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Abstract 7 

The effects of fuel temperature and chamber pressure on the spray of a multi-hole G-DI injector 8 

were analyzed in a quiescent test chamber. The analysis was focused on the behavior of the global 9 

spray angles both close and far from the injector. Three pure hydrocarbons (n-hexane, n-heptane, 10 

and isooctane), three gasolines of known distillation curve and a commercial 95 RON gasoline from 11 

a gas station were utilized. The tests were performed at four chamber pressures (atmospheric, 12 

80kPa, 60 kPa and 40 kPa) and the fuel temperature was varied from 30°C to 110°C. 13 

The results for n-hexane and gasolines were very similar, while n-heptane and isooctane showed a 14 

different behavior. The ratio between the fuel saturation pressure at the operating temperature and 15 

the air pressure (ps/pa) is confirmed as a fundamental parameter for spray angle data reduction. The 16 

near field spray angle data for pure hydrocarbon fuels merge to a unique curve when plotted in 17 

function of ps/pa. An approximated method to deduce the gasoline saturation pressure curves 18 

starting from the distillation curve is presented. Using the calculated saturation pressures for the 19 

reduction of near field spray angle data for the gasolines, a unique curve is obtained, coincident 20 

with that of the tested pure hydrocarbons. In alternative, from the results obtained for a fuel of 21 

known saturation pressure curve, it is possible to obtain a direct correlation between near field spray 22 

angle and saturation pressure. From this relationship, an approximated saturation pressure curve 23 
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from the experimental angle measurements obtained on the same injector for an unknown fuel can 24 

be derived.  25 

Highlights 26 

 The saturation pressure curve can be obtained from the fuel distillation curve. 27 

 The saturation pressure curve can be obtained from the experimental spray angle. 28 

 29 

Keywords: flash boiling; direct injection spark ignition; spray angle; gasoline; distillation curve 30 

Nomencalture 31 

cp specific heat 32 

pa air pressure 33 

ps  saturation pressure 34 

Tf fuel temperature 35 

Ts saturation temperature 36 

Hv latent heat of evaporation 37 

l liquid density 38 

v vapor density 39 
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ASOI  After Start Of Injection 41 
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TBP True Boiling Point 48 
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1. Introduction 49 

It is well known that rapid evaporation occurs when a liquid is injected in an ambient at pressure 50 

below its saturation pressure. The sensible heat of the fuel provides the latent vaporization heat for a 51 

fraction of the liquid mass. After the pioneering work by Brown and York [1], numerous studies on 52 

the phenomenon in pools, ducts, jets, films and sprays were published. Although the physical bases 53 

are the same, the practical effects of interest in the various configurations could be different. Many 54 

studies were focused on transition from Rayleigh jet regime to spray regime by flash boiling. The 55 

aim was to obtain a good atomization with low pressure atomizers. An overview of the state of the 56 

art on this aspect of flash boiling is given in Sher et al. [2]. Different is the scope of the present 57 

work. In this case the effects of the phenomenon on a real G-DI injector at real injection pressure 58 

are studied. It means that a fully developed breakup regime is considered even in absence of flash 59 

boiling.  60 

As the G-DI technology developed, the behavior of different injector types was reported in 61 

literature. From the first studies devoted to swirl injectors [3-9], the attention lately moved to other 62 

injector types [10-24], however the studies on swirl injectors were not abandoned [25]. From the 63 

experimental results reported in the cited literature, a clear effect of flash boiling both on the spray 64 

shape and on the droplet diameters was noticed both for swirl and for multi-hole atomizers. The 65 

effects on both types of atomizers are similar. In particular, flash boiling causes an increase of the 66 

spray angle at the nozzle exit [4, 5, 9, 10, 12, 13, 16, 19, 24], that is followed by a contraction of the 67 

angle as the distance from the nozzle increases [5, 10, 12-14, 18].  68 

It is evident that the choice of the position where the spray angle is measured strongly affects the 69 

results, so quantitative comparison of works from different origins with different processing criteria 70 

cannot be immediately performed. In some cases, the angle definition gives as a consequence a 71 

behavior apparently opposite to the actual one. It would be desirable to define some standard 72 

procedures to measure the spray angles in order to obtain a comparable description of the actual 73 

spray behavior.  74 
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The SAE J2715 [26] Recommended Practice has some limitations when applied to a flashing spray. 75 

Depending on the injector design, the recommended measurement range from 5mm to 15mm could 76 

interest a region where the transition between angle increase and angle decrease occurs. 77 

The spray penetration is affected both by the degree of overheating and by the ambient pressure [12, 78 

19, 21, 24]. The mean droplet size was observed to decrease in presence of flash boiling [4, 6, 11, 79 

14, 16, 21 ]. These effects could be either favorable or detrimental depending on the applications, 80 

from this fact follows the importance of the studies about this topic. For this reason the authors 81 

carried up in the past studies on a G-DI swirl injector using simple fuels [9]. The results, reported in 82 

Figure 1, demonstrated that the angle at the exit of the injector was greatly influenced by flash 83 

boiling. Infact as soon as the phenomenon starts to occur the spray angle increases. Testing 84 

mixtures of n-pentane and isooctane in different percentage at atmospheric pressure, the angle 85 

increase starts to occur at higher temperature as the percentage of the higher boiling component 86 

(isooctane) is increased (Figure 1a). Plotting the same results in terms of the ratio between 87 

saturation pressure and ambient pressure (ps/pa) instead of temperature, the experimental curves 88 

merge in a unique curve as shown in Figure 1b. When the value of ps/pa becomes greater than one 89 

the spray angle starts to increase and for values greater than 1.5 the data can be fitted by a 90 

logarithmic curve.  Furthermore, the saturation pressure to be considered resulted to be the average 91 

saturation pressure of the mix, with no dominant effects of the lighter element. Considering these 92 

previous results, the authors decided to extend the investigation to a new generation multi-hole 93 

injector and different distillation gasolines. The examined results regard mainly the effects of flash 94 

boiling on the near field global angle of the injector spray. The main scope of the work is the setup 95 

of a procedure to study the effect of different distillation curve gasolines on the behavior of the 96 

injector spray in flash boiling conditions.  97 
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2. Experimental setup and procedure 98 

A six holes G-DI injector was tested in a constant volume chamber. The spatial distribution of the 99 

injector jets at 30 mm distance from the tip is reported in Figure 2, where the arrow indicates the 100 

line of sight of the camera. Four of the six jets are nearly aligned in the visualized image plane, 101 

while the other two are aligned along the line of sight 102 

The nominal value of the spray angle in the image plane is 72° and the nominal single beam angle is 103 

19°. The nominal static mass flow rate is 923.5 grams n-heptane per minute at 10 MPa injection 104 

pressure. 105 

The test chamber has an internal volume of 10 liters (206 mm internal diameter and 300 mm height) 106 

and has four 90 mm diameter windows positioned at 0°, 110°, 180° and 270° angles for 107 

visualizations and optical diagnostics. The chamber walls can be heated by electric cartridges and 108 

the input air can be preheated in an electrically heated reservoir. The air temperature inside the 109 

chamber is monitored by means of a J type thermocouple whose tip is placed near the injector tip 110 

but out of the spray range. In the present study, the chamber air temperature was kept at 25°C.  111 

For the tests, the chamber pressure was varied from ambient pressure down to 40 kPa absolute 112 

pressure using a compressed air ejector. The pressure regulation was obtained acting both on ejector 113 

applied air pressure and on input airflow. The airflow was optimized to have a complete evacuation 114 

of the injected fuel during the interval between two consecutive injections without influencing the 115 

spray behavior. Moreover, the airflow was effective in avoiding the increase of the chamber air 116 

temperature due to the presence of the injector heater.  117 

The fuel was pressurized using a sac pressure accumulator in order to avoid direct contact of the 118 

fuel with the pressurizing gas. The fuel was pumped in the circuit by a normal automotive electric 119 

pump and, after a period of recirculation in order to purge the circuit from gas bubbles, the gas 120 

pressure in the accumulator was reduced below the pump pressure to allow the accumulator filling. 121 

After that, the filling circuit was closed and the fuel was pressurized to the wanted injection 122 

pressure by supplying nitrogen to the gas section of the accumulator. The pressure was controlled 123 
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by a pressure transducer and a feedback circuit acting on a solenoid valve. The tests were performed 124 

at 100.05MPa fuel injection pressure. 125 

The injector was placed at the center of the upper flange of the chamber using an appositely 126 

designed adapter. The injector was surrounded by an oil jacket heated by two electric cartridges 127 

placed on the sides. A J-type thermocouple placed in contact with the injector measured the tip 128 

temperature and gave the feedback to the electric cartridges PID controller.  129 

The injector nose temperature was varied from 30 to 110°C with 20°C steps. The injection duration 130 

was set to 3ms and the repetition rate was limited to 0.5 Hz in order to guarantee that the fuel 131 

temperature was as close as possible to that of the injector nose. The low injection frequency also 132 

facilitated the test chamber air renewal between the injections. The steadiness of the injection 133 

temperature was controlled a posteriori by observing the absence of any particular temporal trend in 134 

the results obtained at constant conditions.  135 

Seven different fuels were investigated: three gasoline formulations of known distillation curve, a 136 

commercial gasoline (RON 95) from a gas station, n-hexane, n-heptane and isooctane.  137 

The effects of flash boiling on the spray structure were studied by comparing the images of the 138 

spray in different operative conditions.  139 

The imaging setup consisted in a Z-schlieren apparatus [27] without knife, thus allowing backlight 140 

imaging and no perspective effects. A stroboscopic flash lamp with a flash duration of about 30µs 141 

was used as light source and the images were taken by a PCO Sensicam camera setting the exposure 142 

time at 3µs. The timings of injector, flash lamp and CCD camera were controlled by a multichannel 143 

pulse generator. Particular care was taken in the optical system alignment in order to have a uniform 144 

background and a neat contrast with the spray edge. The background quality was used also as a 145 

criterion for the airflow setting. The airflow was increased and the repetition rate reduced until the 146 

presence of residual fuel fog from the previous injection was negligible. The optical setup was 147 

adjusted to have an image spatial resolution of 0.1 mm per pixel. This choice was dictated by the 148 

compromise between the necessity of a complete view of the spray far field and the accuracy in 149 
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near field angle measurement. As a result, the pixel resolution introduces an uncertainty in the near 150 

field angle measurement of about 3° on the spray angle at cold conditions, This uncertainty 151 

decreases to 1.5° at 60° spray semiangle, 0.6°at 70° and 0.15° at 80° spray semiangle. This 152 

uncertainty was found to be within the shot to shot experimental variability. 153 

Series of thirty single shot images at 1, 2 and 3 ms delay ASOI were taken for every experimental 154 

condition. Every single image was analyzed to extract the angle data. The results were then 155 

averaged and the standard deviation value was calculated. 156 

The global envelope of the spray was considered for the measurement of the spray angles, therefore 157 

the angles between the external edges of jet 2 and jet 6 of the spray were measured. In particular, 158 

the spray near field angle (from 0 to 1mm from the nozzle) and far field angles (in the ranges 20-159 

30mm, 30-40mm and 40-50mm from the nozzle) were measured.  160 

The images were automatically analyzed using an “ad hoc” macro running in Image Pro Plus 161 

software. The first step of the image analysis consisted in a normalization, based on the intensity 162 

value of a region of the image far from the spray, to correct for possible shot-to-shot variation of the 163 

light intensity. Than a background subtraction using an image taken before the injector opening was 164 

performed. The following steps of the analysis for the near field angle measurement are reported in 165 

Figure 3. The resultant image (a), where the spray appears dark on a bright background, was 166 

inverted to have a white spray on a dark background (b). Due to the good contrast given to the 167 

images by the optical setup, a sharp transition between the spray image and the background was 168 

obtained. After a preliminary sensitivity analysis a threshold of 10% of the range of the intensity 169 

profile was chosen to identify the spray edge. The image was then binarized using this threshold (c). 170 

The angles were calculated by connecting the points determined by the intersections of the spray 171 

profile with two lines normal to the spray axis traced at the beginning and at the end of the defined 172 

distance range (d). It is particularly important to choose a very short distance for the near field 173 

angle. This because the dominance of the flash boiling phenomenon in enlarging the spray contour 174 

is very short living. At few millimeters from the nozzle the spray profile begins to bend toward the 175 
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spray axis due to the induced air flow field. An example is shown in Figure 4 where a binarized 176 

image of a highly flashing spray is reported. The reference lines traced at a distance of 1mm and 177 

5mm from the injector tip allow to appreciate at a glance how close to the nozzle the induced air 178 

flow field begins to dominate the spray shape. This image shows also a limitation in the adopted 179 

method as, in these conditions, even in the distance range of 1mm from the injector tip, the spray 180 

edge is not linear. For this reason at 1 mm distance from the nozzle a near field spray angle value 181 

lower than the real angle at the nozzle exit is obtained.  182 

A resume of the experimental conditions is given in Table 1 183 

3. Experimental results 184 

As reported before, the aim of this work was the study of the effects of flash boiling on the spray 185 

structure of different fuels. This was obtained by increasing the fuel temperature, at constant air 186 

pressure, from 30 °C up to 110 °C and measuring some spray characteristic angles. The procedure 187 

was repeated at four different air pressure values (40, 60, 80 kPa and atmospheric pressure) for each 188 

one of the seven fuels.  189 

In Figure 5, two images of the spray both in absence (a) and in presence (b) of flash boiling are 190 

compared. Close to the nozzle, the spray angle increases for the effect of flash boiling. After the 191 

initial angle widening, the spray side boundary tends to curve toward the axis causing a contraction 192 

of the spray width. This spray collapse was observed by many researchers [5, 10, 12-14, 16, 18, 21, 193 

25] both in swirled and in multi-hole injectors. It was explained by the decrease of droplet mean 194 

diameter observed when flashing occurs [21, 25]. In fact, smaller droplets are more easily driven 195 

toward the spray axis by the induced airflow.  196 

In Figure 6a-d, the average values of the spray semiangle measured at 1 mm distance from the 197 

nozzle are reported in function of the fuel temperature for each test chamber pressure value. The 198 

error bars shown both in these and in all the following graphs indicate plus-minus one experimental 199 

standard deviation around the mean. A clear difference in the behavior of isooctane and n-heptane 200 
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with respect to the other fuels is noticed. For these pure hydrocarbons, at atmospheric pressure (Fig. 201 

6a), the spray angle increase occurs around 100°C. This is in agreement with their atmospheric 202 

boiling points of 99°C and 97°C. The n-hexane curve indicates that the angle increase occurs at 203 

about 70°C. Even for this fuel the transition temperature is close to the boiling point, that, for n-204 

hexane, is 67°C. The fact that all the tested gasolines have a behavior very close to that of n-hexane 205 

would indicate that their saturation temperature at ambient pressure is similar. Moreover, it is clear 206 

that in these operating conditions, flash boiling start to affect the spray structure even at low 207 

superheating. 208 

A similar behavior is noticed in the whole range of the experimental chamber air pressures 209 

explored. When the air pressure is changed, the curve of the near field spray angle bends up at 210 

temperature values decreasing with pressure decrease. For all the pressure values, all the gasolines 211 

and n-hexane show a similar behavior, while n-heptane and isooctane can be clearly distinguished 212 

from the other fuels. This difference was already observed and emphasized by other researchers [14, 213 

16, 22], coming to the conclusion that the use of these hydrocarbons as test fluids in flash boiling 214 

experiments could lead to wrong indications.  215 

In Figure 7(a-d) the behavior of the far field spray angle in the range 20-30 mm distance from the 216 

nozzle is shown. High angle variations are indicated by the large error bars, however a clear 217 

reduction of the angle when the fuel temperature is increased is shown. Therefore, the measurement 218 

at different distances from the injector tip can give opposite results in terms of spray angle. 219 

The knowledge of the saturation pressure curve of the pure hydrocarbons (n-hexane, n-heptane and 220 

isooctane), gives an immediate clear view of the link existing between the boiling point at the test 221 

air pressure and the flash boiling effects on the spray structure. In fact, as soon as the fuel 222 

temperature reaches the boiling value corresponding to the air pressure in the test chamber, an 223 

immediate increase of the near field angle of the spray is noticed.  224 

Different characteristic parameters were presented in literature to correlate the behavior of some of 225 

the spray characteristics in presence of flash boiling. Typically the superheating degree (Tf-Ts), the 226 
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Jakob number in its form Ja=(l/v)cp(Tf-Ts)/Hv) and the ratio between the saturation pressure and 227 

the ambient pressure were used for this scope. This last parameter was presented in literature under 228 

different forms: as =(ps-pa)/pa [4], (ps/pa) [9] and (pa/ps) [12]. The authors want to underline that 229 

the use of these parameters is limited to injectors that in normal conditions work in fully developed 230 

breakup regime. As observed by Lamanna et al. [28], in different working conditions these 231 

parameters are not controlling the onset of flashing regime.  232 

As already reported in a previous work [9], plotting the near field spray angle in terms of the ratio 233 

between the saturation pressure at the experimental temperature and the air pressure (ps/pa), all the 234 

curves tend to merge.  235 

An example is reported in Figure 8, where the data obtained for n-hexane are reported both in terms 236 

of fuel temperature (a) and in terms of (ps/pa) (b) 237 

Looking at Figure 8b an effect of ambient pressure is noticed. As ambient pressure decreases the 238 

spray angle curve become slightly steeper, however, for the current purpose, this effect can be 239 

considered negligible. 240 

In the present data analysis all the three parameters cited above will be employed and compared for 241 

the analysis of the three pure hydrocarbons tested. As it will be shown, all the three parameters 242 

permit a good data correlation, merging the curves obtained at different chamber pressures and 243 

different fuels in a unique approximated fitting curve. The dispersion of the subcooled angle data 244 

makes difficult a precise determination of the beginning of the ascending branch of the curves for 245 

the fuels. So a clear comparison of the different fuels in this respect is critical. For the same reason 246 

the fitting data range was chosen considering only the data that, from the graphs, clearly appeared 247 

as pertaining to the rising part of the curve. The same data range was used for the global fittings 248 

shown in the following figures. 249 

In Figure 9 the near field semiangle of all the pure hydrocarbon fuels employed is reported in terms 250 

of superheating degree (Tf-Ts). The angle starts to increase when (Tf-Ts) ≈ 0. The data were fitted 251 

for (Tf-Ts) > 5°C and the best data fitting is a linear function with R
2
 = 0.89. 252 
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In Figure 10 the same data are reported in terms of Jakob number. In this case the data were fitted 253 

for Ja > 10. The best fitting function is logarithmic and its R
2
 is 0.95 254 

In Figure 11 the correlating parameter is the ps/pa ratio. The data were fitted for ps/pa > 1.2. The best 255 

fitting function is logarithmic and its R
2
 is 0.93 256 

All the three correlation parameters are suitable for data reduction. The fitting in terms of ps/pa ratio 257 

has an R
2
 only slightly lower of that obtained with Jakob number. However the parameter ps/pa has 258 

the advantage of being easier to calculate and it is more physically sound that flash boiling starts to 259 

occur at ps/pa≥1. For these reasons and for what will be shown later, the ps/pa ratio was chosen for 260 

the following analysis. It is clear from the figure that the slope for n-heptane is higher than that of 261 

the other two fuels. In particular the individual slope values are: 19.5 for n-heptane, 17.7 for 262 

isooctane and 17.9 for n-hexane. On the other hand, the average subcooled angle for isooctane is 263 

higher than that of n-heptane.  However, the ±5% bands of the global fitting curve reported in the 264 

plot show a good degree of approximation for this way of comparing the data collected in different 265 

operating conditions. 266 

As it was shown in the previous figures, the onset of flash boiling causes an increase of the near 267 

field spray angle. The opposite effect is shown in Figure 12 for the far field angle. In this case, 268 

when ps/pa >1 the angle shows a clear decrease. Thus, the expansion of the near field spray angle 269 

due to flash boiling has the consequence of contracting the far field spray angle up to the spray 270 

collapse. As previously mentioned, this effect is commonly explained by the decrease of the droplet 271 

mean diameter, however some other factors influencing the overall induced air flow field could be 272 

accounted for. For example, Moon at al. [25] observed clear dissimilar effects between flashing and 273 

non flashing conditions, in terms of pressure difference between inner and outer part of the spray of 274 

a swirl injector. Even more complex is the case of multihole injectors, where the different spray 275 

plumes interact in different ways depending on the injector pattern. It is also to be noticed that the 276 

subcooled angle measured in the far field is considerably smaller than that measured in the near 277 
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field. Obviously, even in subcooled conditions the induced air flow field has the effect of curving 278 

the spray side edge toward the axis as the distance from the nozzle increases. 279 

As shown in Figure 6 and 7 the tested gasolines have a behavior similar to that of n-hexane. It is 280 

conceivable that the saturation pressure curves of the gasolines are close to that of n-hexane and that 281 

both the increase of the near field angle and the decrease of the far field angle for the gasolines start 282 

at ps/pa=1. In the following section an approximated method for the calculation of the saturation 283 

pressure curve for a gasoline starting from its distillation curve and its aromatic content will be 284 

described. 285 

4. Construction of the saturation pressure curve from the ASTM D86 286 

distillation curve. 287 

The data available for the different types of gasoline used in the tests are: 288 

 the ASTM D86 distillation curve  289 

 the aromatic content  290 

The distillation curves of the three gasolines used in these tests are presented in Figure 13. 291 

The volumetric aromatic contents were 30.9% for Fuel04, 34.2% for Fuel06 and 29.2% for Fuel08. 292 

From these data, it was possible to obtain an approximated saturation pressure curve.  293 

The first step was the transformation of the ASTM D86 curve of the gasoline in the corresponding 294 

True Boiling Point (TBP) curve. This passage was obtained through the analytical correlation given 295 

by Riazi [29]  296 

TBP=a (ASTM D86)
b
     (1) 297 

where the ASTM D86 temperatures are in Kelvin and the constants a and b, at different values of 298 

the volume percentage of the distillation curve, are given by Riazi [29].  299 

In Figure 14, the given ASTM D86 distillation curve and the True Boiling Point calculated curve 300 

for one of the gasolines are reported. 301 
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From the volume distillation intervals of the TBP curve seven “pseudocomponents” were defined. 302 

These pseudocomponents are characterized by the average boiling temperature of the distillation 303 

interval and their composition is approximated by a mixture of paraffinic and aromatic 304 

hydrocarbons. As the lower boiling aromatic is benzene (80°C), the pseudocomponents 305 

characterized by a lower boiling temperature were considered as composed by paraffines. The other 306 

pseudocomponent composition was approximated by a mixture of paraffines and aromatics in a 307 

constant proportion to respect the given total aromatic content.  308 

Olsen [30] gives regression curves, calculated from DIPPR data, for molar density in function of the 309 

boiling temperature for n-paraffins, isoparaffins, cycloalkanes and mono-aromatics. The curves of 310 

paraffins and isoparaffins are almost coincident and the curve of cycloalcanes is approximately an 311 

average of the curves of n-paraffins and monoaromatics.  312 

The molar volume fraction xi of each pseudocomponent was than obtained from the average molar 313 

density of its paraffinic and aromatic content obtained from Olsen's curves.  314 

Each pseudocomponent saturation pressure psi was then estimated using the model presented by 315 

Dutt [31] for pure hydrocarbons. 316 

An Antoine type relationship between vapor pressure and temperature is given: 317 

log(psi) = A-B/(C+T)               (2) 318 

The constants B and C are given in terms of boiling temperature Tb as: 319 

B= m+nTb      (3) 320 

C= m’+n’Tb      (4) 321 

the constants A, m, n, m’, n’ are given by Dutt [31] for the different families of hydrocarbons. 322 

The psi value was obtained, in the same way of the molar fraction, by averaging the values of 323 

saturation pressure obtained for paraffines and aromatics, according to the given content in the 324 

gasoline. The global saturation pressure curve was obtained from the sum over the seven 325 

pseudocomponents:  326 

ps(T) = xipsi(T).     (5) 327 
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The saturation curves obtained with this method are reported together with isooctane, n-heptane and 328 

n-hexane curves in Figure 15. 329 

These saturation pressure curves, calculated for the three gasolines whose distillation curve was 330 

known, permit to plot the near field spray angles in the same way as for the pure hydrocarbons. This 331 

is shown in Figure 16, where the dashed lines reported are the same of Figure 9. This means that 332 

even in this approximated approach the near field angle expansion starts when the (ps/pa) ratio is 333 

about equal to one. 334 

5. Construction of the saturation pressure curve from experimental near field 335 

angle.  336 

For Fuel95, whose distillation curve is unknown, it was not possible to apply the same method of 337 

data reduction. However, considering valid the behavior observed for the other fuels, it is possible 338 

to found, from the experimental data concerning the near field angle variation with fuel temperature 339 

(Figure 17), an approximate saturation curve for this gasoline. Considering the relationship linking 340 

the spray angle to ps/pa for n-hexane valid also for the other fuels, the value of ps/pa for Fuel95 can 341 

be obtained from the experimental spray angles. In this case the influence of ambient pressure, that 342 

was considered negligible for data reduction, is accounted for. Therefore, using the logarithmic 343 

fittings of the hexane spray angle data with ps/pa > 1 at different ambient pressures, it was possible 344 

to obtain the ps/pa value from the Fuel95 spray angle data obtained at the same air pressure. In 345 

Figure 18 the saturation pressure values deduced from the experimental spray angles of Fuel95 at 346 

different air pressure are reported in terms of absolute fuel temperature. These data were fitted 347 

obtaining a curve of the type ps=exp(a-b*1/T).  As shown in Figure 15, the saturation pressure curve 348 

of Fuel95 obtained with this procedure falls among the other gasoline curves. As the real saturation 349 

pressure curve for this gasoline is not available, a direct evaluation of the accuracy of the method 350 

for this gasoline is impossible. For this reason, the same procedure was applied to a fuel of known 351 

saturation pressure curve. In particular the method was applied to n-heptane data. The obtained 352 
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curve is reported in Figure 15 and it results to be very close to the one given by NIST [32]. The 353 

difference between the real and the reconstructed saturation pressure varies, in the range of interest, 354 

from 6% to 3%.  355 

It is obvious that plotting the Fuel95 results in terms of .ps/pa using the found ps(T) curve, the data 356 

merge on the same curve of the other fuels.  357 

6. Conclusions 358 

The experimental results of this study show the effects of the increase of fuel temperature on the 359 

spray angles of a multi-hole injector operated with three pure hydrocarbons (n-hexane, n-heptane, 360 

and isooctane), three gasolines of known distillation curve and a commercial 95 RON gasoline. The 361 

results are mainly focused on the near field angle, measured in the range of 1mm from the injector 362 

tip. For comparison, a far field angle, measured in the range between 20 and 30 millimeters from 363 

the injector tip, was also reported. 364 

A first analysis was performed on the experimental results obtained with pure hydrocarbons to have 365 

a reliable data set for a comparison with literature results and with the following analysis based on 366 

the results obtained with the different gasolines. Although it is impossible to compare quantitatively 367 

the results reported in literature because of the absence of a common procedure for the spray angle 368 

measurement under flash boiling conditions, some general trends were confirmed. In particular: the 369 

spray angle data obtained at different fuel temperature and different chamber air pressure can be 370 

compared in terms of the ratio between saturation pressure at the given fuel temperature and 371 

chamber pressure (ps/pa). In this way the curves for the different hydrocarbons at different chamber 372 

pressures tend to merge to a unique curve.  373 

To compare in the same way the results obtained for the gasolines, an approximate saturation 374 

pressure curve was calculated. Two procedures were presented. 375 

1. Starting from the ASTM D86 distillation curves, it was possible, using correlations reported 376 

in literature, to find an approximated saturation curve for each gasoline. From these curves 377 
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it was possible to plot the gasoline spray angles in terms of ps/pa ratio. In this type of plot 378 

the gasoline data have the same behavior of the pure hydrocarbon data. 379 

2. As the near field spray angle for a given injector is correlated with ps/pa ratio, it is possible 380 

to obtain an approximated saturation curve ps(T) for an unknown composition fuel by 381 

comparing its near field spray angle behavior on the same injector with that of a fuel of 382 

known ps(T) curve.  383 

Finally, from the brief literature survey reported in the introduction and the above experimental 384 

outcomes, a general conclusion can be draft: a suitable recommended practice for the testing of G-385 

DI fuel injectors in flash boiling conditions is needed.  386 

The spray angle, in flash boiling conditions, has a transition from expanding in the near field to 387 

contracting in the far field. Therefore, the most urgent point is a spray angle definition that could 388 

give, with a good approximation, an "initial" spray angle avoiding the following transition region. 389 

In this way some ambiguous results reported in literature will be avoided. Moreover, as the 390 

maximum effect of flash boiling occurs at the nozzle exit, this angle definition will give the 391 

maximum sensitivity of the measured angle to the increase of ps/pa ratio. 392 

The second point is the choice of n-hexane as reference fuel. This choice seems to be generally 393 

accepted in laboratories where flash boiling is a consolidated research interest, however in other 394 

laboratories either the standard n-heptane indicated by the SAE J2715 procedure or isooctane are 395 

commonly utilized. Clearly, any pure hydrocarbon can be used as far as the data are normalized 396 

with the ps/pa ratio. However, since n-hexane and gasoline have a similar behavior with respect to 397 

flash boiling, the choice of n-hexane as reference fuel will simplify testing procedures. 398 

The attempt to obtain an injector independent description of the flash boiling spray in its whole 399 

aspect, based on simple correlations and normalizations is quite ambitious. Nevertheless, a common 400 

experimental background could facilitate the direct quantitative comparison of the experimental 401 

data from different laboratories supplying a vast and reliable database for model validation. 402 

 403 
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Figure Captions 

 

Figure 1 Swirl injector near field spray semiangle variation with fuel temperature for different 

n-pentane/isooctane mixtures (a) and the same data plotted in terms of normalized pressure 

(saturation pressure/air pressure) [9] 

Figure 2 Spatial distribution of the injector jets at 30 mm distance from the tip. 

Figure 3 Image analysis steps for the near field angle measurement. 

Figure 4 Binary image of the near field spray in flash boiling conditions. 

Figure 5 Images of n-hexane spray in absence of falsh boiling (a) and in flash boiling conditions (b) 

Figure 6 Near field (0-1mm) spray semiangles vs. fuel temperature at different chamber pressure: 

0.1MPa (a), 0.08MPa(b), 0.06MPa (c), 0.04 MPa (d)  

Figure 7 Far field (20-30mm) spray semiangles vs. fuel temperature at different chamber pressure: 

0.1MPa (a), 0.08MPa(b), 0.06MPa (c), 0.04 MPa (d)  

Figure 8 n-Hexane near field spray semiangle at different chamber air pressures in terms of injector 

tip temperature (a) and in terms of ps/pa (b) 

Figure 9 Near field spray semiangle of the tested pure hydrocarbons in terms of superheating degree 

(Tf-Ts) 

Figure 10 Near field spray semiangle of the tested pure hydrocarbons in terms of Jakob Number 

Figure 11 Near field spray semiangle of the tested pure hydrocarbons in terms of saturation 

pressure/air pressure ratio ps/pa 

Figure 12 Near and far field spray semiangles of all the tested pure hydrocarbons in terms of 

saturation pressure/air pressure ratio ps/pa 

Figure 13 Distillation curves of the tested gasolines 

Figure 14 Fuel 04 ASTM-D86 and calculated True Boiling Point curves 

Figure 15 Saturation pressure curves of the tested fuels (temperature in reciprocal scale) 

Figure 16 Near and far field spray semiangle of all the tested fuels in terms of saturation 

pressure/air pressure ratio ps/pa 

Figure 17 Fuel95 near field spray semiangle at different chamber air pressures in terms of fuel 

temperature 

Figure 18 Saturation pressure curve of Fuel95 calculated from spray semiangle at different chamber 

pressure 
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Fuels n-hexane, n-heptane, isooctane, Fuel04, Fuel06, Fuel 08, Fuel95 

Injection pressure 10 MPa 

Chamber pressure 40kPa, 60kPa, 80kPa, atmospheric 

Injector temperature  30, 50, 70, 90, 110 °C 

Table 1 - Experimental conditions 
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