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ABSTRACT 15 

Diesel spray development is a key research topic due to its impact on the combustion 16 

characteristics. On the current paper, the effect of the orifices inclination angle on the 17 

spray penetration characteristics is evaluated. For this purpose, three nozzles with 18 

included angles of 90, 140 and 155 degrees are selected. Visualization tests are performed 19 

on a room-temperature constant-pressure vessel pressurized with a high-density gas 20 

(SF6), in order to reproduce the density conditions inside the combustion chamber at the 21 

start of the injection event. Both frontal and lateral Mie-scattering visualization are used, 22 

depending on the particular nozzle configuration. Results show how the spray penetration 23 

is slower as the inclination angle increases, which is linked to its lower nozzle outlet 24 
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velocity. A statistical correlation of the spray penetration as a function of the area and 25 

velocity coefficients is obtained and discussed. 26 

 27 
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NOMENCLATURE 29 

a-d Coefficients for the spray penetration correlation 

Aeff Effective area 

Ao Geometrical area 

Ca Area coefficient 

Cd Discharge coefficient 

Cv Velocity coefficient 

Do Geometrical nozzle diameter 

k Constant term for spray penetration correlations 

Ku Spray velocity constant 



m  Mass flow 



M  Momentum flux 

Pb Discharge pressure 

Pi Injection pressure 

S Spray penetration 

S’ Spray penetration from image contour 

t Time after start of injection 

ueff Outlet orifice effective velocity 
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Greek Symbols 

α Nozzle included angle 

P Pressure drop, P=Pi-Pb 

ρa Ambient density 

ρf Fuel density 

υf Fuel kinematic viscosity 

θu Spray angle defined from the velocity profile 

 30 

1. INTRODUCTION. 31 

Many researchers have focused on the study of diesel spray characteristics over the last 32 

decades. Naber and Siebers [1] established that the inert spray penetration has two 33 

different stages: an initial one, where the spray penetration grows linearly with the time; 34 

and a second one characterized by a square-root temporal evolution. Payri et al. [2] 35 

showed a similar behavior, and related the transitional time between both stages to the 36 

moment at which the injection rate stops being affected by the needle position. On the 37 

contrary, Zhang and Hung [3] analyzed the transitional time as a combined function of 38 

inertial, viscous and surface tension forces. More recently, Kostas et al. [4] and Li and 39 

Xu [5] proposed that the experimental trend of the spray penetration before this 40 

transitional time was actually proportional to t3/2 once the very first millimeters of the 41 

spray were properly captured.  42 
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Additionally, spray penetration is significantly dependent on the nozzle orifice geometry. 43 

Payri et al. [6] reported a higher spray penetration for a tapered orifice compared to a 44 

cylindrical one, linked to its higher effective outlet velocity. Boggavarapu and 45 

Ravikrishna [7] showed that enlarging the orifice inlet rounding radii was also effective 46 

to increase the tip penetration velocity. Both these effects are related to the increase of 47 

the spray momentum, which has been seen as the most important parameter to 48 

characterize the spray penetration [8]. The needle seat geometry has also shown a a 49 

significant impact on the spray [9]. Another important aspect is the ambient density, 50 

which tends to reduce spray tip velocity due to the combined effect of higher aerodynamic 51 

forces and a wider spray angle [10,11]. Eventually, the combination of high ambient 52 

density with ultra-high injection pressure may lead to the detection of shock wave 53 

phenomena in the spray tip area, affecting also the spray behavior [12,13]. Spray 54 

penetration is also affected by the fuel physical properties, mainly density, viscosity and 55 

surface tension [14–16]. 56 

Apart from the characteristics of spray penetration, it is important to take into account 57 

also the structure of the spray itself [18,19]. During its first stages, especially in high 58 

density conditions, the spray develops a mushroom-like structure due to the interaction 59 

of the liquid fuel with the ambient gas [19,20]. As the spray develops, its structure 60 

transitions to a nearly conical shape, where the spray angle can be defined, followed by a 61 

semi-spherical tip. A high resolution analysis of the first millimeters of the spray shows 62 

that in reality there is a transitional region until reaching the spray angle [21–23]. X-ray 63 

visualization techniques have allowed to obtained the mass fraction radial distribution 64 

inside the spray [24–26], characterized by similar Gaussian profiles to those typical of 65 

gas jets [24,27]. When the spray is injected into evaporative (high temperature) 66 
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conditions, it has to be considered also that full spray evaporation is reached after a certain 67 

distance from the nozzle tip. This distance is called stabilized liquid length, and depends 68 

mostly on the orifice effective outlet diameter, the spray angle, the fuel properties and the 69 

ambient temperature [28–32]. 70 

Significant effort has been also made in the modeling of diesel sprays [33–36]. One-71 

dimensional phenomenological models, based on the gaseous jet analogy, have shown to 72 

be useful to evaluate the main spray features both in stationary and transient conditions 73 

[37,38]. Nevertheless, microscopic details of the spray such as the droplet velocity and 74 

diameter or the turbulence characteristics cannot be evaluated using these methodologies. 75 

For this reason, full Computational Fluid-Dynamic (CFD) tools have been developed. 76 

Most of the available models have been based on Reynold-Averaged Navier-Stokes 77 

equations (RANS), which use simplified turbulence models able to capture only the 78 

average spray behavior [39–42]. In the last years, more advanced methodologies based 79 

on Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS), capable to 80 

capture also spray cyclic oscillations, have also been investigated [43–45]. 81 

In the current paper, an investigation of the effect of nozzle inclination angle on the spray 82 

characteristics is performed. For this purpose, three multi-hole nozzles with different 83 

included angle are assessed. The nozzles were previously evaluated from the point of 84 

view of their hydraulic performance in terms of mass flow and momentum flux [46]. 85 

Spray penetration is obtained based on lateral and frontal Mie-scattering visualization. 86 

Results show that spray penetration is slightly faster as the included angle decreases. 87 

Additionally, a correlation of the spray penetration based on the area and velocity 88 

coefficients is obtained. 89 
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As far as the structure of the paper is concerned, the work is divided in 5 sections. Section 90 

2 describes the experimental arrangement, including an uncertainty analysis as a function 91 

of the included angle for the frontal visualization. The main spray penetration results are 92 

depicted in Section 3. A theoretical analysis of the spray penetration is performed in 93 

Section 4, leading to the generation of a statistical correlation for the experimental data 94 

available. Finally, the main conclusions of the study are drawn in Section 5. 95 

2. EXPERIMENTAL SETUP. 96 

2.1. Nozzles 97 

In the current paper, three fuel nozzles with included angle values of the included angle 98 

α = 90 (N1), α = 140 (N2) and α = 155 degrees (N3) have been used. These nozzles are 99 

equal from the point of view of the number of holes (10), nominal outlet diameter 100 

(Do=0.09 mm), conicity (k-factor=1.5) and hydrogrinding level (10%), and are mounted 101 

on a solenoid-driven fuel injector. This injector is connected to a custom-made common-102 

rail system capable to reach up to 200 MPa of injection pressure 103 

2.2. Spray visualization 104 

Spray visualization tests have been performed at room temperature on a constant-pressure 105 

test rig capable to reach up to 0.8 MPa. In order to work with ambient densities similar to 106 

those characteristic of the combustion chamber in a diesel engine, the test rig is filled with 107 

a gas denser than air. In particular, sulphur hexafluoride (SF6) has been used. This gas is 108 

provided to the test rig by a roots compressor with a nominal flow velocity of 3 m/s, 109 

enough to facilitate the dragging of the fuel droplets from one injection cycle to another 110 

without impairing spray penetration.  111 
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As stated before, SF6 was selected as the working gas in order to match the desired 112 

chamber density at pressure levels acceptable for the test rig (which are lower than the 113 

standard engine conditions). It has to be highlighted that this could have an effect on the 114 

nozzle flow characteristics due to the different pressure drop across the nozzle. This effect 115 

could be particularly important if cavitation took place in the orifices. Nevertheless, 116 

considering that no cavitation was observed during the previous hydraulic 117 

characterization of the nozzles [46], the expected impact is minor. 118 

Mie-scattering technique is used to visualize the liquid spray penetration. For this 119 

particular arrangement illumination is provided by a high-intensity Xenon flashlight. The 120 

light scattered by the droplets is registered with a high-resolution CCD camera (PCO 121 

SensiCam). Both the flashlight and the camera are synchronized with the fuel injection 122 

event, capturing images every 20 µs. Five repetitions for the whole injection event have 123 

been registered. 124 

Traditionally, Mie-scattering is setup in a frontal view configuration for diesel multi-hole 125 

injectors [47–49]. In this configuration, the sensor of the camera is placed in a 126 

perpendicular plane with respect to the fuel injector axis, allowing the simultaneous 127 

visualization of multiple sprays in a single image. A schematic of this configuration can 128 

be seen in Figure 1.a.  129 
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 130 

Fig. 1 Schematic of visualization configurations: a) frontal view; b) lateral view. 131 

When using a frontal view in multi-hole injectors, it is necessary to take into account that 132 

there is an angle between the spray and the camera, which depends on the included angle. 133 

This can be better understood looking at Figure 2. 134 

 135 

Fig. 2 Diagram for spray penetration determination in frontal view configuration. 136 

In this figure, a diagram representing the frontal view configuration is seen. In this 137 

arrangement, the penetration obtained from the spray contour (S’) is a projection of the 138 
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real spray penetration (S) on a plane parallel to the CCD camera sensor. Consequently, 139 

the penetration can be calculated as: 140 

𝑆 =
𝑆′

cos (90 −
𝛼
2)

 (1) 

This correction poses an extra uncertainty in the determination of the spray penetration. 141 

Indeed, any uncertainty in the determination of the spray contour is amplified in terms of 142 

the spray penetration quantification by a factor of 1 cos (90 −
𝛼

2
) .⁄  Consequently, higher 143 

included angles mean a stronger effect of this correction. This phenomenon can be seen 144 

in higher details in Figure 3, where the increase of the uncertainty is plotted against the 145 

included angle (starting from the ideal case of included angle 180º, where no correction 146 

would be applied).  147 

 148 

Fig. 3 Uncertainty increase in the spray penetration for the frontal view as a function of the 149 

nozzle included angle. 150 
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For the particular case of nozzle N1 in this study (α=90º) the increase in the uncertainty 151 

when using the frontal view would be higher than 40%, while the value is significantly 152 

lower for the other two nozzles (6.5 and 2% for nozzles N2 and N3, respectively). For the 153 

purpose of the current study, the effect of this higher correction was not considered 154 

acceptable. For this reason, this nozzle has been evaluated using a lateral view, as the one 155 

highlighted in Figure 1.b, where the injector has been rotated to ensure that one of the 156 

spray plumes was located in a plane parallel to the camera (i.e. no correction would be 157 

applied). Figure 4 shows an example of the kind of images obtained in both 158 

configurations. 159 

 160 

Fig. 4 Sample Mie-scattering images: a) frontal view; b) lateral view. 161 

Unfortunately, as it can be seen from the image, the usage of lateral view configuration 162 

coupled with a large number of holes implies certain level of overlap between the spray 163 

plumes in the image, making harder the determination of the spray cone angle.  164 

Once the images are obtained for either configuration, they have to be post-processed to 165 

determine the spray contour and the corresponding spray penetration. For this purpose, a 166 

background image is first subtracted, in order to eliminate reflections from the nozzle tip 167 

or other elements in the vessel. Then, a statistical analysis based on log-likelihood ratio 168 
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[50] of the resulting image determines a threshold for each image which distinguishes 169 

between spray and background information. From this threshold, the spray contour is 170 

obtained. Finally, the spray penetration is determined as the maximum distance between 171 

the spray tip and the nozzle orifice location. 172 

The test matrix for the visualization study includes 8 levels of injection pressure from 23 173 

to 200 MPa (the same ones already seen for the hydraulic tests presented in [46]) at an 174 

ambient density of 50 kg/m3. The energizing time for these tests has been fixed at 1.5 ms 175 

for all the cases. 176 

3. SPRAY PENETRATION RESULTS 177 

An example of the result from the post-processing of the five repetitions taken in terms 178 

of spray penetration is seen in Figure 5 for nozzle N2 a point of 80 MPa. As it can be 179 

seen, good repeatability is observed between the different injection events, with a 180 

maximum deviation of approximately ±0.5mm. Similar results are obtained for other 181 

injectors and conditions. As a consequence, average values of the five repetitions will be 182 

considered from this point. 183 

 184 

Fig. 5. Sample spray penetration results obtained for each repetition for N2 at 80 MPa.  185 
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Figure 6 shows the spray penetration results for the cases of 23 MPa (left) and 80 MPa 186 

(right).  In order to facilitate the analysis, the spray penetration has been plotted together 187 

with the spray momentum data reported in [46].  188 

 189 

Fig. 6 Spray penetration results for injection pressures of 23 and 80 MPa. 190 

As it can be seen, in both cases the spray penetration is faster for nozzle N1, which has 191 

the highest spray momentum. In the case of 23 MPa, penetration curves tend to diverge 192 

more after 1.2 ms from the start of injection, where a bump in the spray momentum was 193 

observed. For the 80 MPa condition, penetration is more consistently higher for N1. 194 

Regarding the other two nozzles, spray penetration is very similar for both of them, 195 

although the trend of reducing spray penetration when increasing the included angle is 196 

still appreciable. The relatively low differences between the nozzles is likely due to the 197 

effect of the inclination angle on the inlet rounding radii produced during the 198 

hydrogrinding process, as already discussed in [46]. The maximum spray penetration 199 

observed in the images is related to the arrival of the spray tip to the end of the 200 

visualization window. In nozzle N1, this value is higher due to the usage of the lateral 201 

view configuration. For the other two nozzles, both performed with frontal view, the 202 

optical limit is around 28 mm in terms of image penetration, resulting in slightly different 203 

maximum penetrations depending on the particular included angle value. Similar 204 
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conclusions can be established for the 120 and 200 MPa conditions, which are depicted 205 

in Figure 7. 206 

 207 

Fig. 7 Spray penetration results for injection pressures of 120 and 200 MPa. 208 

 209 

4. STATISTICAL CORRELATIONS 210 

As stated in the introduction, spray penetration shows a different behavior for the initial 211 

and fully-developed conditions. For the first stages of the injection event (up to 212 

approximately 10-12 millimeters), the spray penetration increases with time with an 213 

exponent going between 1 [1,51] and 1.5 [4,5], depending on the particular study 214 

considered. Additionally, the spray tip velocity is mostly a function of the pressure drop 215 

across the injector (ΔP=Pi-Pb), which controls both the needle lift movement and the 216 

internal flow velocity, and the fuel-air density ratio. For this reason, the following 217 

correlation has been searched for this region of the spray: 218 

𝑆[𝑚𝑚] = 𝑘 · ∆𝑃𝑎[𝑀𝑃𝑎]𝑡𝑏[𝜇𝑠] (2) 

It has to be noted that the density ratio was not considered inside the correlation, since 219 

fuel and air density were maintained constant along the study. Table 1 shows a summary 220 
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of the results of the statistical analysis for the spray penetration in this near-nozzle region. 221 

Similar values were obtained by the authors in previous works [2]. 222 

Table 1. Summary of statistical correlations for the near-nozzle spray penetration. 223 

Parameter Value Interval of Confidence 

k 9.9·10-3 [6.3·10-3,1.35·10-2] 

a 0.593 [0.56,0.63] 

b 0.95 [0.9,0.99] 

R-squared 94.5% 

 224 

Figure 8 represents the observed vs. predicted spray penetration data corresponding to the 225 

correlation just obtained. As it can be seen, most of the data points are close to the ideal 226 

(diagonal) line, confirming the suitability of the correlation found to predict the 227 

experimental data. This can also be seen considering the relatively high R-squared value 228 

achieved (94.5%). Nevertheless, there is still some deviation appreciable, especially in 229 

the case of N1, which may be an indicator that there are secondary effects of the nozzle 230 

orifice inclination on the atomization and mixing processes that cannot be captured with 231 

the formulation proposed in equation (2).   232 
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 233 

Fig. 8 Observed vs. predicted values for spray penetration correlation in the near-nozzle field. 234 

For the fully-developed region (corresponding to the steady-state phase of the injection 235 

rate and momentum flux results), Desantes et al. [8] proposed a formulation for the spray 236 

penetration as a function of the spray momentum based on a theoretical analysis: 237 

𝑆 = (
2 · 4.605

𝜋
)

1
4
·
2

𝐾𝑢
· 𝑀̇𝑜

1
4 · 𝜌𝑎

−
1
4 · 𝑡

1
2 · 𝑡𝑎𝑛−

1
2 (

𝜃𝑢
2
) (3) 

Where θu is the spray angle based on the radial velocity profile, and Ku is a constant 238 

linking the spray tip velocity with the axial velocity inside the spray, which was found to 239 

be equal to approximately 2.076. If the spray momentum is expressed as a function of the 240 

effective orifice outlet velocity (ueff) and area (Aeff), the following expression for the spray 241 

penetration is obtained: 242 

𝑆 = (
2 · 4.605

𝜋
)

1
4
·
2

𝐾𝑢
· 𝐴

𝑒𝑓𝑓

1
4 · 𝑢

𝑒𝑓𝑓

1
2 (

𝜌𝑓

𝜌𝑎
)

1
4
· 𝑡

1
2 · 𝑡𝑎𝑛−

1
2 (

𝜃𝑢
2
) (4) 

Introducing the definition of the area (Ca) and velocity (Cv) coefficients: 243 
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𝑆 = (
2 · 4.605

𝜋
)

1
4
·
2

𝐾𝑢
· 𝐶𝑎

1
4 · 𝐴𝑜

1
4 · 𝐶𝑣

1
2 · 𝑢𝑡ℎ

1
2 (

𝜌𝑓

𝜌𝑎
)

1
4
· 𝑡

1
2 · 𝑡𝑎𝑛−

1
2 (

𝜃𝑢
2
) (5) 

Where Ao is the nozzle orifice geometrical outlet area and uth the theoretical outlet velocity 244 

calculated from Bernoulli’s equation. Based on this analysis, and considering that in the 245 

current study Ao, ρa and ρf are held constant, the following correlation is proposed: 246 

𝑆[𝑚𝑚] = 𝑘 · 𝐶𝑎
𝑎 · 𝐶𝑣

𝑏 · 𝑢𝑡ℎ
𝑐 [𝑚/𝑠] · 𝑡𝑑[𝜇𝑠] (6) 

Table 2 summarizes the values obtained for each of the coefficients on the spray 247 

penetration correlation. As it can be seen, values of the exponents corresponding to the 248 

theoretical velocity and the time are very close to the ones predicted by equation (5). In 249 

the case of the exponents for the area and velocity coefficients, the values are still near 250 

the theoretical expectations, but some deviation appears. This deviation may be partially 251 

linked to the influence of these two parameters on the spray angle [52, 53]. In the current 252 

study, the spray angle could not be considered into the correlation due to the impossibility 253 

to have a proper spray angle characterization for the lateral visualization performed for 254 

nozzle N1. 255 

Table 2. Summary of statistical correlations for the far field spray penetration 256 

Parameter Value Interval of Confidence 

k 2.39·10-2 [2.1·10-2,2.7·10-2] 

a 0.285 [0.23,0.34] 

b 0.63 [0.62,0.64] 

c 0.55 [0.51,0.59] 

d 0.52 [0.51,0.53] 

R-squared 95.8% 

 257 
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Finally, Figure 9 shows the observed vs. experimental values for the far-field spray 258 

penetration. The high R-squared value (95.8 %) shows that there is a good agreement 259 

between the experimental measurements and the correlation proposed in this study. 260 

 261 

Fig. 9 Observed vs. predicted values for spray penetration correlation in the far-field. 262 

It has to be highlighted that the accuracy of this correlation is significantly higher than 263 

the one previously analyzed for the near-nozzle field. This is related to the fact that the 264 

different nozzle flow characteristics related to the included angle could be captured. 265 

Unfortunately, this was not possible for the near-nozzle correlation for two main reasons. 266 

First, the uncertainties in the transient spray momentum determination made impossible 267 

to obtain the instantaneous values of Ca and Cv. Furthermore, the theoretical derivation 268 

leading to the last correlation, which is based on spray momentum conservation, is not 269 

applicable to the near-nozzle field since the spray momentum at the nozzle outlet is 270 

changing as the injector opens.  271 

 272 

 273 
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5. CONCLUSIONS 274 

In the current paper, a study of the influence of the inclination angle of the nozzle orifices 275 

on the spray formation characteristics has been performed. For this purpose, three 276 

different nozzles with included angle values of 90, 140 and 155 degrees has been tested 277 

on a wide range of injection pressures (23-200 MPa). Spray penetration has been 278 

characterized using Mie-scattering visualization on a constant-pressure vessel at room 279 

temperature. For the 90 degrees nozzle, a lateral configuration has been used as opposed 280 

to the traditional frontal view used in diesel multihole injectors. This allowed to minimize 281 

the uncertainty in the spray penetration determination induced by the correction of the 282 

angle between the spray axes and the camera. 283 

Results showed that lower included angle tends to produce faster spray penetration, since 284 

there are lower losses at the orifice entrance. This was consistent with the mass flow and 285 

momentum flux results previously obtained. Nevertheless, the differences were found to 286 

be limited thanks to the counter-acting effect of the rounding radii at the orifice inlet, 287 

which tend to be higher as the included angle increases. The effect of the included angle 288 

tended to be more visible as the injection pressure increases. 289 

Statistical correlations have been searched for the spray penetration both in the initial and 290 

fully developed stages. During the first millimeters, spray penetration has been found to 291 

grow linearly with the time elapsed after the start of injection. Additionally, the pressure 292 

drop along the injector has shown to have a significant effect, with an exponent close to 293 

0.6. Both results are consistent with previous works performed by the authors. Finally, in 294 

the fully developed field, spray penetration was correlated to the steady-state area and 295 

velocity coefficients, defined from mass flow and spray momentum. The final 296 
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coefficients were very close to the expectations from a theoretical analysis based on the 297 

spray momentum. 298 
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