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Abstract 

Computational models widely employed for predicting the dispersion 

of fuel sprays in combustion engines suffer from well-known 

drawbacks associated with the utilization of case-dependent empirical 

phase-change models, describing the conversion of liquid into vapour 

during fuel injection. The present work couples the compressible 

Navier-Stokes and energy conservation equations with a 

thermodynamic closure approximation covering pressures from 0 to 

2000bar and temperatures that expand from compressed liquid, 

vapor-liquid equilibrium to trans/supercritical mixing, and thus, cover 

the whole range of P-T values that diesel fuel undergoes during its 

injection into combustion engines. The model assumes mechanical 

and thermal equilibrium between the liquid, vapour and surrounding 

air phases and thus, it avoids utilization of case-dependent empirical 

phase-change models for predicting in-nozzle cavitation and 

vaporization of fuels. Model development is based on the recent 

works reported for one mono-component (n-dodecane) and extended 

here to consider the influence of two multicomponent diesel 

surrogates. Fuel properties are predicted via the Perturbed Chain 

Statistical Associating Fluid Theory (PC-SAFT) equation of state 

(EoS). The tabulated thermodynamic approach proposed is based on 

P-T tables, providing very high accuracy across the range of 

conditions with only a small number of interpolation points. The 

developed model is validated against experimental data for the liquid 

and vapour penetration for the Spray A conditions reported in the 

Engine Combustion Network (ECN) database. Results show good 

agreement for three non-reacting target conditions. Then, from 

simulations obtained using the two multi-component fuel surrogates 

their effect can be quantified on spray development. 

Introduction 

Diesel fuel is composed of hundreds of hydrocarbon molecules; the 

principal chain could have predominantly 9 to 20 carbon atoms 

[1],while the final composition is directly linked to the oil source and 

refinement process [2]. In addition, commercial diesel fuel contains 

small amounts of sulphur, nitrogen, oxygen, which provide natural 

lubrication and reducing wear of the fuel injection equipment. It 

could also contain other additives to adjust its performance 

characteristics as dispersants, detergents and anti-freezing molecules 

[3]. 

 

These broad variations make it impractical to use real fuel 

composition in both numerical simulations and in some experimental 

tests in order to ensure comparable properties and reproducibility 

[4].To evaluate the influence of diesel fuel composition, surrogates 

are used to emulate the physical and chemical properties of a target-

diesel fuel. The effectiveness of multicomponent diesel surrogates to 

represent diesel fuel is easier to be tested experimentally; however, 

their utilization in numerical simulations imposes more challenges 

[5]. These reside on the reproduction of physical and chemical 

properties and component interactions, which is normally linked with 

the increase of the model computational cost. 

The most common surrogate to emulate diesel fuel properties is n-

dodecane [6]. Even though it does not fully cover the complexity of 

diesel fuel composition, it provides a reasonable approximation and is 

broadly used in a wide range of applications [7]. In a more refined 

approach, the diesel fuel composition can be grouped by considering 

four main hydrocarbon classes: n-alkanes, iso-alkanes, cyclo-alkanes 

and aromatics [4,8-9].  

Pei et al. [10] used a binary mixture for a diesel surrogate, including 

the aromatic class of hydrocarbons. This surrogate was composed of 

n-dodecane and m-xylene and its skeletal chemical mechanism was 

validated against both the detail chemical mechanism and the 

relevant experimental data. Sun et al. [11] used a ternary mixture of 

2,2,4,4,6,8,8-Heptamethylnonane (HMN),1-Methylnaphthalene and 

n-Hexadecane to model the properties of No.2 diesel. They validated 

the surrogate’s performance against the ECN Spray A numeric 

simulations. Qian et al. [12] proposed three surrogates distinguished 

by varying the number of their components: 3-components (n-

hexadecane, HMN,1-methylnaphthalene), 5-components (n-

hexadecane, n-octadecane, HMN, 1-methylnaphthalene, decalin) and 

7-components (n-hexadecane, n-octadecane, HMN, 1-

methylnaphthalene, decalin, n-butylbenzene, n-butylcyclohexane). 

These surrogates were tested in terms of their effectiveness to 

represent engine performance and emissions.  

Recently, Sun et al.[13]developed a four-component surrogate for 

marine diesel applications composed of n-tetradecane, toluene, 

methylcyclohexane and ethanol. Their derivate chemical mechanism 

was validated against measurements obtained in a shock tube, in a 

counterflow configuration and a marine engine. Mueller et al. [14] 

used a regression model to compose a four surrogate formulation and 

characterized those formulations against the compositional 

characteristics of the no. 2-D S15 diesel. These have been classified 
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as lower- and higher-compositional-accuracy diesel surrogate fuels, 

depending on the number of components; the first group contains 

four and fine components (indicated as V0a and V0b, respectively) 

and the second eight and nine components (indicated as V1 and V2, 

respectively).  

Additional complexities in the simulation of the physical properties 

of fuel surrogates exist when considering their variation with pressure 

and temperature that expand beyond the critical point of the Diesel 

fuel [15]. In those conditions, compressibility effects become relevant 

and the use of constant properties in those cases lead to significant 

inaccuracies [16]. Besides, the relative importance of shear and 

surface tension forces during fuel atomization and evaporation under 

trans- and supercritical conditions is not significant; fuel mixing is 

governed by supercritical diffusion [15,17]. 

In order to capture those phenomena, real-fluid equations of state 

(EoS) need to be considered. Previously reported most common EoS 

such as the cubic EoS, like the Soave-Redlich-Kwong (SRK)[18] and 

the Peng-Robinson [19] were largely applied, despite their 

compromised accuracy [20]. Their conception is based only on van 

der Wall dispersion forces [21], as a consequence, their precision 

decreases at conditions of strong association between molecules and 

at high pressure and high temperature (HPHT) conditions [22,23].  

Recent works from the author’s group report measurements and 

validated modelling methods predicting the variation of diesel fuel 

properties at pressures as high as 3000bar and temperatures up to 

approximately 550K [24-33]. 

An alternative is the utilization of the Statistical Associating Fluid 

Theory (SAFT) molecular where the residual Helmholtz free energy 

and the perturbation theory are taken into account [34]. Among the 

variants of the SAFT model, the Perturbed-Chain (PC-SAFT) EoS is 

the most notable variation; the Helmholtz free energy contribution is 

applied to hard spheres [35]. In general, the PC-SAFT EoS 

predictions are more accurate with regards to thermodynamics and 

transport fuel properties in comparison to cubic EoS [36], especially 

in multicomponent mixture [37-39].  In contrast, cubic EoS are 

computationally efficient [40]. In order to reduce the calculations 

time and save computational cost, tabulated methods are common 

techniques applied on fluid dynamic simulations [41-42]. 

In recent work of the author’s group, the PC-SAFT EoS has been 

coupled with a fluid flow solver in order to simulate a transcritical jet 

[43-44], as well as a Spray A injection, also combined with machine 

learning [45]. However, both of these studies use a single component 

surrogate, n-dodecane, instead of the multi-component mixtures 

mentioned above. In another study by the group [46], a multi 

component surrogate is used for the simulation of cavitating in-

nozzle flow. However, in this case no comparison with experimental 

data is done, in order to evaluate the overall precision of this coupled 

methodology for multi component mixtures.  

As the discursion above reveals, the effect of using realistic 

surrogates and their modelling is a complex area, especially for 

computationally efficient simulations in practical applications. The 

overarching goal of this study is to understand the sensitivity of CFD 

predictions on the selection of fuel surrogate under the conditions of 

the non-reactive ECN Spray A. Therefore, the main objectives of this 

study are: (i) to validate the computational methodology against 

measurements of liquid and vapour penetration; (ii) to apply this 

approach to more complex surrogates without a significant increase 

of the computational cost; (iii) to demonstrate the differences when 

considering the multi-component fuel surrogates on diesel spray 

development. 

Numeric method 

The compressible form of the Navier-Stokes and energy conservation 

equations are solved numerically using the commercial pressure-

based solver, Fluent v19.1 [47]; the flow solver is supplemented with 

external user-defined functions (UDFs) to incorporate the variation of 

the physical and transport properties of the liquid, vapor and air as 

function of pressure and temperature. Numerical simulations are 

performed in a two-dimensional axisymmetric configuration. The 

fuel and air are treated as homogeneous mixture under mechanical 

and thermal equilibrium; as a consequence, all phases and 

components share the same velocity, pressure and temperature fields 

in each computational cell. In addition, a diffuse-interface 

approximation is assumed at the liquid-air interface. The four-

equation model utilized is: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�) = 0 (1) 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) =  −∇𝑝 + ∇ ∙ (�̿�) (2) 

𝜕𝜌𝑙𝑦𝑓𝑢𝑒𝑙

𝜕𝑡
+ ∇ ∙ (𝜌𝑙�⃗�𝑙𝑦𝑓𝑢𝑒𝑙) = −∇𝐽 (3) 

𝜕𝜌𝐸

𝜕𝑡
+ ∇ ∙ [𝑣(𝜌𝐸 + 𝑝)]

= ∇ ∙ ((𝑘𝑒𝑓𝑓∇𝑇) + (ℎ𝐽) + (�̿�𝑒𝑓𝑓 ∙ �⃗�)) 
(4) 

where ρ is the mixture density, �⃗� is the velocity vector field, 𝑝 is the 

pressure, 𝑦𝑓𝑢𝑒𝑙  is the fuel mass fraction, 𝐸 is the total energy, 𝑘𝑒𝑓𝑓  is 

the total effective thermal conductivity, T is the temperature, h is the 

enthalpy, the viscous stress tensor �̿� =  𝜇[(∇�⃗�) + ∇�⃗�𝑇] , with  µ 

being the dynamic viscosity and 𝑘𝑒𝑓𝑓   is the total effective thermal 

conductivity. 

The mass diffusion flux, 𝐽, is based on the dilute approximation and 

can be defined as: 

𝐽 = − (𝜌𝐷𝑚 +
𝜇𝑡

𝑆𝑐𝑡
) ∇𝑦𝑓𝑢𝑒𝑙 − 𝐷𝑇

∇𝑇

𝑇
 (5) 

 

were 𝜇𝑡  is the turbulent viscosity, 𝐷𝑚 is the mass diffusion 

coefficient for species  in the mixture, 𝐷𝑇  is the thermal (Soret) 

diffusion coefficient and 𝑆𝑐𝑡  correspond to the turbulent Schmidt 

number 𝑆𝑐𝑡 =
𝜇𝑡

𝜌𝐷𝑡
, where 𝐷𝑡  is the turbulent diffusivity. The 

diffusion coefficients are calculated using the kinetic theory and the 

parameters needed are based on the work of Tahery and Modarress 

[48]. Table 1 shows the values used. 
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Table 1: Kinetic theory parameters for the surrogates 

 σ [Å] ε/kB [K] 

n-dodecane 7.58 622.51 

V0a 8.2390 696.6401 

V1 8.0830 680.311 

 

Turbulence closure is achieved by employing the Reynolds Averaged 

Navier-Stokes (RANS) approach with the standard 𝑘 − 𝜀 model: 

𝜕𝜌𝑘

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�𝑘) = ∇ ∙ [(𝜇 +

𝜇𝑡

𝜎𝑘
) ∇𝑘] + 𝐺𝑘 + 𝜌𝜀 − 𝑌𝑀 (6) 

𝜕𝜌𝜀

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�𝜀) = ∇ ∙ [(𝜇 +

𝜇𝑡

𝜎𝜀
) ∇𝜀] + 𝐶1𝜀

𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
 (7) 

where 𝐺𝑘  represents the generation of turbulence kinetic energy due 

to the mean velocity gradients, 𝑌𝑀 represents the contribution of the 

fluctuating dilatation in compressible turbulence to the overall 

dissipation rate, 𝐶1𝜀 , 𝐶2𝜀  are constants, 𝜎𝑘 𝜎𝜀 are the turbulent Prandtl 

numbers for turbulence kinetic energy 𝑘 and its rate of dissipation 𝜀. 

All parameters are kept with the default values, except for the 

Schmidt number and C1. These two parameters were adjusted 

respectively to 0.5 and 1.52, based on [49]. 

The discretization of the governing equations is done with a second 

order upwind scheme, except for the transport equation and mass 

diffusion flux of the fuel. In those equations, the QUICK (Quadratic 

Upwind Interpolation for Convective Kinematics) and Third Order 

Upwind have been used, respectively. 

Thermodynamic properties 

The thermodynamic properties of the fuel and ambient gas are 

calculated using the PC-SAFT EoS and Vapor Liquid Equilibrium 

(VLE) calculations. In the PC-SAFT a reference fluid is defined to 

calculate the repulsive contribution. The reference fluid is composed 

of spherical segments comprising a hard sphere fluid that then forms 

molecular chains to create the hard-chain fluid. The attractive 

interactions, perturbations to the reference system, are accounted for 

with the dispersion term [35]. The final expression of the residual 

Helhomtz free energy is defined as: 

𝑎𝑟𝑒𝑠 = 𝑎ℎ𝑐 + 𝑎𝑑𝑖𝑠𝑝 (8) 

The detailed expression of these terms is rather lengthy; thus, the 

interested reader is addressed to the original publication of the model 

[35]. All thermodynamic properties can be defined as functions of the 

residual Helmholtz energy and its derivatives. The transport 

properties are estimated using the residual entropy scaling method, 

presented in [50] for dynamic viscosity and [51] for thermal 

conductivity. The VLE calculations are done at constant pressure and 

temperature and consist of two parts. First the mixture is assumed to 

be in a single-phase state and its stability is investigated through the 

Tangent Plane Distance [52]. Then the algorithm proceeds with the 

TP flash calculations, the minimization of the Gibbs Energy under 

constant pressure and temperature, as presented in [53]. Through the 

flash calculations the composition of the liquid and vapor phase is 

calculated, as well as the vapor molar fraction.  

Both parts of this code can be seen as optimization problems. The 

stability problem is solved using the quasi-Newton Method BFGS 

(Broyden-Fletcher-Goldfarb-Shanno). For the flash problem a BFGS 

is used, together with a classical Newton-Raphson minimization 

method for the Rachford-Rice, based on the algorithm of [53].  

All calculations are done in advance and the thermodynamic and 

transport properties are stored in structured 3D tables. These can then 

be accessed by the CFD code using a combination of pressure, 

temperature and fuel mass fraction to updated the fuel/gas properties 

inside each computational cell. 

Simulation configuration and cases setup 

The Spray A injector is a single-hole, common rail, Bosch solenoid-

activated diesel injector extensively utilized in ECN. Applied at 

HPHT evaporating conditions, Spray A injector has a nominal nozzle 

outlet diameter of 0.090mm, orifice length of 1mm and a k-factor of 

1.5. The computational domain consists of the nozzle’s sac volume, 

the nozzle hole orifice and the combustion chamber downstream of 

the nozzle hole exit; this extents 50mm in the axial and 15mm in the 

radial directions, respectively. The exact hole radius variation along 

the injector axis is available at the ECN website [54]. 

The computational grid utilized body-fitted quadrilateral cells. The 

injection hole is discretized with 20 cells in the radial direction, 

corresponding to a resolution of 2 μm. Moving at distances further 

away from the nozzle exit, the mesh becomes coarse with a maximal 

size of 0.6mm. This refinement strategy is based on previous 

validated study published by the author [55] and results in a mesh of 

49k cells with a maximum y+ of ~50. 

 
Figure 1. The computational mesh used for the reported simulations 

The base line cases have been conducted with pure n-dodecane (n-

C12H26) as fuel and the boundary conditions are chosen based on the 

experimental data at inert conditions (0% oxygen) available on the 

ECN website [56]. To ensure the non-reacting condition in the 

numerical simulations, the chamber is initialized with only nitrogen 

(N2), at three fixed pressure and temperature conditions and zero 

gradient for all other quantities: 60bar and 900k; 50bar and 1100k; 

30bar and 1400k. Details of the downstream condition are given in 

Table 2. 
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Table 2. Ambient conditions for Spray A 

Case Pressure [bar] Temperature [K] Density [Kg/m3] 

#1 60 900 22.8 

#2 50 1100 15.2 

#3 30 1400 7.5 

 

In addition to n-dodecane base line cases, a comparison of different 

fuel surrogates in the same cases has been carried out. The fuels were 

chosen to highlight the compositional difference between n-dodecane 

and the selected surrogates V0a and V1. The V0a is composed of 

four components and V1 is composed of nine components. Tables 3 

and 4 provide the fuel molar composition and properties of the three 

surrogates [14,57-58]. 

Table 3: Fuel composition for Diesel surrogates [14] 

Compound 
Molar 
comp. 

[g/mol] 

Boiling 
point 

[K] 

Surrogate mol % 

n-C12H26 V0a V1 

dodecane 170.3 489.0 100 - - 

n-hexadecane 226.4 560.0 - 27.8 2.7 

n-octadecane 254.5 590.0 -  20.2 

heptamethylnonane 226.4 520.0 - 36.3 29.2 

n-butylcyclohexane 140.3 456.2 - - 5.1 

trans-decalin 138.2 460.5 - 14.8 5.5 

1.2.4-trimethylbenzene 120.2 442.6 - - 7.5 

tetralin 132.2 480.9 - - 15.4 

1-methylnaphthalene 142.2 518.0 - 21.1 14.4 

* Boiling points at 0.10MPa  

Table 4: Fuel properties [14,59] 

 n-C12H26 V0a V1 

Density [Kg/m3] 750 818 828.4 

Flash point (°C) 74 88 83 

Kinematic viscosity (cSt) 1.99 2.452 2.303 

 

The injection conditions (1500bar and fuel temperature of 363K) are 

kept constant in all numerical simulations. Additionally, the nozzle 

walls are considered adiabatic. The inlet boundary condition is based 

on the measured mass flow rate profile. This profile is reported in 

[60] as function of injection pressure, ambient back pressure, fuel 

density, injector nominal parameters and injection duration. The 

curves used are depicted in Figure 2.  

 

 
Figure 2: Mass flow rate: (a) n-dodecane at different ambient conditions; (b) 
different surrogates at 900K and 22.8kg/m3 ambient condition. 

All simulations are carried out for 1.5ms simulation time, in a 

workstation within 12 cores; 4.1 hours of CPU time is required for 

each case. 

Results 

Spray A validation 

First, the model is validated using n-dodecane as liquid fuel for three 

ambient conditions: 900K and 22.8kg/m3 (60bar), 1100K and 

15.2kg/m3 (50bar), 1400K and 7.6kg/m3 (30bar). The main objective 

of the validation at three different ambient conditions is to confirm 

the extension and capabilities of the aforementioned tabulate 

approach. Figure 3 shows the temporal evolution of the vapor 

penetration along with the experimental data [61]. Here, the vapor 

penetration is defined, according ECN guidelines, as 0.1% of the 

vapor concentration at the maximal axial distance. Vapor penetration 

is inversely proportional to the ambient density. At higher density 

(22.8kg/m3) the fuel presents the lowest vapor penetrations and at 

7.6kg/m3 the highest one. Also, at density values of 15.2kg/m3 and 

7.6kg/m3, the numerical results slightly overestimate the 

experimental ones. Nevertheless, both results can be considered 

satisfactory.  



Page 5 of 12 

10/12/2021 

 

Figure 3: Vapor penetration of n-dodecane for three downstream conditions.  

The numerical results of liquid penetration are also compared against 

the experimental data [61] in Figure 4. Between 0.05 and 0.01ms a 

steep increase on the liquid penetration is observed, surpassing the 

experimental results and followed by an instant drop that follows the 

expected trend in following times. This temporary overestimation is 

consequence of the detachment of a small part of the liquid core, 

which vaporizes fast [62]. It is important to emphasize that the 

experimental liquid penetration is estimated based on the liquid core 

length, identified following the ECN guidelines, based on the 

distance of the iso-surface of 0.15% liquid volume fraction. Thereby, 

after the initial liquid detachment from the main core, liquid 

penetration shows a satisfactory agreement with the experimental 

data uncertainty in all cases. 

 

Figure 4: Liquid penetration of n-dodecane for three downstream conditions.  

Figures 5 and 6 show the n-dodecane mass fraction distribution 

profiles against the experimental data reported in [61] for 900K and 

22.8kg/m3, and 1100K and 15.2kg/m3, respectively. For the 1400K 

and 7.6kg/m3 case, mass fraction and temperature distribution along 

the jet central line were not available. In both cases, the mass fraction 

distributions are well predicted for all axial distances.  

 
Figure 5: Radial profiles of mixture fraction of n-dodecane at different 
distances from the nozzle exit, at 900K and 22.8kg/m3 ambient conditions. 

 
Figure 6: Radial profiles of mixture fraction of n-dodecane at different 
distances from the nozzle exit at 900K and 22.8kg/m3 ambient conditions. 

Finally, predictions for temperature variation along the spray centre-

line are compared against the experimental data of [61] in Figure 7. 

Overall, the numerical predictions are in close agreement with the 

measurements. 
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Figure 7: Temperature distribution along the jet centreline for two 
downstream conditions.  

Summarizing, it can be claimed that the simulations exhibit 

satisfactory prediction of the experimental data in all conditions 

analyzed, demonstrating the versatility of the employed numerical 

methodology. It can be noted that in complement to the previous 

study from the authors [55], the range of applicability of the tabulated 

thermodynamic approach was extended. Besides, it was possible to 

incorporate the liquid volume fraction in the tabulated 

thermodynamics and predict the liquid penetration in all cases 

without any empirical coefficient tuning, being an alternative 

approach to Eulerian-Lagragian simulation [63-64]. 

Fuel property comparison 

Next, predictions obtained with the V0a and V1 surrogates are 

presented. As the results present similar behavior, the comparison for 

1100K and 15.2kg/m3, 1400K and 7.6kg/m3 ambient condition will 

be omitted and only the 900K and 22.8kg/m3 case is discussed in 

detail. 

Figure 8 shows the vapor penetration as a function of time. The 

multi-component surrogates (V0a, V1) present slightly higher 

penetration rate in comparison to the single component (n-dodecane) 

fuel. The multi-component surrogates have some components with a 

boiling point lower than n-dodecane (489.0K) as 1,24-

trimethylbenzeno (442.6K) and n-butycyclohexane (456.2k), that 

could impact on an earlier fuel evaporation. However, they represent 

less than 8% of the molar fraction. So, it is not possible to assume 

that the boiling point has a governing role in the vapor penetration 

base on this absolute difference. The same conclusion is also 

applicable for the fuel density and the vapor penetration. There is not 

a clear correlation for the narrow liquid density range (730-

828kg/m3) analyzed here. This same conclusion is found in previous 

studies[65-66]. 

 
Figure 8: Vapor penetration for n-dodecane, V0a and V1 at 900K and 
22.8kg/m3 ambient condition. 

Figure 9 illustrates the fuel mixture fraction profile for the surrogates. 

The V0a and V1 present the same fuel distribution in all axial range, 

as shown by the overlapping curves. This behavior is expected since 

their composition palette aims to match the composition 

characteristics of the same target fuel, no. 2-D S15 diesel [14]. The 

multi-component surrogates present a higher concentration at the 

central region of the jet, between 0-2mm radius, beyond the 2mm 

redial position the distribution is practically the same for all three 

fuels. 

 

Figure 9: Radial mixture fraction profiles for n-dodecane, V0a and V1 at 
different distances from the nozzle at 900K and 22.8kg/m3 ambient condition. 
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In contrast, Figure 10 shows the temporal variation of liquid 

penetration, where the difference imposed due to the surrogate 

selection are clear. Several factors justify this difference. The fuel 

with low-boiling point, as n-dodecane, evaporates fast and its liquid 

penetration is lower. For the multi-component surrogates, more than 

65% of the molar fraction present higher boiling point components in 

comparison to n-dodecane; the latter is having a smaller liquid 

penetration due to higher volatility.  The n-dodecane liquid 

penetration is on average 1mm lower than the multi-component V0a 

and V1. 

 

Figure 10: Liquid penetration for n-dodecane, V0a and V1 at 900K and 
22.8kg/m3 ambient condition. 

Another direct association can be observed between the fuel density 

and liquid length, as illustrated in Figure 11, where a linear 

correlation can be observed on the cases simulated. The V1 present 

the higher density (828Kg/m3) and the longest liquid length, 11.9mm, 

followed by V0a (828Kg/m3 and 11.7mm) and n-dodecane 

(730Kg/m3 and 10.4mm).  

 

Figure 11: Fuel density and liquid length correlation at 900k/60bar ambient 

condition. 

These absolute differences are relevant since the precise liquid 

penetration prediction is an important factor for direct-injection diesel 

engine development. When the liquid length reaches the piston head 

and/or cylinder liner wall, a fuel film may form that could combust at 

different time from the main combustion, increasing the soot and 

NOx emissions. The liquid impingement may also result to other 

negatives effects as higher hydrocarbon and carbon monoxide 

emissions, increase piston-wall friction and engine-component wear 

[67]. It is also mentioned that the liquid length may be affected by 

other fuels properties such as viscosity, heat of vaporization, vapor 

pressure and latent heat [65], especially for the multi-component 

surrogates. 

The predicted mean velocity at spray centerline is illustrated in 

Figure 12. Until approximately 3mm axial distance, the centerline 

velocity increases, as n-dodecane tends to be more accelerated than 

the multi-component surrogates. This velocity increase is followed by 

a deceleration, which is more pronounced for n-dodecane, until all 

surrogates decelerate to the same velocity value. 

 

Figure 12: Mean spray centerline velocity for n-dodecane, V0a and V1 at 
900K and 22.8kg/m3 ambient condition. 

Lastly, all surrogates present the same temperature at the spray 

centreline. As expected, the centerline temperature increases as 

function of the surrogate and nitrogen mixing. 

 
Figure 13: Temperature distribution along the jet central line at 900K and 
22.8kg/m3 ambient condition. 

Numerical extrapolation: penetration behavior 

The numerical method allows exploration of the sole effect of fuel 

properties. One simulation was performed with V0a at 900K and 

22.8kg/m3 ambient condition. However, the n-dodecane mass flow 

rate profile was used instead of V0a mass flow rate profile as 

boundary condition.  
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As illustrated in Figure 2, the V0a mass flow rate is around 7.2% 

higher compared to n-dodecane mass flow rate at 60bar ambient 

pressure. Even though this extrapolation is not physically accurate, it 

is still interesting to analyze the sole effect of the thermodynamic 

properties of surrogates.  

Figure 14 shows the vapor penetration and Figure 15 the liquid 

penetration as function of time. The green line represents the n-

dodecane results, the blue line represents the V0a and the yellow line 

the V0a with n-dodecane mass flow rate profile as boundary 

condition, named as V0a – Extrapolation.  

 
 
Figure 14: Vapor penetration for n-dodecane and V0a at 900K and 22.8kg/m3 
ambient condition 

As examined before, n-dodecane and V0a have the same behaviour 

for vapour penetration. However, V0a-Extrapolation presents a 

slightly lower vapor penetration. This difference makes clear the 

impact of fuel properties (n-dodecane and V0a-Extrapolation 

comparison) and boundary condition (V0a and V0a-Extrapolation 

comparison) on the results. At 1.0ms, the vapor penetration reaches 

47.1mm for the n-dodecane, 47.5mm for the V0a and 45.5mm for the 

V0a-Extrapolation. The boundary condition has 4.20% relative 

difference (V0a and V0a-Extrapolation comparison) and the fuel 

properties 3.38% relative difference (n-dodecane and V0a-

Extrapolation comparison). 

 

Figure 15: Liquid penetration for n-dodecane and V0a at 900K and 22.8kg/m3 
ambient condition. 

The difference is more relevant for the liquid penetration (Figure 15). 

Disregarding the initial liquid detachment, the maximum distance 

achieved for the three cases are: 10.4mm for the n-dodecane, 11.7mm 

for the V0a and 11.2mm for the V0a-Extrapolation. The fuel 

selection results to an 7.62% relative difference (n-dodecane and 

V0a-Extrapolation comparison) and the boundary condition on 4.65% 

relative difference (V0a and V0a-Extrapolation comparison). 

Summary/Conclusions 

In this work, three diesel surrogates were numerically compared 

using a tabulated thermodynamic modelling based on PC-SAFT EoS. 

The surrogates can be divided in two groups: one mono-component 

(n-dodecane) and two multi-component (V0a and V1). Both multi-

component surrogates were formulated to match the compositional 

characteristics of the same target fuel, no. 2-D S15 diesel, which 

justifies the similar performance. The PC-SAFT EoS model can be 

applied to both types of surrogates. This modelling approach presents 

a considerable advantage due to the independence of tunable 

coefficients, a necessary practice in Eulerian-Lagragian modelling. 

All simulations were performed in non-reacting conditions. First, the 

ECN Spray A was validated in three target conditions, demonstrating 

the reliability and versatility of this method in complement to 

previous studies. Second, the different surrogates were compared 

aiming to understand their characteristics on fuel mixing, vapor and 

liquid penetrations. It was found that it is possible to associate the 

fuel density and boiling point with the liquid penetration, being 

directly proportional to these properties. In fact, the type of diesel 

surrogate can lead to a difference higher than 1mm for the maximum 

liquid penetration. 
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BFGS Broyden-Fletcher-Goldfarb-Shanno 

CFD Computational fluid dynamics 

ECN Engine Combustion Network 

EoS Equation of state 

HMN Heptamethylnonane  
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PC-SAFT Perturbed Chain Statistical Associating 
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