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Accurate prediction of fuel injection and jet formation under diesel-like 

conditions requires understanding the coupled thermo-fluid processes inside 

injector nozzles, including pressure-driven acceleration, viscous losses, 

cavitation, interfacial dynamics, and convective heat transfer. This study 

numerically investigates these processes for an oxygenated fuel (OME₃) and a 

conventional diesel surrogate (n-dodecane) using large-eddy simulations with a 

Volume-of-Fluid approach and real nozzle geometries from standard ECN Spray 

A, C, and D injectors. OME₃ exhibits higher liquid density than n-dodecane, 

resulting in lower exit velocity but greater mass flow and denser near-nozzle jets. 

The divergent Spray C nozzle promotes inlet separation and cavitation, reducing 

discharge coefficient and jet core density, whereas convergent nozzles (Spray A 

and D) yield fuller, attached flows and higher discharge efficiency. Despite 

geometric differences, both fuels show similar internal pressure distributions, 

indicating that nozzle design dominates over fuel properties in determining 

internal hydraulics. From a thermal perspective, OME₃ reaches slightly higher 

liquid temperatures due to weaker turbulent heat transfer and enhanced viscous 

heating. Overall, the simulations reveal the combined influence of fuel density, 

viscosity, and nozzle geometry on discharge characteristics, jet structure, and 

thermal state, offering physics-based insights for optimizing injector and fuel 

design in clean, high-efficiency diesel combustion systems. 
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1. Introduction 

In recent decades, progressively stricter emission regulations have dramatically lowered vehicle 

pollutant emissions and driven improvements in engine efficiency [1,2]. At the same time, there is 

growing interest in oxymethylene dimethyl ether fuels (OMEₙ, where n indicates the number of –OCH₂– 

units) as alternatives or supplements to diesel in direct-injection engines [3–5]. One reason is that OMEs 

can substantially mitigate the typical NOx–soot trade-off in diesel combustion. Notably, OMEs contain 

no carbon–carbon bonds and have high oxygen content, so they generate very little soot even under 

diesel engine conditions. This means using OMEn as fuel can potentially resolve the long-standing 

dilemma of simultaneously reducing soot and nitrogen oxides in engine exhaust [6]. 

Advances in production technology have also started to lower the cost of OMEn fuels, improving 

their economic viability [7]. In recent years, novel synthesis routes (for example, from methanol or 

sustainable feedstocks) have scaled up, making OMEs more affordable and available. As a result, these 

alternative fuels are becoming increasingly practical options in the marketplace alongside conventional 

diesel. 

Within the OME fuel family, short-chain variants (such as OME₁ and OME₂) pose practical 

drawbacks like very high volatility and low viscosity. OME₁, for instance, has extremely low viscosity 

and poor lubricity, which can damage fuel pumps or injectors in unmodified common-rail systems. 

Using such highly volatile OMEs may require significant engine hardware modifications to prevent fuel 

delivery problems. In contrast, medium-length OMEs (e.g. OME₃–OME₅) have physical properties 

closer to diesel – their viscosity and lubricity are much more acceptable for existing fuel systems. Thus, 

longer-chain OMEs are considered “drop-in” capable synthetic fuels that could be used in current diesel 

infrastructure without major investments or redesign. Figure 1 illustrates variation of various fuel 

properties in n-dodecane diesel and representative OMEs. 

Research into OMEn fuels has greatly intensified in recent years, as many studies explore their 

performance in diesel engines. For example, one experimental study compared the combustion of 

OME₃–₅ blends against conventional diesel in a single-cylinder engine [8]. It found that switching to 

OME-based fuel dramatically lowers NOx emissions, albeit with a slight reduction in engine thermal 

efficiency. In a related vein, Pastor et al. [9] examined the flame structure of an OME₃ spray versus an 

n-dodecane spray under standard ECN “Spray A” conditions using optical analysis. They observed that 

the OME₃ flame had a somewhat better length of lift-off with s smaller length of flame as compared to 

n-dodecane. These differences in ignition and flame structure underscore the importance of 

understanding fuel spray, combustion and emissions behavior. 

Further investigations have combined experiments and simulations to characterize OME spray 

combustion. In one study, neat OME₃ and OME₅ fuels were tested in a constant-pressure spray vessel, 

and the OME₅ fuel showed an earlier ignition timing compared to diesel [10]. Wiesmann et al. [11] 

extended this by simulating the spray combustion of an OME₃–₅ blend versus n-dodecane using both 

Reynolds Navier–Stokes (RANS) and large-eddy simulations (LES). They reported that both RANS and 

LES were able to capture the behavior of OME fuel sprays accurately, which is encouraging for 

predictive modeling. To provide a standardized context for such comparisons, the Engine Combustion 

Network (ECN) defines several canonical injector conditions named Spray A, B, C, and D, which differ 

in nozzle diameter and internal [12,13]. Table 1 summarizes key specifications of these reference diesel 

injectors. 
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Figure 1: Features of n-dodecane and OME3. 

 

Table 1: ECN Injector Nozzle Specifications. 

Spray Type Serial# K factor Diameter (μm) 

A 210677 1.5 84 

C 210037 -2, -1 [8] 208 

D 209134 1.5 191 

 

Each ECN spray target has a nozzle with a specified diameter and K-factor (convergence or 

divergence of the orifice). Spray A’s nozzle is a small 90 µm orifice with a convergent K ≈ +1.5; Spray 

C’s is a much larger 208 µm orifice but divergent (K ≈ –2); Spray D’s nozzle is about 190 µm with a 

strong convergent K ≈ +1.5. Thus, the hole diameters span roughly 0.09–0.20 mm across these standard 

injectors. The different nozzle sizes and shapes lead to different fuel flow characteristics, which will be 

explored in the simulations. 

To date, there have been very few studies directly comparing the transient spray behaviors of 

OME fuels and conventional diesel across different injector types using high-fidelity computational 

models. The present study addresses this gap. In the following sections, we first describe our 

computational setup, then compare the simulated spray profiles of n-dodecane and OME₃ for the various 

ECN injectors, and finally discuss the implications for engine combustion. 

2. Experimental setup 

2.1. ECN  

We utilized detailed experimental data from the ECN and Argonne National Lab to inform and 

validate our simulations. In particular, computed tomography was performed at Argonne to precisely 

measure the nozzle geometry of the Spray A, C, and D injectors [11–13]. Additional validation data for 



 

 
  

the injection and flow behavior were obtained from prior experimental works [14–17]. Studies [18–20] 

provided further context on nozzle-to-nozzle variation and X-ray absorption measurements relevant to 

our model calibration. We imported these measured nozzle profiles into our Eulerian simulation grid to 

ensure the injector flow passages were represented realistically. Experimental injection-characterization 

data were also used for validation; for example, the fuel mass flow rate and spray density measurements 

for each injector were compared against our simulation predictions to gauge the accuracy of the 

computational model. 

We also incorporated fuel distribution data obtained from X-ray radiography experiments. This 

technique has been used previously to measure 3D mass distribution, as demonstrated by Kastengren et 

al. [21]. These experiments measured the fuel’s projected density (line-of-sight fuel concentration) in 

the near-nozzle region for the Spray A, C, and D injectors. Measurements were taken at several axial 

distances downstream of the nozzle, under nominally steady injection conditions. Because real injector 

orifices can have asymmetries from manufacturing (leading to slight irregularities in flow), the 

radiographic density was captured on XY and XZ planes for each spray. As seen in Figure 2 the XY 

plane is taken when θ = 0 and XZ plane is at θ = 90.. This provided a more complete picture of the 

spray’s cross-sectional density and ensured that any non-symmetric spray features were recorded. These 

planar density profiles serve as a validation dataset for the simulated fuel distribution immediately 

outside the nozzle. 

 
Figure 2: Schematic defining the orientation of the orifices 

Previous research [22] has indicated that injector-to-injector variability in Spray A nozzles is 

relatively minor in terms of mass flow rate characteristics. Therefore, for our validation we focused on 

one representative Spray A injector (serial #210677) and used its measured mass flow curve as the 

reference. On the other hand, to account for cavitation effects in the larger nozzles, we drew data from 

Payri et al. [23] for flow in Spray C and D injectors under Spray A-like conditions (same injection 

pressure and duration). Those measurements showed how cavitation in divergent nozzles (like Spray C) 

can reduce effective mass flow. Using these experimental insights, we ensure our model captures both 

the nominal flow rate and the cavitation-induced flow reductions for each injector, which is important 

for accurately predicting spray development. 



 

 
  

2.2. Computational models 

The injector geometry is a critical factor influencing the spray’s development – it affects the fuel 

injection velocity, spray angle, and even the rate at which the liquid jet breaks up into droplets [24]. 

Small geometric details (such as the orifice inlet radius or surface roughness) can measurably alter the 

flow. For instance, one study found that a rougher-than-expected internal surface can cause the 

simulations to over-predict mass flow by around 10% if not accounted for [25,26]. To avoid such errors, 

we used the scanned real geometries of the Spray A, C, and D nozzles in our models rather than idealized 

geometries. By directly adopting the actual measured injector dimensions and surface features, we 

improved the fidelity of our simulations and ensured that subtleties like manufacturing tolerances were 

reflected in the computational model. 

LES resolves the large-scale turbulent eddies in the flow while modeling the smaller-scale 

turbulence, allowing us to capture detailed unsteady flow structures within the injector and spray region. 

This approach is appropriate for flows characterized by high Reynolds numbers where vortex shedding, 

cavitation, and turbulent mixing play a significant role. A dynamic Smagorinsky-type sub-grid model 

was applied so that the turbulence dissipation adapts to local flow conditions.  
 

2.2.1. Prediction model of turbulence  

The one equation dynamic-structure LES model is as follows: 

∂k

∂t
+ ui

∂k

∂xi
= −τij

∂ui

∂xj
− ε +

∂

∂xi
(

νt

σk

∂k

∂xi
)     （1） 

In this equation the stress tensors are defined as 

τij = cijk       （2） 

Tij = cijK        (3） 

K =
1

2
(uiuî − uîuî)                      （4） 

Further, the grid and the test kinetic energies are related as: 

K = k̂ +
1

2
Lii                      (5) 

Equation 6 was used to relate stress tensors with the subgrid as: 

Lij = Kcij − kcij
̂               (6) 

The sub-grid tensor used was: 

τij = 2k(
Lij

Lii
)                        (7) 

 The constants used for the LES model are summarized in Table 2. 

 

Table 2: Constants used for LES simulation.  

Cε(Constant of turbulence) 1 

Sub-grid TKE  2 



 

 
  

        Viscosity constant 

 

0.5 

Drop turbulent constant 

 

0.03 

Reciprocal TKE Prandtl 1 

 

2.2.2. VOF modeling  

The liquid volume fraction (αl) was represented in terms of mass m and density ρ as: 

αl =

Yl
ρl

Yl
ρl

+
Yg

ρg

                     (8) 

The chemical species conservation equation is given by: 

∂ρYk̃

∂t
+

∂ρuĩYk̃

∂xi
=

∂

∂xi
(ρD

∂Yk̃

∂xi
) + Sk̃   (9) 

Where Yk is species mass fraction, D is the coefficient of mass diffusion, and Sk is the evaporation 

term. 

Equation 10 and 11 were used to find cellular mixture density, energy and enthalpy as: 

ρ = ρgα + ρl(1 − α)             (10) 

emix = ∑gas Yiei + (1 − ∑gas Yi)eliquid  , hmix = emix +
P

ρ
     (11) 

Artificial diffusion and dispersion introduced by up-winding and central differencing schemes are 

avoided using high-resolution interface capturing (HRIC) [27]. Moreover, the HIRC is recommended to 

prevent the oscillation that arises from using high-order schemes and when solving energy and 

turbulence equations. Blending upwind and downwind schemes help in balancing stability and interface 

sharpness. It works by using information from neighboring cells to construct an interpolated curved 

interface, as shown in Equation 12, with αn being the face value being interpolated by HIRC. The ability 

for HRIC scheme to capture the liquid volume fraction is shown Results and discussion section (Figure 

13). 

 

αn+1 = αn −
Δt

V
∫

A
αnu ∙ dA +

Δt

V
∫

V
( ∇ ∙ u)αndV  (12) 

 

2.2.3. Energy Transport Equation 

To solve for the temperature fields shown in the results (Figs. 12, 13, 16, and 17), the governing 

energy conservation equation is solved. This equation is expressed in terms of the mixture energy (emix), 

which was defined in Equation (11): 

 

 
∂(ρemix)

∂t
+  ∇ . (u (ρemix + P)) = ∇ . (keff∇T) + Sh  (13) 

 

 



 

 
  

In this equation, u is the fluid velocity vector, P is the pressure, and T is the temperature. The term 

Sh represents volumetric heat source terms, including the viscous heating mentioned in our analysis. The 

effective thermal conductivity, keff, is the sum of the laminar thermal conductivity (k) and the turbulent 

thermal conductivity (kt), which is derived from the turbulence model. This equation is solved 

simultaneously with the mass, momentum, and VOF transport equations to provide a complete 

description of the thermo-fluid field. 

 

2.2.4. Meshing 

Figure 3 shows the nozzle geometry simulations for Spray A, C, and D. The seat where the needle 

stops is in red, and the needle is divided into regions represented by different colors for simulation 

purposes. Figure 4 shows the meshing for the Spray C injector with a conical shape of upstream and 

downstream diameters of 8 mm and 15 mm respectively.  

 

 

Figure 3: Geometries of nozzles for (a) Spray A (b) Spray C (c) Spray D. 

 

 

Figure 4: Meshing for Spray C 210037. 

 

The mesh for the flow field is shown in Figure 4 with temperature and pressure 900 K and 60 

bars, respectively. Inside the seat the resolution is 15.6 μm whereas in the nozzle it is resolved down to 

7.8 μm. In the flow field region, a larger mesh is used with adaptive mesh refinement (AMR). AMR 

enables the reduction of the simulation time by imposing a condition when the mesh should be refined. 

The lift profiles, which describe the movement of the needle, were simulated as shown in Figure 5, with 



 

 
  

nozzle time taken as 400 μs to get a steady state flow. Based on the works of Abers et al. and Yasutomi 

et al. [28,29], an initial volume fraction of 30% was used for the nozzle sac. 
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Figure 5: Injector needle lift. 

3. Results and discussion 

3.1. Density and Rate of flow of sprays  

Figure 6 compares the predicted projected densities for n-dodecane and OME3 at 0.1 mm on both 

the XY and XZ planes using the Spray A injector. The simulation data is extracted at 400 μs after the 

start of injection (ASOI) when the spray reaches a relatively steady mass flow rate. The experimental 

data for n-dodecane sprays are also added for model validation. The simulation cases can reasonably 

reproduce the measured data. The XZ plane tends to induce a more symmetrical distribution of projected 

density, which trend is well predicted by simulations. Note that OME3 generates a significantly higher 

peak value than n-dodecane, which is expected due to its higher density. 
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Figure 6: Spray A densities for (a) XY (b) XZ planes. 

 

Figure 7 compares the predicted projected densities for n-dodecane and OME3 at 2.0 mm on both 

the XY and XZ planes using the Spray C injector. The models can reasonably predict the peak values 

on the XY and the XZ planes. Note that the Spray C injector demonstrates a more significant impact of 

the injector orientation on the spray development because of the occurrence of cavitation. A bimodal 

distribution on the XZ plane is observed. The projected density on the XY plane is consistently higher 



 

 
  

than the XZ plane for both fuel types. Both fuels show a similar shape, but similar to the Spray A injector, 

OME3 exhibits the higher projected density for its higher density. Figure 8 compares the predicted 

projected densities for n-dodecane and OME3 at 2.0 mm on both the XY and XZ planes using the Spray 

D injector. Since there is no cavitation within the nozzle for the Spray D injector, it yields an overall 

higher peak projected density than Spray C. Although Spray D also demonstrates an obvious 

asymmetrical structure on two planes, an unimodal distribution is observed, unlike the Spray C injector. 
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Figure 7: Densities for Spray C (a) XY (b) XZ planes. 

 

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
0

50

100

150

200
(a)

 Expt. N-dod.

 OME3

 N-dod.

P
ro

je
c
te

d
 d

e
n
s
it
y
 [
m

g
/m

m
2
]

Radial distance [mm]

2.0 mm

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
0

50

100

150

200

250
(b)

 Expt.N-dod.

 OME3

 N-dod. 

P
ro

je
c
te

d
 d

e
n
s
it
y
 [
m

g
/m

m
2
]

Radial distance [mm]

2.0 mm

 

Figure 8: Densities for Spray D on the (a) XY and (b) XZ planes. 

 

Figure 9 compares the predicted projected densities for n-dodecane and OME3 on the XY and XZ 

planes using three injectors. The effect of the k-factor can be studied by comparing Spray D to C, for 

which the latter case induces noticeable cavitation and thus a lower projected density. Moreover, the 

effect of different diameters can be studied by comparing Spray D to A, for which the injectors have the 

same k-factor. Because of the larger nozzle diameters for Spray C and D than Spray A, their projected 

densities using both fuels are significantly higher. Note that the projected density on the XY plane for 

Spray D using OME3 is 56 µg/mm2 higher than n-dodecane. On the other hand, Spray C generates a 

difference of 44 µg/mm2 when using both fuels due to cavitation. Generally, the XY plane-projected 

density for OME3 increases in magnitude while preserving the overall shape. Specifically, the bimodal 

shape is further enhanced on the XZ plane for Spray C when using OME3. 
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Figure 9: Densities for (a) XY (b) XZ planes, for n-dodecane and (c) XY (d) XZ planes for 

OME₃. 

 

3.2. Flow parameters 

The capability of the computational models in reproducing the n-dodecane experiment can be 

further evidenced by Figure 10, which compares the predicted profiles of mass flow rate and average 

velocity using three injectors fueled with n-dodecane and OME3. An overall good agreement between 

the predicted and measured mass flow rates is observed. Comparatively, the steady mass flow rates for 

Spray A, C, and D are higher for OME3 than n-dodecane by 0.5, 2.1, and 2.4 g/s, respectively. However, 

the lower predicted velocity is observed for OME3 owing to the higher density and thus the larger mass 

inertia. 
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Figure 10: Mass flow rate and average velocity profiles. 

 



 

 
  

Figure 11 compares the predicted axial velocity and turbulent kinetic energy (TKE) using three 

injectors fueled with n-dodecane and OME3. The x-axis is normalized by the channel length. Note that 

the right direction is towards the nozzle exit. Both fuels demonstrate a similar trend when using various 

injectors. However, the velocity fueled with OME3 is significantly lower than n-dodecane due to its 

higher density and inertia. By comparing the two converging nozzles (i.e., Spray A and Spray D), it is 

found that regardless of the nozzle size, the internal flow follows a similar gradually accelerating feature, 

which reaches a peak velocity at the nozzle exit. However, cavitation is generated because of the 

divergent internal nozzle geometry for the Spray C injector (seen in Figure 3), which has a sharp inlet 

radius near the sac. It induces an abruptly growing and then gradually decreasing trend of velocity. 
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Figure 11: (a) Axial velocity and (b) TKE. 

 

Figure 12 compares the predicted distributions of gas volume fraction (αg ) and velocity using 

three injectors fueled with n-dodecane and OME3. As expected, predicted flow fields for these two 

converging injectors (Spray A and D) depend less on the injector orientation. Both nozzle channels are 

filled with liquid fuel, indicating no cavitation occurring, which agrees with the previous finding. 

Moreover, the velocity accelerates as the fluid approaches the nozzle exit, where the pressure is 

significantly lower than the injection pressure. Note that the OME3 cases lead to an overall lower 

velocity, but the distribution demonstrates a similar trend with n-dodecane. Obviously, cavitation occurs 

within the Spray C injector channel, which happens just after the sharp corner, where the velocity 

gradient is significantly high. Furthermore, different from the other two injectors, obviously distinct 

flow behaviors are observed in the XY and XZ orientations for the Spray C injector, which will be 

explained in detail in the next section. Similar to the converging injectors, different fuel properties have 

a limited effect on the cavitation formation process for the diverging Spray C injector. 

Figure 13 compares the predicted distributions of temperature within the channel using the three 

injectors fueled with n-dodecane and OME3. Although the physical properties of n-dodecane and OME3 

are comparable, a slight difference in their density and thermal diffusivity still affects the predicted 

temperature field. As shown in Figure 13 and Figure 14, OME3 induces a slightly higher temperature 

distribution than n-dodecane, primarily owing to its lower TKE (seen in Figure 11) and thus the slower 

heat transfer loss. In addition, the temperature distribution is also affected by the internal nozzle 

geometry. The results demonstrate that both converging nozzles generate slightly colder core regions, 

which look nearly axisymmetrical. Comparatively, the temperature evolution within the nozzle channel 

is significantly more complicated for the diverging Spray C injector. With the growth of the cavity within 



 

 
  

the nozzle channel of the Spray C injector, the temperature distribution becomes less axisymmetrical. 

The lower-temperature liquid core moves towards one side, but the other side is instantly filled with the 

higher-temperature gas. 

 

 

Figure 12: Distributions of gas volume fraction and velocity. 

 

One subtle difference observed between the OME₃ and n-dodecane simulations is the fluid 

temperature in the nozzle and near-nozzle region, as shown in Figure 13. The OME₃ cases exhibited 

slightly higher fuel temperatures within the nozzle compared to n-dodecane, which correlates with the 

lower turbulent kinetic energy observed in Figure 11(b). This is attributed to reduced turbulent mixing 

and cooling for the OME₃ fuel. Because OME₃ has a higher density and viscosity, the turbulence 

intensity in the fuel jet is lower, slowing the convective heat transfer from the fuel to the surrounding 

cooler ambient gas. Consequently, the OME₃ jet retains heat slightly more than the n-dodecane jet. 

However, this temperature difference is modest—the peak temperature rise in OME₃ was only 



 

 
  

marginally above that of n-dodecane in the same injector. This observation also aligns with the lower 

flow velocity predicted for OME₃ in Figure 10, which results in less convective heat removal. 

 

Figure 13: Temperature distributions. 

 

Despite the differences in fuel properties, the simulations show that the overall internal pressure 

distribution in the injector remains nearly identical for both fuels, as seen in Figure 14. The 

corresponding density profiles in Figure 15 further confirm that the pressure drop from inlet to exit is 

governed mainly by nozzle geometry rather than fuel type. For instance, the Spray C nozzle (divergent 

geometry) shows a more pronounced local pressure drop compared to the convergent Spray A and D 

nozzles, consistent with the cavitation regions identified in Figure 12. This indicates that the 

hydrodynamic field inside the injector depends primarily on geometry (K-factor) rather than on the 

physical differences between OME₃ and n-dodecane. The main behavioral differences, such as inertia 

and mixing, arise after the fuel exits the nozzle, as reflected in the flow and temperature variations shown 

across Figures 10–15. 
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Figure 14: Temperatures and pressure profiles using the three injectors. 
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Figure 15: Density profiles using the three injectors fueled. 

 

3.3. Cavitation in spray C 

Figure 16 compares the experimental and predicted distributions of gas volume fraction on the 

XY and XZ planes using the Spray C injector fueled with n-dodecane. The predicted results using the 

RNG k-Ꜫ turbulence model are also added for comparison from previous study [30]. In contrast, the LES 

simulation yields a more accurate prediction of the cavity occurring within the nozzle channel, regarding 

size and distribution, especially on the XZ plane. Furthermore, Figure 17 and Figure 18 compare the 

predicted distributions of gas volume fraction and temperature using the Spray C injector with both fuels 

on the XY and XZ planes, respectively. As mentioned in the previous section, no apparent difference in 

the cavity is observed between the two fuels, which could be evidenced by the similar pressure 

distribution, as shown in Figure 14. The OME3 case induces a slightly higher temperature distribution 

because of the slower heat transfer process.  

 

Figure 16: Spray C Gas volume fraction fueled with n-dodecane: (a) Experiment (b) RANS 

(c) LES. 

 



 

 
  

Figure 17: XY plane Gas volume fraction and temperature profile using the Spray C injector: 

(a)fueled with n-dodecane (b) fueled with OME3. 

 

 

Figure 18: XZ plane Gas volume fraction and temperature distribution with Spray C: (a) 

fueled with n-dodecane (b) fueled with OME3. 

 

Inside the injector orifices, the flow field analysis highlights the impact of nozzle geometry on 

cavitation. In the Spray C injector (divergent nozzle), a low-pressure region develops immediately 

downstream of the orifice inlet. Our LES captures the formation of vapor cavities (cavitation bubbles) 

along the walls just after the sharp inlet corner in Spray C. This cavitation vapor occupies part of the 

nozzle cross-section, effectively reducing the liquid flow area and causing the decreased fuel throughput 

noted above. The Spray D injector, with its convergent inlet, maintains higher pressures along the nozzle 

wall and shows no significant cavitation in the simulation. Accordingly, Spray D’s internal flow remains 

fully liquid and attached to the walls, supporting a higher mass flow. Spray A’s tiny nozzle also showed 

attached flow without cavitation, but it experiences a much larger pressure drop from inlet to exit due to 

its small diameter. The cavitation observed in Spray C is important because it can increase turbulence 

and fuel–air mixing in the near-nozzle region, but it also reduces the fuel flow rate. Our results here 

align with Payri et al.’s [23] experimental findings, confirming that cavitation in enlarged orifices (like 

Spray C) leads to flow losses and altered spray development, a phenomenon strongly linked to nozzle 

geometry [24,31]. 



 

 
  

4. Conclusions 

 In summary, this study provided a detailed comparison of OME₃ and n-dodecane fuel sprays 

using high-fidelity LES simulations with real injector geometries. Key differences were found: OME₃ 

exhibited a somewhat lower injection velocity (due to higher fuel density) and slightly elevated fuel 

temperatures in the nozzle (due to reduced turbulent mixing). 

Injector geometry proved to have a dominant effect on spray behavior. The convergent nozzles 

(Spray A and D) delivered higher mass flow, whereas the divergent Spray C suffered flow reduction 

from cavitation. These findings demonstrate that OME₃ is fluid-dynamically compatible with existing 

diesel injectors, though its higher density and viscosity lead to distinct flow characteristics. The results 

also confirm that injector design optimizations (such as avoiding sharp inlets that cavitate) remain crucial 

for improving spray performance, regardless of the fuel used. 
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