
              

City, University of London Institutional Repository

Citation: Rowane, A. J., Gupta, A., Gavaises, M. & McHugh, M. A. (2020). Experimental 

and modeling investigations of the phase behavior and densities of diesel plus nitrogen 
mixtures. Fuel, 265, 117027. doi: 10.1016/j.fuel.2020.117027 

This is the accepted version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/24317/

Link to published version: https://doi.org/10.1016/j.fuel.2020.117027

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online



City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


1 

 

Experimental and modeling investigations of the phase behavior and densities 

of diesel + nitrogen mixtures 

 

Aaron J. Rowanea, Ashutosh Guptab, Manolis Gavaisesa, Mark A. McHughc,* 

 

a Department of Mechanical Engineering and Aeronautics, City University of London, 

Northampton Square, ECIV 0HB London, UK 

b  Afton Chemical Corporation, 500 Spring Street, Richmond, VA 23219 

c Department of Chemical and  Life Science Engineering, Virginia Commonwealth University, 

 601 W Main St, Richmond, VA, 23284 

* Corresponding Author 

 

Abstract 

 It has been recently speculated that diesel injection into a supercritical air environment at 

high-pressure, high-temperature (HPHT) conditions results in the diesel + air mixture transitioning 

into a single supercritical fluid phase. To help resolve this issue we report HPHT isothermal bubble 

(BP) point data from ~300 to 530 K and pressures to ~160 MPa for three different types of diesel 

fuels in N2 that is considered a surrogate for air. One of the diesels (Highly Paraffinic, HPF) has a 

larger paraffinic content relative to the others, another (Highly Aromatic, HAR) has a larger 

aromatic content relative to the others, and the third is a Ultra-Low Sulfur Diesel (ULSD) that 

resembles an unfinished commercial diesel. In addition, isothermal, density data are also reported 

at pressures from the BP to ~165 MPa for mixtures with N2 content ranging from ~ 3 to 55 wt%. 

The T, p range of the experimental data are extended with model calculations using the PC-SAFT 
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equation of state (EoS) with pseudo-component parameters for diesel. Both types of diesel + N2 

mixture data provide a rational basis for determining values for kij, a binary mixture parameter 

needed for EoS calculations. Modeling results show that the temperatures predicted for diesel + 

N2, supercritical fluid behavior can vary significantly depending on the method used to 

characterize the EoS properties of the complex diesel mixtures. Nevertheless, the predicted 

critical-mixture curves provide useful insight for interpreting the results from supercritical diesel 

spray investigations. 

  

Key words: High Temperature, High Pressure, Diesel Phase Behavior, Density, Bubble Points 

 

1. Introduction 

 The benefits of high-pressure, high-temperature (HPHT) supercritical diesel injection are 

the disappearance of the gas-liquid interface, enhanced mass transfer between the gas and liquid 

phases, and zero latent heat of vaporization1. Supercritical diesel injection could potentially reduce 

emissions, minimize pollutant formation, and ultimately increase engine efficiency2. There are 

several experimental studies that report on the feasibility of supercritical injection at combustion 

chamber conditions. The approach taken in a majority of these studies is to investigate the 

differences observed in spray structures for diesel surrogates and commercial diesels when varying 

experimental parameters such as the injection pressure, chamber pressure, and chamber 

temperature. The spray experiments typically are performed at fixed combustion chamber 

conditions set to match expected subcritical or supercritical conditions that are often estimated 

using available equations of state (EoS). For example, Wensing et al.3 and Falgout et al.4 both use 

a cubic EoS to estimate operating conditions needed to achieve a single fluid phase for select diesel 
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surrogates + N2 systems. Although both Wensing et al. and Falgout et al. also study diesel + N2 

spray systems they do not estimate the conditions where a single phase may be expected due to 

the complexity of these mixtures which may that contain hundreds of compounds. Both studies 

evaluate the resultant fuel spray images to determine whether or not the fuel + N2 mixture exhibits 

critical behavior. It is interesting to note that Wensing et al. assert that the two-phase, diesel + N2 

system transitions to a single supercritical fluid phase while Falgout et al. report that the two-

phases do not transition to a single supercritical fluid phase. For these two studies neither group 

reports detailed diesel compositional information, which makes it problematic for calculating the 

conditions needed to obtain a supercritical fluid phase for diesel in the presence of N2. 

 Improving diesel engine combustion efficiency is at the core of the forthcoming Euro VII 

regulations, which will demand reduction of emissions from all types of diesel powertrains. 

Understanding the impact of changes in pressure and temperature on fuel properties is vital for 

simulating various processes relevant to Diesel injection and combustion. Properties such as 

density, viscosity, speed of sound and bulk modulus affect the injection process and phase-

changing phenomena within the fuel injector, which in turn, control soot emission levels5. In 

addition, recent studies have shown that injection against air at supercritical conditions, relative to 

the liquid fuel, can improve combustion and reduce emissions further6, 7. Currently there is limited 

information available for diesel fuel properties as a function of pressure and temperature at diesel 

engine operating conditions (see for example8, 9). To the best of our knowledge there are no 

experimental studies that report diesel + N2 mixture density or phase behavior data at HPHT 

conditions. It is important to note that both the temperature and pressure of diesel engines can vary 

and are dependent on the speed and load of engine operation. Two studies10, 11 (selectively, among 

many others) summarize the conditions that prevail during a typical injection in modern engines 
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where the chamber gas temperature is shown to be ~700 K prior to the flame arrival. However, 

Vogel et al.7 speculate that at the greatest engine loads, when the piston reaches top dead center 

the combustion chamber conditions can exceed 10 MPa and 1000 K. Recent spray studies by Crua 

et al.12 for n-alkane diesel surrogates show that for injection of n-hexadecane into an air surrogate 

mixture (89.71% N2, 6.52% CO2, and 3.77 %H2O) at conditions exceeding ~9 MPa and ~1000 K 

the n-hexadecane + air mixture exhibit a diffusive mixing process implying that the mixture within 

the chamber has achieved a supercritical state. 

 In the present study, mixture densities and phase behavior data at HPHT are obtained for 

mixtures of three different diesels with N2. One of the diesels (Highly Paraffinic, HPF) has a larger 

paraffinic content relative to the others, another (Highly Aromatic, HAR) has a larger aromatic 

content relative to the others, and the third is a Ultra-Low Sulfur Diesel (ULSD) that resembles an 

unfinished commercial diesel. Detailed composition information is provided for all three diesels. 

The mixture densities are obtained in the single-phase region and these data are correlated with a 

modified Tait equation. Isothermal bubble point (BP) data are also obtained and these data are 

correlated with an Antoine-type equation. Both correlations provide reliable and facile means of 

data interpolation needed for easy comparison to model predictions and to literature data that 

becomes available in the future. The Perturbed Chain Statistical Associating Fluid Theory (PC-

SAFT) EoS13 is used to model the resultant mixture densities and phase behavior data. Two 

different group contribution (GC) methods are used to calculate the PC-SAFT EoS pure 

component parameters assuming the multi-component diesel can be represented as a single, 

pseudo-component as described by Rokni et al.14,15 . One set of calculations are performed with 

the GC method of Sauer and coworkers16 (S-GC), who regressed GC parameters from a large data 

set of PC-SAFT parameters obtained by fitting pure component, vapor pressures and saturated 
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liquid densities. The S-GC parameter database is weighted toward low pressures since the critical 

pressures for most of the hydrocarbons found in diesel rarely exceeds 3.0 MPa. The other set of 

calculations are performed with the GC method of Burgess and coworkers17 (B-GC), who 

regressed GC parameters from pure component, HPHT densities. The B-GC parameter database 

is weighted toward HPHT calculations at conditions similar to those measured in the present study. 

The PC-SAFT model is also used to predict the pressure-temperature (p-T) locus of the mixture-

critical curves for the diesel + N2 systems to show the HPHT conditions needed for these mixtures 

to enter a single, supercritical fluid state. These calculations address the important issue of whether 

diesel + N2 transition to a supercritical fluid state exhibiting the previously described inherent 

benefits of supercritical injection. 

 

2. Materials and Methods  

2.1. Materials 

 Table 1 lists the hydrogen to carbon ratio, RH/C and average molecular weight, Mave, for the 

fuels used in this study as determined from gas chromatography analysis results18, 19 (Triton 

Analytical Corporation). Table 2 provides information on the amount of n-paraffins, i-paraffins, 

saturated cyclics, aromatics, naphthoaromatics, and heteroatoms found in the three diesels, with 

further details given elsewhere20. 

 

Table 1. Hydrogen to carbon ratio, RH/C, and average molecular weight, Mave, for HPF, ULSD, and 

HAR diesels investigated in this study. 

Diesel RH/C Mave/g•mol-1 

HPF 1.91 212.0 
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ULSD 1.89 199.9 

HAR 1.81 194.5 

 

Table 2. Total weight percent, WCF, for each chemical family in each fuel. 

  WCF/% 

 Chemical Family HPF ULSD    HAR 

n-Paraffins 8.00 13.11 13.01 

i-Paraffins 28.36 18.06 13.53 

Saturated Cyclics 45.08 50.91 46.87 

Aromatics 15.85 9.93 17.38 

Naphthoaromatics 2.63 7.93 9.07 

Heteroatoms 0.1 0.2 1.1 

 

2.2. Experimental Methods 

 The apparatus and techniques used to measure HPHT BP and density measurements for 

each diesel + N2 mixture are described in detail elsewhere21-24 and are only briefly presented here. 

Figure 1 shows the variable-volume, view cell that is the major component of the apparatus. A 

pressure generator delivers or removes water to the back end of the cell and to a pressure gauge 

for measurements less than ~65 MPa (Model CM57303, 0 - 68.9 MPa, standard uncertainty of 

0.07 MPa, Heise Corporation), and to a transducer for measurements greater than ~65 MPa (Model 

245BWGDNEAPW, 0 - 345 MPa, standard uncertainty of 0.34 MPa, Viatran Corporation). The 

system pressure is equal to the water pressure plus/minus 0.07 MPa needed to move the o-ring-

sealed, floating piston forward/backward. The cell temperature is typically maintained to within ± 
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0.30 K as measured with a type-K thermocouple calibrated against a calibrated RTD thermometer 

(Model DURAC TP-R04, range 173 to 673 K, permissible deviation of 0.06 K, H-B Instrument 

Company). The diesel + N2 mixture in the cell is mixed with a stir bar controlled by an external 

magnet/motor located underneath the cell. The contents of the cell are projected onto a video 

monitor using a camera (Model STC-N63CJ, Lenox Instrument Company) coupled to a borescope 

(Model HAWKEYE® Pro, Gradient Lens Corporation) placed against the sapphire window 

(Hemlite sapphire, GT Crystal Systems, LLC) sealed with an elastomeric o-ring at the front end 

of the cell. 

 

  

 (a) (b) 

Figure 1. Schematic diagram of (a) the high-presssure variable-volume, view cell and (b) the rod 

connecting the piston to the LVDT (not to scale). 

 

 For BP and density measurements, the empty cell is flushed three times with N2 at ~2 MPa 

to reduce the residual oxygen content to less than 10 ppm. After flushing, typically 0.025 g N2 

remains in the cell. Approximately 2.0 to 10.0 g of liquid diesel fuel are charged to the cell using 

a syringe weighed (± 0.001 g) before and after loading. Next, ~ 0.7 to 2.0 g of N2 are loaded using 

a high-pressure, transfer vessel weighed (± 0.001 g) before and after loading. The final mass of N2 

in the cell includes any N2 remaining in the cell at ambient pressure. 
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2.2.1. BP Measurements 

 At the desired temperature the cell contents are stirred vigorously for ~30 minutes to ensure 

thermal equilibrium. At a constant temperature, with a clear, single phase in the view cell, the 

system pressure is slowly reduced by ~0.5 MPa and the mixture again is stirred vigorously and 

allowed to come to thermal equilibrium. If a clear, single phase exists at this lower pressure, the 

system pressure is again slowly decreased by ~0.5 MPa and the mixture is again stirred vigorously 

and allowed to come to thermal equilibrium. This pressure reduction technique is continued until 

a small vapor bubble (BP) appears. The pressure is now increased well into the single-phase region 

and the solution is mixed to return to equilibrium. The pressure reduction technique is repeated 

with smaller step changes in pressure, several times, to reproduce the transition and to reduce the 

clear-to-two phase pressure interval. At the BP the composition of the liquid phase is considered 

equal to the overall solution composition since the bubble mass is negligible. Data are obtained at 

random pressures at a fixed, constant composition (isopleth) to minimize any potential 

experimental artifacts in the measurements. 

 

 

2.2.2 Diesel Vapor Pressure Measurements 

 The neat diesel vapor pressure is measured by Alcor Labs using the isoteniscope method 

or D2879 – 1825. The isoteniscope technique provides measurements from 1.33•10-4 to 0.1 MPa 

and 623 K. Note that the ASTM document for D2879 – 18 does not provide an estimated 

uncertainty of the measurements. Values for the vapor pressure of the neat diesel are listed in the 

supplemental information. 
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2.2.3. Density Measurements 

 The internal cell volume is determined using a linear variable differential transformer 

(LVDT, Model 2000 HR, Measurement Specialties Inc.) that tracks a magnetic core at the end of 

a rod connected to the piston as shown in Figure 2. The piston position is correlated to the internal 

cell volume by calibration with hexane performed over the entire p-T range of interest in this study. 

Densimeter volume data are obtained at each P, T, and LVDT reading by dividing the known mass 

of hexane added to the cell with accurate hexane density data obtained from the NIST REFPROP 

program26, 27. Single-phase, diesel + N2 density data are calculated knowing the mass in the cell 

and the internal cell volume obtained from the LVDT calibration equation. Isothermal, isopleth 

density data are recorded in the single–phase region from the BP pressure to as high as ~165 MPa 

and temperatures from ~ 300 to 535 K. For each isotherm, pressures are chosen in random order 

to minimize any experimental artifacts in the measurements. The calculated maximum weight 

fraction expanded uncertainty is slightly more than 0.002 and the standard uncertainties of 

temperature are u(T) = 0.30 K and pressures are u(p) = 0.07 MPa for p < 68.9 MPa and 0.34 MPa 

for 68.9 < p < 165 MPa. The expanded accumulated experimental uncertainty in the reported 

mixture densities is Uc(ρ) = 0.80% with a coverage factor, k = 2, which corresponds to a confidence 

interval of approximately 95%. 

 

3. Experimental Results 

 The SI provides detailed data tables for BP transitions at a given p, T, and N2 mole (xN2) 

and weight (wN2) fractions for all of the diesel + N2 mixtures. The 76 BP temperatures are held 

within ± 0.3 K except for two HPF + N2 points at 10.6 wt% N2 (wN2%), two ULSD + N2 points at 

25.4 wN2% and 494.0 ± 0.7 K and 28.9 wN2% and 524.2 ± 0.4 K, and two HAR + N2 points at 25.4 
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wN2% BP and 494.0 ± 0.7 K and 28.9 wN2% BP and 524.2 ± 0.4 K. Figure 2a shows p-T isopleths, 

that are transitions at constant composition, for HPF + N2 mixtures, Figure 2b shows isopleths for 

ULSD + N2 mixtures, and Figure 2c shows isopleths for HAR + N2 mixtures. Each isopleth is the 

locus of BP points that represent the transition from a single-phase region at pressures above the 

curve to a two phase, liquid + vapor phase region at pressures below the curve. 

 

 (a) (b) 

 

(c) 

Figure 2. Pressure-temperature isopleths obtained in this study for (a) HPF + N2 mixtures where 

 - 4.3,  - 7.1,  - 10.6,  - 13.7,  - 23.6, ▲ - 29.2, and  - 53.0 wN2%, (b) ULSD + 

N2 mixtures where  - 4.6,  - 10.1,  - 15.3,  - 25.4,  - 28.9, ▲ - 53.6 wN2%, and 

(c) HAR + N2 mixtures where  - 2.7,  - 12.1,  - 20.6,  - 30.0, and  - 49.3 wN2%. 

Lines are drawn to guide the eye. 
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 Figure 3a shows select p-wN2 isotherms for the HPF + N2 system obtained by cross-plotting 

isopleth data at specific temperatures shown in Figure 2. The large positive slopes of the p-wN2 

isotherms at temperatures below 523 K in Figure 3a clearly shown that only a modest amount of 

N2 dissolves in HPF even at pressures as high as ~100 MPa. The p-wN2 isotherms at 373 to 473 K 

are also very close together reflecting the lack of temperature sensitivity for N2 solubility at 

pressures to ~100 MPa. Both the large positive slopes and lack of temperature sensitivity makes it 

challenging to precisely measure BP data for this sparingly soluble gas in HPF at relatively low 

temperatures. However, note that the p-wN2 isotherm at 523 K is now more sensitive to pressure 

and begins to show characteristics of a maximum with respect to mass fraction near 125 MPa. 

Note that the 523 K isotherm in Figure 3a appears to approach a maximum although the maximum 

should not be construed to be a mixture-critical point since diesel is a multicomponent mixture and 

liquid-vapor tie-lines on this isotherm are not constrained to be horizontal. In addition, critical 

opalescence was not observed at the highest p-wN2 point, one of the prerequisites for a mixture-

critical point28. Nevertheless, most of the trends observed with the p-wN2 isotherms for the 

multicomponent HPF + N2 mixtures are nearly identical to those exhibited for the binary 

hexadecane + N2 or heptamethylnonane + N2 mixtures reported previously29. 
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 (a) (b) 

 

(c) 

Figure 3. P-wN2 isotherms at 373, 423, 473, and 523 K obtained by cross plotting p-T isopleths for 

(a) HPF + N2, (b) ULSD + N2, and (c) HAR + N2 mixtures obtained in this study. Lines 

are drawn to guide the eye. 

 

 Figure 3b and 3c show companion p-wN2 isotherms for ULSD + N2 and HAR + N2 

mixtures, also at the same four temperatures shown for the HPF + N2 system in Figure 4a. All three 

diesel + N2 mixtures exhibit very similar HPHT behavior. It is evident that less than ~ 15 wN2% 

dissolves in these diesel fuels when operating at pressures below 20 to 30 MPa and temperatures 

up to ~523 K.  
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 The SI provides p-T-xN2-wN2 data tables for mixture densities at a given p, T, xN2, and wN2 

for HPF + N2 (164 data points), ULSD + N2 (138 data points), and HAR + N2 (122 data points). 

The mixture density data are at N2 weight fractions from 0.027 to 0.536, pressures to ~165 MPa, 

and temperatures to ~535 K. Figure 4 shows an example of the effect of pressure and temperature 

on the density of HPF + N2 (Figure 4a), ULSD + N2 (Figure 4b), and HAR + N2 mixtures (Figure 

4c) each at the same temperatures, but at slightly different, fixed mixture compositions. Each 

density curve originates at the two-phase, BP boundary of the respective system and extends to 

~120 to 140 MPa and temperatures from ~360 to 525 K. The density curves exhibit the expected 

trends with increasing temperature and pressure. Note that the HAR + N2 densities are greater than 

those for either ULSD or HPF mixtures, even though the HAR + N2 system has a larger amount 

of dissolved N2. The higher density for the HAR + N2 system is likely a consequence of the higher 

aromatic and naphthoaromatic content of HAR relative to the amounts in the other two diesels 

(~26 versus 17 wt%) since aromatics exhibit higher densities compared to paraffins. 

 

 

 (a) (b) 
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(c) 

Figure 4. Examples of the effect of pressure and temperature on experimental densities for each 

diesel + N2 (~ 10 wt%) (a) HPF, (b) ULSD, and (c) HAR where  ~ 360,  ~ 420,  

~480,  ~ 525 K. Lines are drawn to guide the eye. 

  

3.1 Data Correlation 

 Correlation equations are used to facilitate interpolating pressure-composition (p-x) and 

density-composition (ρ-x) data and to generate plots of the data. Reliable correlations also provide 

an effective means to compare any reported phase behavior and mixture density data. In the present 

study BP data are correlated with an Antoine’s-type equation and mixture density data are 

correlated with a Tait-type equation. 

 

3.1.1 Antoine Correlation of BP Data 

 Equation 1 shows Antoine’s equation used for interpolation of the BP data sets that allows 

for comparison of the results from the present study to any available literature. Values for 

parameters, A, B, and C, for all three diesel + N2 systems are obtained by minimizing the percent, 

average, absolute deviation (ΔAAD, equation 2) for p-T data at each diesel + N2 mixture 

composition. The SI provides tables reporting best-fit values for these three parameters along with 
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ΔAAD and maximum deviation (Δmax, equation 3) values. The fit of Antoine's equation is within ± 

0.6% for all 18 sets of isopleth data. 

 

𝑙𝑛 (
𝑝

𝑀𝑃𝑎
) = 𝐴 −

𝐵

𝑇+𝐶
 (1) 

 

Δ𝐴𝐴𝐷 %⁄ = 100 ⋅
1

𝑁
∑ |

𝑥𝑖,𝑒𝑥𝑝−𝑥𝑖,𝑐𝑎𝑙

𝑥𝑖,𝑒𝑥𝑝
|𝑁

𝑖=1  (2) 

 

∆𝑚𝑎𝑥 % = 𝑀𝑎𝑥 (100 ⋅ (|
𝑥𝑖,𝑒𝑥𝑝−𝑥𝑖,𝑐𝑎𝑙

𝑥𝑖,𝑒𝑥𝑝
|))⁄  (3) 

 

where xi,exp is an experimental point, xi,cal is a calculated point, and N is the number of data points. 

 

3.1.2 Tait Correlation of Density 

 Mixture density data obtained in the single-phase region are correlated using the Tait 

equation given by equations 4 to 6. Unlike in previous studies where the Tait reference density, 

ρ0(T), is calculated at p0 = 0.1 MPa, here p0 is set equal to the BP pressure at each T-xN2 condition 

calculated with Antoine's equation and best-fit parameters. Each mixture density, isothermal, 

isopleth is first fit to the Tait equation by varying C, ρ0(T), and B(T) to minimize the ΔAAD and 

constraining the bias (Δbias, equation 7) to zero. Once values of ρ0(T) and B(T) are determined at 

each temperature these parameters are then fit to polynomials of temperature given by equations 

4 and 5. Finally, the parameters C, a0, a1, a2, b0, b1, and b2 are refit simultaneously to all of the 

mixture density, isothermal isopleths by minimizing ΔAAD and constraining Δbias to zero. The SI 

provides tables listing the parameters used with equations 4 to 6 for all three diesel + N2 systems 
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at each mixture composition where parameters for neat diesel are from our previous study20. With 

this calculation scheme the ΔAAD is less than 0.4% and the ΔMAX varies from 0.3 to 1.5% at 

temperatures from 298 to 534 K and pressures from each respective BP to 165 MPa although the 

Tait equation, with appropriate parameters, is valid up to 300 MPa for the densities of the neat 

diesels.  

 

𝜌−𝜌0(𝑇)

𝜌
= 𝐶 log10 (

𝑃+𝐵(𝑇)

𝑃0+𝐵(𝑇)
) (4) 

 

𝜌0(𝑇) 𝑘𝑔⁄ • 𝑚−3 = ∑ 𝑎𝑖𝑇
𝑖2

𝑖=0  (5) 

 

B(T)/𝑀𝑃𝑎 = ∑ 𝑏𝑖𝑇
𝑖2

𝑖=0  (6) 

 

Δ𝑏𝑖𝑎𝑠 %⁄ =
1

𝑁
∑ 100 ⋅ (

𝑥𝑖,𝑒𝑥𝑝−𝑥𝑖,𝑐𝑎𝑙

𝑥𝑖,𝑒𝑥𝑝
)𝑁

𝑖=1  (7) 

 

 The Tait equation, with parameters found in the SI, is used to create Figure 5a that shows 

the variation of saturated, liquid-phase densities (ρsat) for HPF + N2 mixtures as a function of N2 

content at a fixed temperature and, implicitly, as a function of pressure. Likewise, the Tait 

equation, with parameters reported by Rowane et al.29, is used to create Figure 5b that shows ρsat 

for hexadecane (n-C16) + N2 mixtures. The ρsat trends exhibited by HPF diesel are strikingly 

similar to those for pure n-C16, which is considered a diesel surrogate. In both cases the isothermal 

ρsat curves initially decrease as N2 dissolves into the hydrocarbon-rich liquid phase at all 

temperatures from ~300 to 525 K. All of the ρsat isotherms at temperatures less than 500 K for HPF 

diesel and for n-C16 exhibit shallow minima at N2 weight fraction of ~ 0.10 and then increase 
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fairly rapidly as more N2 dissolves in the hydrocarbon-rich liquids. Note that n-C16 densities are 

~10% lower than diesel densities, likely due to the saturated cyclic and aromatic content in HPF. 

The ρsat isotherms  at ~525 K for the HPF and the n-C16 systems do not exhibit discernible minima 

as the density continually decreases with increasing N2 content. The shapes of these high 

temperature ρsat isotherms suggests that each mixture is beginning to approach a dew point rather 

than a bubble point. Unfortunately, it is not possible to operate to higher N2 mass fractions, 

temperatures much higher than ~ 525 K, and pressures in excess of ~ 150 MPa with the current 

experimental apparatus to obtain dew point data. Although not shown here, virtually identical 

trends and very similar absolute values are found for the ρsat isotherms for the ULSD + N2 and 

HAR + N2 systems over the same ~300 to 525 K temperature range.  

 

 

 (a) (b) 

Figure 5. Variation of saturated, liquid mixture densities with N2 content in (a) HPF + N2 obtained 

in the present study; (b) Hexadecane + N2 mixtures reported by Rowane et al.20. 

 

 The shapes of the ρsat-wN2 curves reflect a balance between the reduction in liquid mixture 

density as N2 dissolves into the diesel and the increase in liquid mixture density as the system 

pressure is increased to force N2 into solution. This conflict of effects is exacerbated at the lowest 



18 

 

temperatures where N2 is only sparingly soluble in each of the diesels as reflected in the almost 

vertical BP isotherms shown in Figure 3. At operating temperatures of ~ 465 K and higher, the 

pressure effect is a bit less pronounced since an increased amount of N2 can more easily dissolve 

in the thermally-expanded diesels. 

 

3.1.3 Modeling with PC-SAFT EoS 

 The PC-SAFT EoS is only briefly described here and the reader is directed to the literature 

for more details 13. The EoS is derived from the residual, reduced Helmholtz free energy, ares, 

 

ares = ahs + acf + adisp + aassoc  (8) 

 ahc 

 

where ahs is the hard sphere fluid contribution, acf is the chain formation contribution, adisp is the 

dispersion interaction contributions, and aassoc is the contribution from self- and cross-association 

complex formation, which is not applicable here since the chemical compounds found in the three 

diesels are not expected to self- or cross-associate with N2. The PC-SAFT EoS requires three, pure-

component parameters that are m, the number of segments in the chain, σ the temperature-

independent segment diameter, and 𝜀/kB the interaction energy divided by Boltzmann's constant. 

The pure-component parameters are calculated using the methods described by Rokni et al.14, 15, 

who assume that the multicomponent composition of a diesel can be characterized as a single, 

pseudo-component. The PC-SAFT parameters are correlated to the diesel Mave and RH/C values 

shown in Table 1. Rokni uses two different group contribution (GC) methods to develop the 

pseudo-component correlation equations. One variation is the GC method of Burgess et al.17 (B-
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GC method) who use pure component HPHT density data to calculate the needed GC parameters 

(see Rokni et al.14 for equation details). The other variation is the GC method of Sauer et al.16 (S-

GC method) who use pure component vapor pressure and saturated, liquid density data to calculate 

GC parameters (see Rokni et al.14 for equation details). Table 3 lists both sets of PC-SAFT single, 

pseudo-component parameters calculated for each diesel. The results in Table 3 shows very 

different values for m and σ for each method, with similar values for 𝜀/kB. The differences in PC-

SAFT parameter values reflect the different types of data and p-T regions for the data used to 

develop the GC parameter database. The present study assesses the performance of the PC-SAFT 

EoS, with the two different GC methods, to calculate diesel + N2 mixture densities and BP data. 

Table 3 also lists parameters for N2, determined from a fit of the EoS to the N2 vapor pressure 

curve and saturated liquid densities, taken directly from the literature13. 

 

Table 3. Pseudo-component PC-SAFT parameters obtained using the Burgess (B-GC) and the Sauer 

(S-GC) methods.  

 BGC Parameters SGC Parameters 

Diesel m σ/Å (𝜀/kB)/K m σ/Å (𝜀/kB)/K 

HPF 9.239 3.405 256.6 6.884 3.849 249.6 

ULSD 8.748 3.400 256.0 6.500 3.847 250.1 

HAR 8.428 3.394 260.1 6.259 3.841 253.9 

N2 1.205* 3.313* 90.96*    

*Parameters are taken directly from the literature13. 
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 Equations 14-16 list the combining rules13 used to calculate a mixture value for m and cross 

terms, σij and εij, needed for diesel + N2 mixture calculations. Here HPHT mixture density data are 

compared to predictive model calculations with kij set to zero for both GC methods since predicted 

mixture densities are less sensitive to variations in 𝜀/kB than m and σ. Subsequently BP data are 

modeled with zero and non-zero kij values using both GC methods since phase behavior 

calculations are very sensitive to variations in 𝜀/kB. Calculations are performed using commercially 

available software, VLXE30. 

 

i i

i

m x m  (14) 

where xi is the mole fraction of component i. 

 

0.5( )ij i j     (15) 

 

(1 )ij ij i jk     (16) 

 

3.1.4 Modeling Mixture Densities 

 Figure 6 illustrates the overall PC-SAFT EoS performance characterized by the ΔAAD for 

density calculations for HPF + N2, ULSD + N2, and HAR + N2 mixtures when using either B-GC 

or S-GC pseudo-component parameters and with kij = 0. Density predictions using B-GC 

parameters have overall ΔAAD values that are ~200% lower than predictions using S-GC 

parameters. These better HPHT mixture density predictions found using B-GC parameters are not 

unexpected since Burgess et al. created the GC parameter database using HPHT density data sets, 

while Sauer et al. created their database from vapor pressure and saturated liquid density data. The 
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SI provides additional performance details for density predictions using both the B-GC and S-GC 

methods. 

 

 

Figure 6. Overall performance of the PC-SAFT EoS when using the Burgess (B-GC) or Sauer (S-

GC) pseudo-component parameters for density predictions characterized by the ΔAAD. 

 

3.1.5 Modeling VLE  

 Figure 7 illustrates the overall performance characterized by the ΔAAD for calculated p-wN2 

isotherms for HPF + N2, ULSD + N2, and HAR + N2 mixtures using the PC-SAFT EoS with B-

GC and S-GC pseudo-component parameters, both with kij = 0. BP predictions with ΔAAD values 

of less than 20% are obtained with all three diesels when the B-GC pseudo-component parameters 

are used. In contrast, BP predictions with ΔAAD values of greater than 100% for the HPF and HAR 

diesels and 50% for the ULSD are obtained when the S-GC pseudo-component parameters are 

used. If there are no data available to determine a value for kij, we recommend using the B-GC 

pseudo-component parameters for BP predictions of diesel + N2 mixtures. The SI provides 

additional performance details for BP predictions using the B-GC or S-GC methods, both with kij 

= 0. 
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Figure 7. Comparison of ΔAAD values determined from BP calculations using the PC-SAFT EoS 

with Burgess (B-GC) or Sauer (S-GC) pseudo-component parameters and kij = 0. 

 

 Table 4 lists the best-fit kij values determined from fitting p-wN2 isotherms with the PC-

SAFT EoS and B-GC or S-GC pseudo-component parameters. Figure 8 illustrates the performance 

of the BP predictions, characterized by ΔAAD values for HPF + N2, ULSD + N2, and HAR + N2 

mixtures. An improved agreement is obtained between predicted and observed phase behavior for 

both GC methods when a nonzero kij is used, reflecting the much higher sensitivity of phase 

behavior calculations to values of 𝜀/kB, the energetic parameter. It is interesting that the best-fit kij 

values for each GC method have opposite signs and different absolute values, which is a direct 

reflection of the impact of the very different pseudo-component parameters calculated with each 

GC method. The kij values found with the S-GC method are similar to those reported for PC-SAFT 

phase behavior calculations for hexadecane + N2
20, 31 and heptamethylnonane + N2 mixtures29.  

Predictions using the B-GC pseudo-component parameters have ΔAAD values that are ~100% lower 

than those when using S-GC pseudo-component parameters. This improved performance with B-

GC parameters is a result of using high pressure density data to develop the GC database rather 

than vapor pressure and saturated density data. 
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Table 4. Best-fit binary interaction parameters (kij) determined from fitting p-wN2 isotherms with 

the PC-SAFT EoS and B-GC or S-GC pseudo-component parameters. 

  kij 

  B-GC S-GC 

HPF -0.0350 0.1375 

ULSD -0.0238 0.1413 

HAR -0.0313 0.1363 

 

 

 

Figure 8. Performance of the PC-SAFT EoS when using Burgess (B-GC) or Sauer (S-GC) pseudo-

component parameters for bubble-point predictions with best-fit kij values. 

 

 Although the results for both GC methods show reasonable agreement between calculated 

and experimental BP data, distinctly different behavior is exhibited by the calculated 473 K 

isotherms. A closed loop at ~170 MPa is calculated when using B-GC pseudo-component 

parameters, however, this same isotherm remains open even at pressures in excess of 200 MPa 

when using S-GC pseudo-component parameters. Note the different widths of the predicted two-

phase regions of the 530 K isotherms in Figure 9. The predicted dew points (DP) using B-GC 
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pseudo-component parameters are richer in N2 than similar DPs found with the S-GC parameters. 

At pressures less than ~10 MPa, it is reasonable to estimate the gas phase concentration using the 

ideal gas law since the 530 K isotherm is ~ 400 K hotter than 126.2 K, the critical temperature of 

N2. Considering that the vapor pressure of HAR is expected to only be ~ 0.1 MPa at 530 K it is 

highly unlikely that the gas phase at this condition contains as much as 10 wt% HAR. Hence, we 

speculate that the 530 K isotherm predicted with B-GC parameters has a more realistic shape as 

compared to that predicted with the S-GC parameters. 

 

 (a) (b) 

Figure 9. Comparison of experimental (symbols) and PC-SAFT calculated (lines) p-wN2 isotherms 

for HAR + N2 mixtures with pure component parameters calculated with (a) the B-GC 

method and kij = – 0.031, and (b) the S-GC method and kij = 0.136, both at  - 300,  - 

373,  - 423,  - 473, and  - 530 K. The gray area shows the two-phase, vapor + liquid 

region at 530 K. 

 

 Figure 10 shows p-wN2 isotherms predicted using the different GC methods and with kij 

values fit to lower temperature isotherms. The dashed line superposed on each graph intersects the 

maximum of the isotherms and, therefore, represents the locus of p-T-wN2 mixture-critical points 

from ~475 to 750 K for these psuedo-component + N2 binary mixtures. As noted previously, the 
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mixture-critical point for a multicomponent, diesel + N2 mixture is not necessarily located at the 

maximum of the p-x or p-w isotherms so the dashed line shown here should be interpreted as 

estimates of the mixture-critical point. Both calculation methods show that the two-phase regions 

of the p-wN2 loops shrink as N2 and HAR pseudo-component become more miscible as the 

temperature increases. However, the two-phase regions predicted with S-GC pseudo-component 

parameters shrink at a much faster rate with increasing temperature. These model phase behavior 

predictions, using a single pseudo-component to represent HAR diesel, offer reasonable estimates 

or bounds for the conditions needed for diesel + N2 mixtures to transition to a single supercritical 

fluid phase. More accurate predictions could be obtained, at the price of more extensive 

computational effort, if the calculations are performed accounting for all of the many components 

in diesel. 

 

 (a) (b) 

Figure 10. PC-SAFT calculated p-wN2 isotherms for HAR + N2 mixtures with pseudo-component 

parameters calculated with (a) the B-GC method and kij = – 0.0313, and (b) the S-GC 

method and kij = 0.1363. The dashed lines through isotherm maximums represents the locus 

of mixture-critical points. 
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 Figure 11 shows the p-T diagram for HAR + N2 with calculated vapor pressure curves 

ending at the HAR critical point and with the mixture-critical curves predicted with B-GC 

parameters and kij = -0.031 and the S-GC parameters with kij = 0.136. The mixture-critical curve 

defines the p-T conditions needed to obtain a single phase. For this pseudo-binary mixture the 

mixture-critical curve exhibits a very large negative slope, indicating it is difficult to dissolve N2 

into HAR diesel even at ~ 700 K. Calculations with the B-GC parameters predict a higher HAR 

critical point and a two-phase region that extends to higher temperatures as compared to 

predictions with the S-GC parameters. Although calculations are not shown here, identical trends 

are obtained for the quality of the fit of the p-wN2 isotherms with kij and for the location and shape 

of the critical mixture curve for ULSD + N2 and HPF + N2 mixtures. 

 

 

 

Figure 11. PC-SAFT calculated p-T diagram for HAR + N2 mixtures. The HAR calculated vapor 

pressure curves (solid lines) ending in the critical point (circle) and the HAR + N2 mixture 

critical curves (dashed lines) are calculated with the B-GC method and kij = – 0.031 (black 

dashed line) and the S-GC method and kij = 0.136 (red dashed line). 

  

4. Conclusions 
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 The present study provides experimental data and modeling approaches necessary to 

address the important issue of whether diesel injection into a supercritical air environment 

ultimately results in a single supercritical fluid phase at HPHT combustion chamber conditions. 

These new data and modeling calculations provide needed information critical for understanding 

the dynamic mixing process within the diesel engine combustion chamber. The HPHT mixture 

density and phase behavior results for three different diesel fuels in the presence of N2 provide a 

basis for modeling studies using the PC-SAFT EoS. Each diesel fuel is characterized with EoS 

parameters calculated using a single, pseudo-component approach incorporating two different 

group contribution methods. Burgess's GC method17 provides better predictions for mixture 

densities and for BP data as compared to Sauer's GC16 method since Burgess used HPHT data 

when developing his GC parameter database while Sauer used much lower vapor pressure and 

saturated liquid density data. Both types of experimental diesel + N2 mixture data provide a rational 

basis for determining values for kij, a binary mixture parameter needed for the EoS calculations. 

Interestingly, PC-SAFT predictions using B-GC parameters provide more realistic isotherm 

shapes as compared to predictions using the S-GC parameters Identifying the exact T, p conditions 

for the mixtures to exhibit supercritical fluid behavior remains an on-going challenge given that 

the predicted mixture-critical curve can differ by as much ~80 K depending on the choices made 

to calculate the diesel EoS parameters. It is important to note that the mixture-critical pressure is 

very likely easily obtained in the combustion chamber since the critical pressure for most heavy 

hydrocarbons is typically less than 2 to 3 MPa32 and the maximum combustion chamber pressure 

can exceed 15 MPa. However, the fuel + air mixture temperature prior to combustion is difficult 

to identify precisely since it is contingent on sufficient time for heat and mass transfer processes 

to occur within the combustion chamber. The temperature of the injected fuel mass is expected to 



28 

 

be approximately 380 K and there will be a corresponding local cooling of the surrounding air near 

the fuel injector. Nevertheless, critical mixture predictions for the diesel + N2 using the GC method 

of Sauer et al.16 resemble those for n-hexadecane + N2 reported in our previous work29. Here it is 

assumed that the true diesel + air mixture critical curve is likely bounded between the two model 

variations with a uncertainty on the temperature of ± 40 K. Further, we speculate that given the 

diffusive mixing process observed by Crua et al.12 at conditions exceeding 1000 K and 9 MPa for 

n-hexadecane + N2, the diesel + air mixture could exhibit a supercritical state prior to the onset of 

combustion at the greatest engine load conditions when the piston reaches the top dead center in 

the combustion chamber7. 
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