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Abstract 13 

In modern compression ignition engines, the dense liquid fuel is directly injected into high pressure 14 

and temperature atmosphere, so the spray transitions from subcritical to supercritical conditions. To 15 

gain better control of the spray-combustion heat release process, it is important to have a physically 16 

accurate description of the spray development process. This work explored the effect of real-fluid 17 

thermodynamics in the computational prediction of multiphase flow for two non-ideal situations: the 18 

cryogenic nitrogen and non-cryogenic n-dodecane and ammonia sprays. Three real-fluid equations of 19 

state (EoS) such as the Soave-Redlich-Kwong (SRK), Peng-Robinson (PR), and Redlich-Kwong-Peng-20 

Robinson (RKPR) coupled with the real-fluid Chung transport model were implemented in OpenFoam 21 

to predict the real-fluid thermodynamic properties. Validations against the CoolProp database were 22 

conducted. The RKPR EoS demonstrated an overall better predictive performance compared to the SRK 23 

and PR EoS. Due to miscalculations of the thermodynamic properties under supercritical conditions, 24 

the cases using the ideal-gas EoS predicted the significantly distinct spray features from the cases using 25 

real-fluid EoS. For the cryogenic nitrogen spray simulations, cases using various real-fluid EoS yielded 26 

similar spray features because of the low injection rate and thus the weak ambient entrainment process. 27 

The reduction of ambient pressure promoted the turbulent mixing process for the n-dodecane spray due 28 



  

to the smaller ambient density and resistance. Compared to ammonia, n-dodecane had higher density 29 

and viscosity under supercritical conditions, which led to its higher jet velocity and more concentrated 30 

spray feature. 31 

Abbreviation 

CFD Computational fluid dynamics NH3 Ammonia 

CI Compression ignition Pamb Ambient pressure 

cp Specific heat capacity Pc Critical pressure 

d Nozzle diameter PR Peng-Robinson 

D Outlet diameter SRK Soave-Redlich-Kwong 

e Internal energy SAFT 
Statistical Associating Fluid 

Theory 

ECN Engine combustion network T Temperature 

EoS Equation of state Tc Critical temperature 

RKPR Redlich-Kwong-Peng-Robinson Tamb Ambient temperature 

h Enthalpy TKE or k Turbulent kinetic energy 

L Domain length Ux, Uz Axial velocity 

N2 Nitrogen Vc Critical volume 

NC12H26 n-Dodecane Zc Compressibility factor 

1. Introduction 32 

The pursuit of better combustion performance and lower emissions has stimulated engine 33 

manufacturers to apply a high-pressure injection system. In compression ignition (CI) engines with a 34 

high compression ratio, when the highly-dense liquid diesel is directly injected into a high-pressure and 35 

temperature atmosphere, the fuel goes through a transcritical path and eventually becomes a 36 

supercritical fluid rather than gas, due to the gradual change of thermophysical properties and diffusion-37 

dominated mixing process [1]. This is significantly different from the conventional subcritical injections, 38 

where the liquid jet experiences a series of obvious two-phase change processes, including the droplet 39 

atomization and collision, turbulent dispersion, breakup, evaporation, etc [2]. Considering that the 40 



  

combustion heat release and emission formation processes are dominated by the spray process, it is 41 

significant to get a good understanding of the related physical fundamentals.  42 

Numerous experimental and numerical efforts have been taken to explore the liquid fuel injection 43 

process under trans/supercritical conditions [3-9]. The early research was primarily focused on the 44 

rocket applications involved with cryogenic liquid injections [10, 11]. Mayer et al. [11-13] conducted a 45 

series of experiments both qualitatively and quantitatively to study the atomization and breakup 46 

behaviors of cryogenic propellants under high-pressure subcritical and supercritical conditions. They 47 

revealed that there existed a remarkable difference between subcritical and supercritical sprays, for 48 

which the latter demonstrated an apparent fluid/fluid mixing feature rather than a conventional two-49 

phase spray formation feature. This is because above the critical point the intermolecular force is so 50 

high that the interface between liquid and vapor phases vanishes and the jet becomes a continuous 51 

single-phase fluid. 52 

Compared to the cryogenic liquid injection, diesel injection is more complicated, since the fuel is 53 

composed of hundreds of species [14]. From a thermodynamic point of view, the mixture’s critical 54 

properties are significantly different from those of a single species, exhibiting a complicated non-linear 55 

relationship with temperature and pressure [15]. Furthermore, the phase change may also exist under 56 

transcritical conditions, which makes it difficult to adequately evaluate the experimental observations 57 

[15]. Therefore, for simplification, the engine community network (ECN) proposed to utilize n-58 

dodecane to mimic the diesel injection process. Manin et al. [16] studied the atomization and mixing 59 

processes of a n-dodecane spray at conditions with progressively higher ambient pressure and 60 

temperature. Similar to the cryogenic injection, they identified that droplet and ligament dynamics did 61 

not exist when the spray transferred from subcritical to supercritical conditions that were relevant to 62 



  

engine operations near the top dead center. The theoretical calculations by Dahms and Oefelein [1] 63 

revealed that the two-phase interface breakdown was predominantly owing to the thickened interfaces 64 

and reduction of the mean free molecular path rather than the diminished surface tension at high 65 

supercritical temperatures.  66 

To complement experimental observations and adequately model the jet evolution process under 67 

trans/supercritical conditions, the development of a robust and accurate simulation tool is critical. Many 68 

investigators have applied the Eulerian-Lagrangian approach to model the fuel injection under engine-69 

relevant conditions [17]. In this method, the liquid phase is represented by blobs of dispersed particles, 70 

and the gas phase is represented by a continuous fluid [18]. Typically, the liquid fuel density is taken as 71 

a variable that changes with the temperature only and the gas-phase density is resolved by the ideal gas 72 

equation of state (EoS) [19]. The Eulerian-Lagrangian method works reasonably well with adequate 73 

adjustments to the spray breakup models. However, it could not accurately capture the thermodynamic 74 

parameters such as density, viscosity, and specific heat, especially around the near-nozzle and dense 75 

liquid core regions [20]. As such, an Eulerian simulation method coupled to a real-fluid EoS is needed 76 

to better predict the thermodynamic and transport properties of the fluid mixture [6].  77 

General cubic EoS such as Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR) is usually 78 

applied to account for the real-fluid thermodynamics owing to their simplicity and reasonable accuracy. 79 

These two EoS were developed based on van der Waals dispersion forces and could give reasonable 80 

predictions for mixtures of non-polar fluids. To further improve the predictions for associating fluids, 81 

Chapman et al. [21] proposed the Statistical Associating Fluid Theory (SAFT) EoS and extended it to 82 

mixtures. Thereafter, various modified versions such as variable range SAFT [22] and perturbed-chain 83 

SAFT [23] were developed. By comparing the SRK, PR, and SAFT EoS, Perez et al. [24] found that 84 



  

the SAFT EoS gave better predictions of density and vapor-liquid equilibrium. However, the SAFT EoS 85 

meets the challenge of a significantly higher computational cost compared to the cubic EoS [24]. By 86 

introducing a third parameter (critical compressibility factor, Zc) to the two-parameter EoS such as PR 87 

EoS, Cismondi et al. [25] proposed the Redlich-Kwong-Peng-Robinson (RKPR) EoS. Recently, Tassin 88 

et al. [26] reported that the three-parameter RKPR EoS demonstrated a more close agreement with the 89 

SAFT EoS than the two-parameter SRK and PR EoS. As a consequence, in terms of computational cost 90 

and prediction accuracy, the RKPR EoS has great potential in high-fidelity spray simulations. 91 

On the other hand, these years, ammonia (NH3) has gained lots of attention in engine applications, 92 

due to its easy delivery/storage and superiority of zero-carbon emissions during combustion [27]. In 93 

spark-ignition engines, stoichiometric combustion using NH3 as the fuel is difficult to realize because 94 

of the significantly lower reactivity of NH3 compared to gasoline [28]. Even mixed with a certain 95 

amount of hydrogen, a high incomplete combustion loss was induced [29]. Therefore, more advanced 96 

combustion technologies should be applied to enhance engine performance. For example, dual fuel 97 

combustion could be achieved by using diesel as the pilot fuel, which expedited the ammonia 98 

combustion process and promoted engine efficiency [30]. In particular, in marine engines, to fulfill the 99 

future CO2 emission regulation, the high-pressure injection diesel-ammonia dual-fuel combustion 100 

strategy could be employed to fulfill the target. In this regard, the study on the ammonia spray is 101 

meaningful, which paves the way for further optimization of the spray-combustion process. 102 

In this work, the spray features for the cryogenic nitrogen and non-cryogenic n-dodecane and 103 

ammonia under trans/supercritical conditions were investigated. The open-source code OpenFoam 104 

1912v was utilized for high-fidelity CFD simulations. Three real-fluid EoS including SRK, PR, and 105 

RKPR were implemented. Chung’s theory [31] was used to account for the real-fluid transport 106 



  

properties. The predicted thermodynamic properties using various EoS were compared with the 107 

CoolProp database [32]. Simulations using the ideal gas EoS were also conducted and compared with 108 

the real-gas EoS.  109 

2. Numerical Methodology 110 

2.1. Computational Setup and Governing Equations 111 

CFD simulations were performed using the open-source code OpenFoam 1912v. The 112 

computational setup followed the works of Ningegowda et al. [15, 33]. In brief, the pressure-based 113 

reactingFoam solver was adopted to model the fuel injection process with an Eulerian approach. The 114 

PIMPLE scheme was applied to improve the calculation stability and solution convergence. 115 

Furthermore, the pressure equation was modified to deal with sharp density variation issues when 116 

solving the real-fluid EoS, as referenced from the work of Jarczyk and Pfitzner [34]. After solving the 117 

continuity and momentum equations, the species concentration, thermodynamic properties, and 118 

momentum were updated within each PISO loop, which promoted the coupling of various governing 119 

equations. The mass, momentum, energy, and species conservation equations are summarized as 120 

follows: 121 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑢) = 0        (1) 122 

𝜕(𝜌𝑢)

𝜕𝑡
+ ∇ ∙ (𝜌𝑢𝑢) = ∇ ∙ (−𝑝𝐼 + 𝜏)    (2) 123 

𝜕(𝜌ℎ)

𝜕𝑡
+ ∇ ∙ (𝜌ℎ𝑢) =

𝜕𝑝

𝜕𝑡
+ ∇ ∙ (𝜏 ∙ 𝑢) − ∇ ∙ 𝑞  (3) 124 

𝜕(𝜌𝑌𝑖)

𝜕𝑡
+ ∇ ∙ (𝜌𝑌𝑖𝑢) = ∇ ∙ 𝐽𝑖      (4) 125 

In these equations, 𝜌, 𝑢, and 𝑝 represent the mixture density, velocity, and pressure, respectively. ℎ, 126 

𝜏, and 𝑞 are the total specific enthalpy, viscous stress tensor, and heat flux, respectively. 𝑌𝑖 and 𝐽𝑖 127 



  

represent the mass fraction and species diffusion flux for each species, respectively. More details related 128 

to the computational setup are available in [15, 33]. 129 

2.2. Real-fluid EoS and Transport 130 

In the current work, the real-fluid thermophysical library using the PR EoS and Chung transport 131 

developed by Ningegowda [15, 33] was further extended to include the SRK, RKPR, and ideal gas EoS. 132 

These four EoS can all be generalized as 133 

𝑝 =
𝜌𝑅𝑇

𝑀−𝑏𝜌
−

𝑎𝛼(𝑇)𝜌2

(𝑀+𝑞1𝑏𝜌)(𝑀+𝑞2𝑏𝜌)
     (5) 134 

where 𝑅 is the universal gas constant, M is the molecular mass, a and b are model variables calculated 135 

by the critical temperature (Tc), pressure (Pc), and compressibility factor (Zc) of the mixture. 𝛼(𝑇) is a 136 

temperature-dependent function. Note that q1 and q2 are constants for the ideal gas, SRK, and PR EoS, 137 

but for the RKPR EoS they are model variables determined by the compressibility factor of the mixture. 138 

More detailed definitions of these parameters can be referred to [6].  139 

 According to the ideal gas assumption, the caloric properties such as the internal energy (e), 140 

enthalpy (h), entropy (s), and specific heat capacity (cp) are dependent on temperature only. However, 141 

under trans/supercritical conditions, the ideal gas assumption will result in a large discrepancy. 142 

Therefore, the real-fluid assumption that includes the pressure corrections should be applied [35]. For 143 

example, the corrected internal energy can be expressed as 144 

𝑒(𝑝, 𝑇) = 𝑒0(𝑝, 𝑇) + ∆𝑒(𝑝, 𝑇)    (6) 145 

∆𝑒(𝑝, 𝑇) = ∫ [
𝑝

𝜌2
−

𝑇

𝜌2
(
𝜕𝑝

𝜕𝑇
)𝜌]

𝑇
𝑑𝜌

𝜌

𝜌0
   (7) 146 

where 𝑒0(𝑝, 𝑇) is the ideal gas-calculated internal energy using standard NASA polynomials [36] and 147 

∆𝑒(𝑝, 𝑇) is the pressure-corrected term, respectively. The subscript zero represents the reference state 148 



  

of the ideal gas. Thereafter, the corrected enthalpy can be calculated by 149 

ℎ = 𝑒 +
𝑝

𝜌
        (8) 150 

 By default, the transport properties such as viscosity and conductivity in OpenFoam are calculated 151 

using the Sutherland method [37], which works reasonably well under low-pressure gas-phase flow 152 

conditions. But the large discrepancy is generated under high-pressure trans/supercritical conditions 153 

because it only considers the effect of temperature. Therefore, to account for the real-fluid transport 154 

properties, Chung’s model [31] was applied. Furthermore, the mole fraction-based mixing rule was 155 

used to calculate the thermophysical and transport properties of the fluid mixture, which is able to give 156 

better predictions than the mass fraction-based mixing rule [15]. 157 

2.3. Comparison with the CoolProp Database 158 

Before performing multi-dimensional CFD simulations, it is necessary to first evaluate the 159 

predictive performance of various real-fluid thermodynamic models. Table 1 shows the critical 160 

properties of the three investigated fuels in this work, including nitrogen (N2), n-dodecane (nC12H26), 161 

and NH3. These properties were taken as significant input parameters for the real-fluid thermodynamic 162 

models. Note that ammonia was selected because it is considered to be a promising carbon-neutral fuel 163 

in internal combustion engines [27]. Comparatively, nitrogen has the lowest critical temperature than 164 

the other two fuels, for which it was frequently employed to investigate the spray features of cryogenic 165 

fuels. Compared to n-dodecane, ammonia has a significantly higher critical pressure than n-dodecane. 166 

It indicates that the direct injection of ammonia near the top dead center could experience three phases 167 

(liquid, gas, and supercritical) with the growth of combustion pressure, which makes the spray modeling 168 

more complicated.  169 



  

Table 1. Critical properties for nitrogen, n-dodecane, and ammonia. 

 Nitrogen n-Dodecane Ammonia 

Tc [K] 126.2 658.1 405.5 

Pc [bar] 33.9 18.17 113.5 

Vc [cm3/mol] 89.8 754 72.5 

In this work, the CoolProp database [32] was taken for model validations. Same to the 170 

commercialized NIST RefProp code [38], the open-source CoolProp code [32] also applies the 171 

Helmholtz-energy explicit EoS to calculate the thermodynamic properties of various fluids. Therefore, 172 

both these two codes have the same level of high accuracy. Figure 1 compares the predicted density, cp, 173 

specific enthalpy, and viscosity using various EoS for N2, n-dodecane, and NH3. The real-fluid models 174 

gave significantly better predictions than the ideal gas model, especially under low-temperature 175 

conditions. Overall, the RKPR EoS demonstrated the best predictive performance of density. Note that 176 

various real-fluid EoS gave similar good predictions of cp and enthalpy, which is in agreement with the 177 

finding by Zhu et al. [9]. As shown in Figure 1c, the boiling point that indicates the liquid-vapor phase 178 

change was also well captured by various real-fluid EoS, owing to the adequate calculation of the 179 

fugacity equation [39]. However, the SRK Eos tended to predict lower density and viscosity than the 180 

PR and RKPR EoS.  181 



  

 182 

Figure 1. Comparison of the predicted density, Cp, specific enthalpy, and viscosity using CoolProp 183 

and various EoS for (a) N2, (b) n-dodecane, and (c) NH3. 184 

More validations are shown in Figure 2, which compares the predicted densities at 1, 10, 50, 100, 185 

200, and 300 bar using various EoS. The boiling points for each fluid at various pressures were well 186 

predicted by various real-fluid EoS. Note that compared to the PR and SRK EoS, the RKPR EoS 187 

demonstrated generally the best predictive performance because of the introduction of the third 188 

parameter. Considering density is one of the most significant parameters in spray modelings, which 189 

directly dominates the predicted mass flow rate, the RKPR EoS is recommended for high-fidelity 190 

simulations. 191 



  

 192 

Figure 2. Comparison of the predicted density at 1, 10, 50, 100, 200, and 300 bar using CoolProp 193 

and various EoS for (a) N2, (b) n-dodecane, and (c) NH3. 194 

3. Results and Discussion 195 

3.1. Cryogenic N2 Spray 196 

3.1.1. Experimental Validations 197 

The cryogenic nitrogen spray data measured by Mayer et al. [11, 13] was used for CFD model 198 

validations. Two cases at the different inlet and ambient conditions were simulated. Table 2 shows the 199 

major experimental parameters. In simulations, the standard k- turbulence model was utilized to 200 

predict turbulence. To save computational expenses, an axisymmetric domain was employed. Figure 3 201 

demonstrates the schematic of the computational domain and boundary conditions. The nozzle diameter 202 

(d), outlet diameter (D), and domain length (L) were set at 2.2, 60, and 120 mm, respectively. 20 uniform 203 

grids were imposed on the nozzle. 150 and 600 grids were imposed on the wall and side outlet with a 204 

gradient of 10.0, respectively. As a result, a computational mesh with a total cell number of 102 k was 205 

generated.  206 

Table 2. Experimental parameters for the cryogenic N2 

injections [11, 13]. 

 Case 1 Case 2 



  

Tinj [K] 126.2 126.9 

uinj [m/s] 4.5 4.9 

Pinj [bar]   

Tamb [K] 298 298 

Pamb [bar] 50.0 39.7 

 207 

Figure 3. Schematic of the computational domain for the cryogenic N2 spray simulations. 208 

 A mesh-convergence study for case 1 was conducted using the RKPR EoS. Figure 4 compares the 209 

predicted temperature, density, and axial velocity of the cryogenic N2 spray using three mesh resolutions. 210 

The mesh with a total cell number of 55k predicted a slightly higher temperature but lower axial velocity 211 

than the other two meshes. Note that the mesh with a total cell number of 102k demonstrated similar 212 

results to the mesh with a total cell number of 180k, indicating that mesh convergence was achieved. 213 



  

 214 

Figure 4. Predicted (a) temperature, (b) density, and (c) axial velocity of the cryogenic N2 spray with 215 

various mesh resolutions. 216 

Figure 5 compares the experimental and predicted density distributions on the centerline under two 217 

conditions. The simulation results at 65 ms were extracted because a relatively steady flow field was 218 

obtained. Overall, the results were in agreement with the predictions presented in Figure 1a. 219 

Comparatively, the ideal gas EoS generated significantly lower density compared to the real-fluid EoS. 220 

The RKPR and SRK EoS predicted similar density distributions, both of which were lower than those 221 

predicted by the PR EoS. However, despite the density differences, the predicted jet evolutions using 222 

various real-fluid EoS demonstrated a generally similar feature, which was further explored in the next 223 

subsection. 224 



  

 225 

Figure 5. Comparison of the experimental and predicted density distributions for (a) case 1 and (b) 226 

case 2. 227 

3.1.2. Comparison of Four EoS 228 

Figure 6 compares the predicted temperature (T), density, and axial velocity (Uz) in the axial and 229 

radial directions for case 1 using various EoS. The predicted results for case 2 are shown in Figure 7. 230 

Interestingly, under both conditions, three real-fluid EoS demonstrated similar distributions of 231 

temperature and velocity. The major difference was only observed in density. Due to the low jet 232 

viscosity and velocity, the ambient entrainment process was weak. Therefore, the jet evolution was 233 

primarily dominated by the fluid inertia, i.e. the mass convection process instead of the mass diffusion 234 

process. Since the jet core got a far higher density compared to the ambient field, the flow resistance 235 

originated from the ambient interaction was at a similarly low level when using various real-fluid EoS, 236 

which led to their similar predicted jet evolution. On the other hand, however, because the ideal gas 237 

EoS significantly underpredicted the jet core density, the ambient interaction was relatively more 238 

intense, which eventually induced the fastest energy dissipation and temperature rise. 239 



  

  240 

(a)           (b) 241 

Figure 6. Comparison of the predicted temperature, density, and axial velocity (a) on the centerline 242 

and (b) at a fixed axial distance of 11 mm for case 1 using various EoS. 243 



  

  244 

 (a)           (b) 245 

Figure 7. Comparison of the predicted temperature, density, and axial velocity (a) on the centerline 246 

and (b) at a fixed axial distance of 11 mm for case 2 using various EoS. 247 

3.1.3. Effect of Jet Temperature 248 

To further investigate the effect of jet temperature on cryogenic jet development, two more cases 249 

with different inlet temperatures (115 and 135 K) were conducted, which corresponded to the subcritical 250 

and supercritical ambient conditions, respectively. The previous case 2 using the RKPR EoS was taken 251 

as the baseline case. Figure 8 compares the predicted temperature, density, and axial velocity in the 252 

central and radial directions at various inlet temperatures. The case with a higher jet temperature 253 

demonstrated the faster energy dissipation, as indicated by the lower axial velocity further downstream 254 

of the nozzle exit. This is because the jet density was reduced at a higher jet temperature, which resulted 255 

in lower inertia and momentum. Therefore, the ambient fluid induced a more intense effect on jet 256 



  

development.  257 

  258 

(a)           (b) 259 

Figure 8. Comparison of the predicted temperature, density, and axial velocity (a) on the centerline 260 

and (b) at a fixed axial distance of 11 mm at various inlet temperatures. 261 

3.2. N-dodecane Spray 262 

 In this subsection, the n-dodecane spray was investigated using various EoS. The effect of ambient 263 

N2 temperature and pressure on jet development was also evaluated. In simulations, as referenced from 264 

the work of Ningegowda et al. [15], a two-dimensional rectangular mesh was applied to limit the 265 

computational resources. Figure 9 depicts the schematic of the computational domain and boundary 266 

conditions. The nozzle diameter was 90 m. The domain size with a dimension of 2.5 mm × 5.0 mm 267 

was utilized. Uniformly-distributed grids were imposed on the nozzle (5.6m), walls (7.1m), and 268 

side outlets (7.3m), which generated a total cell number of 241k. The inlet flow temperature and 269 



  

velocity were kept at 363 K and 120 m/s, respectively. All the simulation cases lasted for about 150 s.  270 

 271 

Figure 9. Schematic of the computational domain for the n-dodecane spray simulations. 272 

 A mesh-sensitivity study was also performed for the n-dodecane spray at Pamb = 150 bar and Tamb 273 

= 900 K. The RKPR EoS was applied in simulations. Three mesh resolutions with total cell numbers of 274 

193k, 241k, and 283k, respectively, were compared. Figure 10 shows the predicted penetration lengths 275 

using various mesh resolutions. The penetration length was defined as the distance between the nozzle 276 

exit to the furthest location with a fuel mass fraction of 0.1%. These three meshes demonstrated similar 277 

results, which was attributed to their very fine mesh resolutions. As a result, the mesh with a total cell 278 

number of 241k was used in the following simulations. 279 

 280 

Figure 10. Predicted penetration lengths for the n-dodecane spray with various mesh resolutions. 281 

Tamb = 900 K and Pamb = 150 bar. 282 

3.2.1. Comparison of Four EoS 283 

Before CFD simulations, the predicted results of density and viscosity at 150 bar and various 284 



  

temperatures using four EoS were compared in Figure 11. The CoolProp data was also included for 285 

validations. Note that at the fuel temperature of 363 K, the ideal gas EoS yielded the highest density 286 

and viscosity. Comparatively, the RKPR EoS exhibited the best agreement with the CoolProp database, 287 

but the PR and SRK EoS both underpredicted the density and viscosity. 288 

 289 

Figure 11. Comparison of the predicted (a) density and (b) viscosity for n-dodecane at 150 bar using 290 

various EoS. 291 

To further evaluate the effect of EoS on the prediction of n-dodecane spray development, four cases 292 

at Tamb = 900 K and Pamb = 150 bar using various EoS were conducted. Figure 12 shows the predicted 293 

spray penetration for each case. The spray penetration length exhibited a positive relationship with the 294 

fuel density. Note that the ideal gas case led to the longest penetration length, followed by the RKPK, 295 

PR, and SRK EoS, respectively. To clarify the results, Figure 13 shows the predicted distributions of 296 

density, viscosity, and turbulent kinetic energy (TKE) at 150 s for various cases. The predicted profiles 297 

of fuel density and axial velocity on the centerline were shown in Figure 14. Comparatively, the ideal 298 

gas case demonstrated the highest jet density and viscosity compared to the other three cases. Because 299 

of the highest jet momentum, it demonstrated the highest axial velocity and thus the longest spray 300 

penetration length. Furthermore, it is also observed that the real-fluid EoS resulted in the higher TKE 301 



  

intensity at locations close to the nozzle exit, indicating the more intense fuel-N2 entrainment process 302 

there. 303 

 304 

Figure 12. Predicted penetration lengths for the n-dodecane spray using various EoS. Tamb = 900 K 305 

and Pamb = 150 bar. 306 

 307 

Figure 13. Comparison of the predicted distributions of density, viscosity, and TKE for the n-308 

dodecane spray using (a) Ideal Gas, (b) SRK, (c) PR, and (d) RKPR EoS. Tamb = 900 K and Pamb = 309 

150 K. 310 



  

 311 

Figure 14. Comparison of the predicted traces of (a) fuel density and (b) axial velocity on the 312 

centerline for the n-dodecane spray using various EoS. 313 

3.2.2. Effect of Ambient Pressure and Temperature 314 

To analyze the effect of ambient pressure and temperature on the n-dodecane spray development, 315 

two additional cases at Tamb = 900 K and Pamb = 60 bar and Tamb = 750 K and Pamb = 150 bar using the 316 

RKPR EoS were simulated. Figure 15 shows the predicted penetration lengths for the three cases. Note 317 

that the ambient pressure demonstrated a more significant effect on the spray penetration length 318 

compared to ambient temperature. The longer spray penetration length was generated at a lower ambient 319 

pressure or a higher ambient temperature.  320 

To explain the result, Figure 16 demonstrates the predicted distributions of density, viscosity, and 321 

TKE at 150 s for various cases. The predicted profiles of fuel density and axial velocity on the 322 

centerline were shown in Figure 17. Because of the lowest ambient density and smallest resistance, the 323 

fastest axial velocity, and most turbulent mixing feature were induced at Pamb = 60 bar, which led to its 324 

longest spray penetration length and most diffusive spray periphery. However, the jet penetration was 325 

not significantly affected by the reduction of ambient temperature at Pamb = 150 bar. 326 



  

 327 

Figure 15. Predicted penetration lengths for the n-dodecane spray using the RKPR EoS at three 328 

different ambient conditions. 329 

 330 

Figure 16. Comparison of the predicted distributions of density, viscosity, and TKE at (a) Pamb = 60 331 

bar and Tamb = 900 K, (b) Pamb = 150 bar and Tamb = 900 K, and (c) Pamb = 150 bar and Tamb = 750 K. 332 



  

 333 

Figure 17. Comparison of the predicted profiles of (a) fuel density and (b) axial velocity on the 334 

centerline for the three cases. 335 

3.3. Ammonia Spray 336 

 Ammonia spray simulations were also conducted, given that it has been taken as one of the most 337 

promising carbon-neutral candidates in engine applications [27]. In simulations, the previous n-338 

dodecane spray case with Pamb = 150 bar and Tamb = 750 K using the RKPR EoS was taken as the 339 

baseline case, which corresponds to a supercritical condition for ammonia. 340 

3.3.1. Comparison of Four EoS 341 

Figure 18 shows the predicted penetration lengths for the ammonia spray using various EoS. In 342 

contrast to the results as shown in Figure 12, the ideal gas case predicted a significantly shorter spray 343 

penetration length than the real-gas EoS cases. Figure 19 demonstrates the predicted distributions of 344 

density, viscosity, and TKE at 150 s. The predicted fuel density and axial velocity on the centerline 345 

were shown in Figure 20. Comparatively, the ideal gas EoS predicted a significantly smaller jet density 346 

and viscosity compared to the real-fluid EoS, which led to its lowest axial velocity and shortest jet 347 

penetration. This can be further evidenced by Figure 1c, which shows that the ideal-gas EoS 348 



  

underpredicted the density and viscosity of ammonia. Furthermore, although the RKPR EoS case 349 

yielded the highest jet density, which resulted in the highest jet velocity and penetration length, its 350 

predicted jet feature in terms of the turbulent mixing zone was similar to the SRK and PR cases. Note 351 

that in comparison to the n-dodecane jet, as depicted in Figure 16c, the density and viscosity were 352 

significantly lower for the ammonia jet, which will be further analyzed in the next subsection. 353 

 354 

Figure 18. Predicted penetration lengths for the ammonia spray using various EoS. Tamb = 750 K and 355 

Pamb = 150 bar. 356 

 357 

Figure 19. Comparison of the predicted distributions of density, viscosity, and TKE for the ammonia 358 

spray using (a) Ideal Gas, (b) SRK, (c) PR, and (d) RKPR EoS. Pamb = 150 bar and Tamb = 750 K. 359 



  

 360 

Figure 20. Comparison of the predicted profiles of (a) fuel density and (b) axial velocity for the 361 

ammonia spray using various EoS. 362 

3.3.3. Comparison of Ammonia and n-Dodecane Sprays 363 

Figure 21 compares the predicted penetration lengths for the ammonia and n-dodecane sprays at 364 

Pamb = 150 bar and Tamb = 750 K using the RKPR EoS. A slightly longer penetration was generated for 365 

the n-dodecane spray. To elucidate the result, the predicted distributions of density and viscosity at 150 366 

s for both sprays were shown in Figure 22. The predicted profiles of axial velocity on the centerline 367 

were depicted in Figure 23. Note that higher jet momentum and velocity were generated for the n-368 

dodecane spray due to its higher fuel density, which resulted in its longer penetration and higher TKE 369 

intensity. However, a wider spray periphery was generated for the ammonia spray despite its lower TKE 370 

intensity, which was attributed to the significantly lower viscosity of ammonia and thus the faster 371 

evaporation process than n-dodecane. 372 



  

 373 

Figure 21. Predicted penetration lengths for the ammonia and n-dodecane sprays using the RKPR 374 

EoS. Tamb = 750 K and Pamb = 150 bar. 375 

 376 

Figure 22. Comparison of the predicted distributions of density, viscosity, and TKE for the (a) 377 

ammonia and (b) n-dodecane sprays. Pamb = 150 bar and Tamb = 750 K. 378 

 379 

Figure 23. Comparison of the predicted profiles of axial velocity for the ammonia and n-dodecane 380 

sprays. 381 

4. Conclusions 382 

This work investigated the cryogenic nitrogen and non-cryogenic n-dodecane and ammonia sprays 383 

using a real-fluid modeling approach. Three real-fluid EoS (SRK, PR, and RKPR) and a real-fluid 384 



  

transport model (Chung’s approach) were employed to predict the real-fluid thermodynamic properties. 385 

Validations against the CoolProp database were performed. Thereafter, the real-fluid thermophysical 386 

and transport models were implemented in OpenFoam for CFD modeling investigations. The 387 

conclusions are summarized as follows: 388 

(1) Compared to the two-parameter real-fluid EoS, the three-parameter RKPR EoS yielded an 389 

overall better agreement with the CoolProp database.  390 

(2) Due to the miscalculations of fuel density and viscosity, the cases using the ideal-gas equation 391 

predicted the significantly different spray features under supercritical conditions, confirming the 392 

importance of using the real-fluid EoS in engine simulations. 393 

(3) For the low-speed cryogenic nitrogen jet simulations, cases with various real-fluid EoS 394 

demonstrated similar distributions of temperature and velocity, attributed to the weak ambient 395 

entrainment process.  396 

(4) The n-dodecane spray demonstrated a more concentrated spray feature compared to the 397 

ammonia spray, primarily due to the higher fuel density, viscosity, and jet velocity. 398 
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