concentrations of 

branched alkanes. Inclusion of a third input (i.e., a reference data point at a chosen state to fit a 

model parameter) significantly improved the viscosity and thermal conductivity predictions with 

MAPDs of 9 and 3%, respectively, for the well-defined hydrocarbon mixtures and fuels.  

Finally, a correlation as a function of temperature, pressure, and three mixture properties 

(i.e., the number averaged MW, the HN/CN ratio, and mole fraction of branched alkanes in the 

mixture) was proposed to improve predictions for residual entropy when using the two-parameter 

pseudo-component technique for viscosity predictions. This correlation significantly improved 

viscosity predictions, reducing the MAPD to 9.2% for the well-defined hydrocarbon mixtures and 

fuels in this study. The correlation was also applied to the thermal conductivity pseudo-component 

technique but was shown not to improve predictions, which could be related to the limited 

availability of experimental data used to fit the thermal conductivity coefficients for pure n-alkanes 

and PNAs, the limited number of compounds used to generate the thermal conductivity coefficient 

correlations, or inconsistencies in the mathematical form of the thermal conductivity coefficient 

correlations compared to the form of the viscosity coefficient correlations for n-alkanes and PNAs. 

The pseudo-component techniques developed in this study provide a framework for the 

prediction of thermodynamic and dynamic thermophysical properties for well-characterized 

hydrocarbon mixtures and fuels. The techniques provide simple yet accurate predictions up to 

HTHP without requiring expensive and time-consuming experimental measurements and can be 

applied to assist in the design, testing, and development of fuel injection equipment (FIE).  
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6.2 Future work 

6.2.1 Opportunities for technique development 

A pseudo-component technique based upon the PC-SAFT equation of state (EoS) was 

presented to predict density and derivative properties (i.e., isothermal compressibility and 

volumetric thermal expansion coefficient) using two inputs (i.e., the number averaged molecular 

weight (MW) and the hydrogen to carbon (HN/CN) ratio). Density was predicted within 1 % MAPD 

up to high temperatures and pressures for hydrocarbon mixtures and fuels. However, larger 

deviations were observed for derivative property predictions, and it was suggested that the 

inaccuracy in derivative property predictions was a result of the intermolecular potential used in 

the PC-SAFT EoS. Therefore, further work should consider extending the pseudo-component 

technique using more recent SAFT variants (i.e., SAFT for variable range interactions using Mie 

potentials (SAFT-VR Mie) and SAFT-γ-Mie) instead of PC-SAFT, which uses a square-well 

potential. A study would also be required to develop new SAFT parameter correlations using GC 

parameters for the SAFT variant used in the pseudo-component technique. The definition of the 

averaging parameter, Z, could also be improved to better account for the effects of branched 

alkanes. 

Entropy scaling based pseudo-component techniques were developed to predict viscosity 

and thermal conductivity using the same two inputs, the number averaged MW and the HN/CN 

ratio. However, greater deviations were found when mixtures contained significant concentrations 

of branched-alkanes. A third input (i.e., a reference data point at a chosen state), was used to fit a 

model parameter, significantly improving the predictions. Furthermore, using a training set of ~700 

data points, an empirical correlation was proposed to improve the residual entropy predictions used 

in the viscosity pseudo-component technique. The correlation was limited to the number averaged 
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MW for mixtures considered in the fitting. Therefore, future work should extend the correlations to 

a wider range of number averaged MWs to accurately predict viscosities for lighter or heavier 

hydrocarbon mixtures.  

The proposed residual entropy correlation was also used in the thermal conductivity 

technique, but it did not improve predictions for thermal conductivity. A further study is required 

to fit the thermal conductivity coefficients for pure n-alkanes, PNAs, and other chemical families 

to verify that n-alkanes and PNAs numerically bound the thermal conductivity coefficient values.  

However, additional experimental data is required, which is not currently available in the literature. 

The study should also validate that the mathematical form of the third order polynomial used in the 

technique is appropriate to use to correlate reduced thermal conductivity to reduced dimensionless 

residual entropy.  

 

6.2.2 Extension of pseudo-component technique to properties not included in this study 

The pseudo-component techniques can be utilized to predict properties not considered in 

this study (e.g., phase equilibrium, diffusivity, heat capacity, and surface tension) for fuels and 

hydrocarbon mixtures. As described in Chapters 3 and 4, transport properties (i.e., viscosity, 

thermal conductivity, and diffusivity) scale with residual entropy. An additional investigation 

would be required to extend the pseudo-component technique to calculate diffusivity using entropy-

scaling for fuels and hydrocarbon mixtures. To calculate heat capacity up to high temperatures and 

pressures, additional experimental measurements of the ideal gas heat capacity would be required 

for fuels. Using an EoS, heat capacity is calculated by adding contributions from an ideal gas to the 

residual heat capacity, which can be calculated using the pseudo-component technique. The pseudo-
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component technique should also be capable of predicting surface tension for fuels and hydrocarbon 

mixtures, by coupling to other methods (e.g., density functional theory). 

 

6.2.3 Calculation of properties for fuels not considered in this study 

The commercial fuels considered in this study (i.e., diesel, jet, and rocket propellant fuels) 

are mixtures of hydrocarbons, whose properties were well predicted by the pseudo-component 

techniques developed in this study. The same techniques should also be capable of predicting 

properties of other fuels, such as gasoline, kerosene, bio-fuels (e.g., vegetable oils, liquid animal 

fats, and biodiesels), and their blends. However, biofuels and their blends typically contain 

significant amounts of compounds other than hydrocarbons (e.g., oxygenates such as esters), and 

the EoS used in the pseudo-component technique would need to account for association of 

molecules, which was neglected in this study. The association terms in the PC-SAFT EoS would 

need to be included in the pseudo-component technique, and the pseudo-component PC-SAFT 

parameter and transport property coefficient correlations would need to be modified to account for 

the presence of associating compounds. 
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