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ABSTRACT 13 

Currently, diesel engines are calibrated using more and more complex multiple injection 14 

strategies. Under these conditions, the characteristics of the flow exiting the fuel injector 15 

are strongly affected by the transient interaction between the needle, the sac volume and 16 

the orifices, which are not yet clear. In the current paper, a methodology combining a 17 

1D injector model and 3D-CFD simulations is proposed. First, the characteristics of the 18 

nozzle flow have been experimentally assessed in transient conditions by means of 19 

injection rate and momentum flux measurements. Later, the 3D-CFD modeling 20 

approach has been validated at steady-state fixed lift conditions. Finally, a previously 21 

developed 1D injector model has been used to extract the needle lift profiles and 22 

transient pressure boundary conditions used for the full-transient 3D-CFD simulations, 23 
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using Adaptative Mesh Refinement (AMR) strategies to be able to simulate the 24 

complete injection rate starting from 1 micrometer lift.  25 

 26 
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NOMENCLATURE 28 

A Constant for discharge coefficient vs. Reynolds equation 

Aeff Effective area 

Ao Geometrical area 

Ca Area coefficient 

Cc Contraction coefficient 

Cd Discharge coefficient 

Cd,max Maximum value of discharge coefficient vs. Reynolds 

Cv Velocity coefficient 

Do Geometrical nozzle diameter 



m  Mass flow 



M  Momentum flux 

Pback Discharge pressure 

Pinj Injection pressure 

uo Outlet nozzle orifice velocity 

uth Theoretical outlet orifice velocity, 
f

backinj

o

PP
u



)(2 
  

 

 

Greek Symbols 
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P Pressure drop, P=Pinj-Pback 

ρf Fuel density 

υf Kinematic viscosity 

 Flow coefficient or theoretical Reynolds number 

 29 

1. INTRODUCTION. 30 

The design of modern Diesel engines is focused on the reduction of pollutant emissions 31 

as well as fuel consumption due to the strict emission standards and global 32 

environmental awareness [1, 2] . Both aspects are related to the fuel-air mixing and 33 

combustion processes. In particular, several studies have observed how the formation of 34 

soot particles, which are one of the most critical pollutants in diesel engines, is directly 35 

related to the equivalence ratio at the lift-off length, which is an indicator of the fuel-air 36 

mixing efficiency [3–5]. Furthermore, brake thermal efficiency and combustion 37 

efficiency are also strongly impacted by the spray characteristics [6, 7].  38 

Fuel-air mixing and spray formation depend on the fuel injector design. R. Payri et al. 39 

[8] showed that the injector technology affects spray formation and combustion 40 

performance, with piezoelectric actuated injectors being characterized by shorter 41 

evaporation time and ignition delay. Similar results were obtained by Park et al. [9], 42 

linking also the use of piezoelectric injectors to a more efficient spray atomization. Most 43 

of these effects are linked to the different dynamic behavior of these injector 44 

technologies, which affect the transient evolution of the needle lift, known to impact the 45 

internal flow and near-nozzle spray features in both diesel and gasoline direct injection 46 

systems [10–12]. Additionally, the internal geometry of the nozzle, and in particular of 47 

the discharge holes, is also critical in spray formation [13–15]. 48 
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As a consequence of their relevance into the engine development process, different 49 

modeling approaches have been investigated over the years to predict the different 50 

physical phenomena related to fuel injection. Payri et al. [16] have used 1D-modeling 51 

tools to simulate the transient needle lift and mass flow rate of injectors, allowing to 52 

evaluate the effects of different fuel temperatures. Similar tools have been used by other 53 

authors to predict the effect of the injector technology on the instantaneous mass flow 54 

rate [17, 18]. Desantes et al. [19] evaluated a 1D-model based on momentum flux data 55 

to assess local velocity and mass fraction distribution inside the spray. Different authors 56 

have also analyzed the influence of the nozzle geometry on the internal flow, and in 57 

particular the eventual cavitation formation, through experimental and computational 58 

tools [20–24]. Internal nozzle flow simulations can also be coupled with spray models 59 

to have the complete picture of all the related phenomena [25].  60 

To approach coupled internal flow and spray simulations in realistic engine conditions, 61 

it is necessary first to develop internal flow models working at transient needle lift 62 

conditions. This implies the usage of moving mesh techniques. Traditionally, these 63 

strategies are based on stretching a set of pre-defined cells [26, 27]. For diesel injector 64 

applications, if the mesh is configured to provide meaningful resolution at high needle 65 

lifts, then very narrow cells with high skewness factors appear when the needle is close 66 

to its seat, inducing numerical instabilities and affecting the model predictability. This 67 

has limited the minimum needle lift for transient simulations to a value between 10 and 68 

20 µm [28, 29]. Nevertheless, the nozzle internal flow behaves in a significantly 69 

different way at very low needle positions due to the different flow direction induced 70 

[13, 30], which influences end-of-injection related phenomena like fuel dribble, linked 71 

to higher smoke and hydrocarbon emissions [7]. Battistoni et al. [31] performed a 72 
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coupled internal flow and spray simulation with moving mesh for a single-hole nozzle. 73 

In their work, the minimum lift was set to 2.5 µm for the injection rate opening and 10 74 

µm for the needle closure, after which, a transition strategy to a fully close needle 75 

simulation was developed. These two stages of the injection event were characterized in 76 

two different simulations, in order to maintain a reasonable computational time. Such 77 

methodology allowed the study of the spray dynamics in a more realistic way, even 78 

though some of the internal flow characteristics at very low needle lifts could not be 79 

captured. 80 

In the current paper, an Adaptive Mesh Refinement (AMR) methodology implemented 81 

in CONVERGE [32] has been evaluated for internal nozzle flow modeling of a diesel 82 

injector. The strategy has been applied to both fixed and moving needle conditions. At 83 

fixed lifts, this methodology has the potential to reduce computational time by 84 

automatically refining the mesh only in the areas of the domain where needed according 85 

to velocity gradients. When computing a transient injection event with moving needle 86 

conditions, AMR has the advantage of being able to create new layers of cells as the 87 

needle moves up, which improves the modeling capability and stability at very low lifts 88 

(1 µm for the current paper). 89 

The paper is divided in 6 sections. Section 2 presents the experimental tools used to 90 

characterize the hydraulic behavior of the injector used in this research. The results of 91 

this characterization, used to validate the CFD model, are summarized in Section 3. The 92 

outcomes of the modeling approach are detailed in two sections: one for the steady state 93 

lift simulations (4), and a second one that analyzes the transient injection event (5). 94 

Finally, the main conclusions of the study are drawn in Section 6. 95 

 96 
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2. EXPERIMENTAL TOOLS. 97 

2.1 Injection system, nozzle description and fluid properties. 98 

In this research, a common-rail fuel injection system able to reach up to 180 MPa is 99 

used. This system includes a solenoid-driven Bosch injector mounting a seven-orifices 100 

microsac nozzle. To perform the numerical investigations summarized in sections 4 and 101 

5, the nozzle geometry has been obtained using a silicone mold technique explained in 102 

[33]. This technique is based on the imaging of the molds using an electron microscope 103 

(Figure 1.a). The mold is analyzed with different levels of resolution to detect the 104 

geometrical features of the nozzle sac and orifices (Figure 1.b). The post-processing of 105 

the orifices allows to determine all the critical parameters, such as the rounding radii or 106 

the inlet and outlet diameters, with an accuracy of  ±2 µm (Figure 1.c and 1.d). The 107 

orifice length has been directly set to 1 mm according to the nozzle nominal dimensions 108 

provided by the fuel injector manufacturer. 109 

 110 

Fig. 1. Nozzle geometry determination by the silicone molding technique. 111 
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The specific values of these parameters for the nozzle of study are given in Table 1. The 112 

nozzle conicity degree is evaluated by means of the k-factor, which is defined as: 113 

 
      

10

oi DD
factork


      (1) 

Table 1. Geometrical parameters of the nozzle. 114 

Ra 

[m] 

Rb 

[m] 

R [m] Di [m] Dm [m] Do [m] k-factor Length 

[m] 

29±8 22±6 25.5±7 143±2.3 130±1.4 124±2.2 1.9±0.2 715±15 

 115 

As can be seen from the table, k-factor is 1.9, meaning that the nozzle orifices have a 116 

relatively high degree of convergence. Thus, according to previous experiences in the 117 

literature, low (or null) cavitation is a priori expected [34, 35]. 118 

The value of R in Table 1, is the rounding radius at the inlet orifice, which together the 119 

k-factor are the most important factors having influence on cavitation phenomena [36, 120 

37]. It can be determined either for the upper part of the orifice inlet, Ra, or for the 121 

bottom part of the orifice inlet, Rb. Again, the values obtained indicate the low 122 

probability for cavitation formation inside the nozzle orifices. 123 

As far as the fluid used for the experiments is concerned, it was a Repsol Diesel CEC 124 

RF-06-99 fuel. Its most important physical properties were characterized in a previous 125 

work [38]. In particular, the correlations available for the fuel density and viscosity as a 126 

function of pressure and temperature are: 127 
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Where ρf is the fuel density in kg/m3, μf is the fuel dynamic viscosity in mPa·s, μ0 is the 128 

fuel dynamic viscosity at 0.1 MPa of pressure (also in mPa·s), P is the fuel pressure in 129 

MPa and T is the fuel temperature in K. 130 

2.2 Injection rate meter and spray momentum test rig. 131 

A wide experimental hydraulic characterization was made based on mass flow rate and 132 

momentum flux measurements. The first were carried out by means of an Injection Rate 133 

Discharge Curve Indicator system based on Bosch method [39]. The measuring 134 

principle consists in measuring the pressure increase when injecting into a fuel-filled 135 

tube. This pressure increase is related to the injected mass flow rate through the fuel 136 

sound speed, among others factors. The registered signals should be processed in order 137 

to filter a cumulative phenomenon deemed to be important especially for long 138 

injections,  following the procedure described in [40]. The uncertainty in the actual 139 

injection rate when using the previously described methodology has been estimated in 140 

±1.5%. 141 

As far as the momentum flux test rig is concerned, with this device it is possible to 142 

measure the spray momentum flux by capturing the impact force of the spray on a 143 

surface. The force is transmitted to a piezo-electric pressure sensor previously calibrated 144 

with an accelerometer. The uncertainty of this measurement is approximately ±1.8%. 145 

Details of the measuring principle and a picture of this test rig are given in [41]. This 146 
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kind of measurement, combined with the mass flow rate results, can be used as a tool to 147 

assess the orifice-to-orifice dispersion in a nozzle, and also for determining the effective 148 

injection velocity and other non-dimensional flow parameters, which help describing 149 

the characteristics of the inner nozzle flow. 150 

2.3 Test matrix. 151 

In order to have a complete hydraulic characterization at different injection conditions, 152 

i.e., different values of the Reynolds number, a wide test matrix has been used. Table 2 153 

reports the operating conditions in terms of injection pressures and backpressures 154 

(discharge pressure). Each of them has been tested for three energizing times of 1ms, 155 

1.5 ms and 2 ms. All the possible combinations lead to a total of 108 points. 156 

Table 2. Test matrix for the mass flow rate and momentum flux measurements. 157 

Injection Pressure [MPa] Back Pressures [MPa] 

30-80-130-180 0.5 –  1 – 3 – 5 – 7 – 9 – 11 – 13 - 15 

 158 

3. HYDRAULIC CHARACTERIZATION RESULTS. 159 

In this section, the results of the hydraulic characterization are reported and analyzed.  160 

3.1 Mass flow rate results. 161 

In Figure 2, the mass flow rate results for Pinj=30 MPa and Pback= 3 MPa are plotted for 162 

three different values of Energizing Time (1 ms, 1.5 ms and 2 ms). As expected, the 163 

mass flow rates are identical at the beginning of the injection during the needle opening, 164 

and they show the same steady mass flow rate. The small perturbation observed in the 165 

different registered signals is related to the electrovalve closing. As can be seen in the 166 



10 

 

upper part of the figure, where the intensity of the energizing electrical current is 167 

plotted, this perturbation coincides with the instant at which the current intensity ceases. 168 

The pressure in the line feeding the injector is also represented in the middle part of 169 

Figure 2, and, again, the differences between them are due to the different energizing 170 

time of each injection. 171 

 172 

Fig. 2 Mass flow rate for Pinj= 30 MPa, Pback= 3 MPa and different Energizing Times.  173 

In Figure 3, the mass flow rates measurements for the injection pressure of 30 MPa and 174 

nine different backpressures are displayed. The points correspond to the energizing time 175 

of 2 ms. The main differences between the curves are related to the maximum mass 176 

flow value and the end of injection time. According to equation (5), the mass flow at 177 

steady-state conditions is directly proportional to the square root of the pressure drop 178 

along the injector:  179 
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      fodthvoafeffefff PACuCACuAm   2      (5) 

Being P  the pressure drop defined as backinj PPP  ; Ao and Aeff the geometrical and 180 

effective outlet sections of the nozzle orifices, respectively; uth the theoretical outlet 181 

velocity according to Bernoulli’s equation and Cd, Cv and Ca are the discharge, velocity 182 

and area coefficients, defined as: 183 
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 184 

Fig. 3. Mass flow rates for Pinj= 30 MPa and different backpressures (0.5-15 MPa). 185 

Apart from the effect seen on the maximum mass flow, increasing the backpressure also 186 

leads to slower needle dynamics, which results in a longer delay from the end of the 187 

electrical signal to the hydraulic closing of the injector. This is mainly due to the 188 

stronger force that opposes to the needle motion when the backpressure is higher. At the 189 

start of the injection event, the control volume is at pressure levels close to the injection 190 

pressure, and the contribution of the control pressure to the needle dynamics is small. 191 
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When the electrovalve stops being energized and the needle starts closing, both the 192 

control volume and the needle are at similar pressure values, and the weight of the 193 

backpressure force is more significant, resulting in the longer injection duration for 194 

higher backpressure previously mentioned.   195 

Figure 4 shows the same kind of results for Pinj = 180 MPa. In this case, being the 196 

injection pressure much higher, the weight of the backpressure variation on the pressure 197 

drop value is small, and consequently the injection rate curves are very close one to 198 

another. Additionally, the effect of the backpressure on the needle dynamics, and 199 

consequently on the opening and closing slopes of the injection rate, are minimal. 200 

 201 

Fig. 4. Mas flow rates for Pinj= 180 MPa and different backpressures (0.5-15 MPa). 202 

3.2 Momentum flux results. 203 

Figure 5 summarizes the momentum flux results obtained for Pback= 5 MPa conditions. 204 

The left hand side of the figure represents the momentum flux from four of the seven 205 

discharge orifices of the nozzle for Pinj= 130 MPa, showing that there is small hole-to-206 

hole dispersion in the injector of study, which will allow performing the numerical 207 

simulations for just one of the nozzle orifices. The right hand side of the figure shows 208 

the evolution of the momentum flux as a function of the injection pressure.  209 
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 210 

Fig. 5. Left: momemtum flux for Pinj= 130 MPa, Pback= 5 MPa for different orifices. Right: 211 

momentum flux for Pback= 5 MPa and different injection pressures 212 

The main difference among them relates to their maximum value (at steady-state 213 

conditions), which can be evaluated assuming steady-state conditions according to 214 

equation (9): 215 

      PACuCACuAumM oMthvoafeffefffeff  2
222

      (9) 

Thus, the stationary momentum flux grows linearly with the pressure drop along the 216 

injector, which is consistent with the results previously observed. Regarding the 217 

dynamic behavior of this parameter, it is evident again that higher values of ΔP lead to 218 

faster injection dynamics and shorter hydraulic durations for the same energizing time, 219 

as it was already observed when analyzing the injection rate data. 220 

3.3 Flow coefficients behavior. 221 

From the analysis introduced in equation (9), it can be immediately seen that the 222 

effective outlet velocity of the flow can be obtained from the combination of the 223 

stationary mass flow and momentum flux results: 224 

      
m

M
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Figure 6 depicts the steady-state conditions values of mass flow, momentum flux and 225 

effective velocity obtained from the previous measurements. Stationary mass flow 226 

grows linearly with the square root of the pressure drop, consistently with the analysis 227 

performed in equation (5) and the fact that no cavitation occurs inside the nozzle 228 

orifices, as it was expected from their geometry. Similar result is obtained in terms of 229 

the spray momentum, but considering in this case the pressure drop, consistently with 230 

equation (9). Being the effective velocity the ratio among the two, its evolution is also 231 

linear with the square root of ΔP, with values ranging approximately 200-600 m/s. 232 

 233 

Fig. 6. Steady mass flow rate, spray momentum and effective velocity. 234 

Apart from the effective velocity, it is also possible to determine the main flow 235 

coefficients (i.e., the discharge coefficient -Cd- and the velocity coefficient Cv-) from the 236 
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combined analysis of mass flow and momentum flux, using equations (6) and (7).  The 237 

values finally reached are depicted in Figure 7. 238 

The discharge coefficient shows an asymptotic increase behavior with the square root of 239 

the pressure drop, with a maximum value of approximately 0.87. This is due to the 240 

different turbulent characteristics of the flow. At low values of ΔP (i.e., low values of 241 

outlet velocity), the characteristic Reynolds number at the outlet of the nozzle is low, 242 

and consequently the turbulence intensity is moderate, characteristic of a 243 

laminar/transitional regime. At these conditions, the discharge coefficient tends to grow 244 

with the Reynolds number according to the expression [42]: 245 

      
Re

max,

A
CC dd       (11) 

With Cd,max and A being coefficients depending on the geometrical and hydraulic 246 

characteristics of the nozzle. For the conditions along the study, the Reynolds number 247 

defined from the geometrical and the velocity calculated from Bernoulli’s equation 248 

ranges approximately 10900-37700.  249 

 250 

Fig. 7. Non-dimensional flow parameters: Cd and Cv. 251 
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As the pressure drop increases, the outlet Reynolds number also grows, and the 252 

turbulent regime is already developed; therefore, the discharge coefficient becomes 253 

almost independent from the Reynolds number. In the case of the velocity coefficient, 254 

the behavior is analogous to the one already described for the discharge coefficient, 255 

since the nozzle shows no cavitation and the area coefficient is almost constant. 256 

4. NOZZLE SIMULATION IN STEADY-STATE (MAXIMUM LIFT). 257 

In the current section, the simulation work at fixed needle lift conditions will be 258 

discussed. First, the characteristics of the mesh used for such study and the main 259 

simulation settings are described. Later on, the conditions at the nozzle orifice outlet 260 

obtained through these computations are validated against the flow coefficients obtained 261 

from the hydraulic characterization results. 262 

4.1 Mesh construction and simulations setup. 263 

For the computational study a sector geometry of 51.4º of the nozzle, representing one 264 

of the seven orifices of the nozzle, will be considered. This approach can be considered 265 

acceptable taking into account the low hole-to-hole dispersion already observed during 266 

the momentum flux measurements. As stated during the introduction, an Adaptive Mesh 267 

Refinement technique, for which the mesh is automatically refined in the areas needed 268 

according to the information from the velocity fields at every time step, has been 269 

selected in CONVERGE. Such strategy allows reducing the total amount of cells 270 

compared to a static mesh approach, saving CPU time for the simulations.  271 
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 272 

Fig. 8. Geometry and sample mesh for the simulation (cell size in µm) 273 

Figure 8 shows the detail of the geometry and an image of the final mesh used for the 274 

study at the initial time step. The inlet and outlet boundary conditions in the domain 275 

have been set as constant pressure, and equal to the values of injection and discharge 276 

pressure used during the experimental activities. It ought to be considered that these 277 

pressures are not measured exactly in the location of the boundary conditions, which 278 

induces some uncertainties for the validation process. Nevertheless, in the case of the 279 

injection pressure, previous experiences show that the pressure losses from the rail up to 280 

the needle seat are low compared to those occurring in the needle seat itself [43]. For 281 

the nozzle and needle walls, a non-slip boundary condition (i.e. the fluid velocity is the 282 

same as the velocity of the solid boundary) has been set. About turbulence, Re-283 

Normalization Group (RNG) k-epsilon model has been chosen over the standard k-284 

epsilon because the modelization of the effective viscosity makes possible a better 285 
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handling of low Reynolds numbers and near-wall flows according to previous 286 

experiences from diesel internal nozzle flow simulations [44]. For the fluid properties, 287 

the values of density and viscosity have been computed using equations (2-4), 288 

particularized for the outlet pressure and a temperature level of 40ºC. All simulations 289 

assume incompressible and isothermal conditions, which means that the fluid properties 290 

are constant along the complete computational domain. 291 

During the initial stages of the investigation, preliminary simulations have been carried 292 

out to select the most appropriate combination of numerical schemes for the 293 

discretization of the Navier-Stokes equations and the mesh size parameters. In terms of 294 

the numerical schemes, both first order (upwind) and second order (central) approaches 295 

have been explored. In any case, PISO algorithm combined with Successive Over-296 

Relaxation (SOR) method has been used for solving the transport equations.  297 

Regarding the mesh sizing, in the AMR methodology available in CONVERGE, it is 298 

based on two parameters: the base cell size (dxbase), representing the maximum size in 299 

the domain, and the embed-scale parameter (emb), which is related to the minimum size 300 

of the cells close to the walls (dxmin), according to the following expression: 301 

      
emb

basedx
dx

2
min       (12) 

For the current case, 3 levels for the base cell size (40, 50 and 60 µm) and three levels 302 

for the embed-scale parameter inside the nozzle orifice (2, 3 and 4) have been explored 303 

on a single case (Pinj = 80 MPa, Pback = 7 MPa) to explore the effects of these 304 

parameters on the model accuracy. Additionally, different number of layers at the initial 305 

cell size have been considered, starting at a minimum value of 2. 306 
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 307 

Fig. 9. Mesh sensitivity study. 308 

In Figure 9, the solid black line represents the experimental value of mass flow through 309 

the nozzle orifice at these operating conditions; void symbols are used for the first order 310 

numerical schemes, while solid symbols indicate that second order schemes are selected 311 

(in both cases, upwind schemes are used); the kind of symbol is linked to the base cell 312 

size value and, finally, the color is related to the value of the embed-scale parameter 313 

inside the orifice. For each combination of numerical scheme, base size and embed-314 

scale parameter, different configurations with different number of layers at the 315 

minimum cell size, starting at a value of 2, have been screened. As the number of layers 316 

gets higher, the total number of cells increases significantly. For example, in the case of 317 

the Base 60, second order schemes, embed-scale parameter 4, the total number of cells 318 

in the computational domain increase from ~115000 to ~300000 when changing the 319 

number of layers from 2 to 16. 320 

Looking at the results, the first conclusion that can be drawn is that the first order 321 

scheme shows very significant sensitivity to number of layers, while the second order 322 

scheme is almost insensitive to this variable. For this reason, the number of layers will 323 

be set to 2 in order to reduce the computational effort. For the cell parameters, it can be 324 
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observed how the combination of a base size of 40 µm and an embed-scale value of 4 is 325 

providing the closer results to the experimental results, with an accuracy of 326 

approximately 5% in terms of the mass flow. Nevertheless, it can be seen that the values 327 

are very close to those achieved for the 50 µm and an embed-scale value of 4 (only 328 

0.3% accuracy improvement), while the total number of cells (and consequently the 329 

computational effort) can be significantly reduced. Thus, these values will be used for 330 

the rest of the study. Other settings of the model are reported in Table 3. 331 

Table 3. Tolerances and relaxation factors for the main physical parameters in CFD. 332 

Parameter Tolerance Relaxation Factor 

Velocity 10-6 0.5 

Pressure 10-8 1 

Density 10-6 0.5 

Turbulent kinetic energy 10-3 0.5 

Turbulent dissipation 10-3 0.5 

 333 

Figure 10 shows the maximum, mean and minimum y+ values calculated in the cells 334 

inside the nozzle orifice, where the higher flow velocities and turbulent levels are 335 

reached. As it can be seen the values achieved are rather low, with a mean value lower 336 

than 0.5. This is consistent with the very low minimum cell size used along the 337 

simulations (3.125 µm), and can be seen as another indicator of the consistency of the 338 

mesh characteristics previously chosen during the mesh sensitivity study. Thanks to the 339 

high level of refinement used, no particular wall functions were necessary for these 340 

simulations. 341 
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 342 

Fig. 10. Computed y+ values inside the orifice 343 

4.2 Validation of results in steady-state conditions. 344 

Figure 11 shows the results of the validation of the stationary AMR simulations at 345 

maximum needle lift. In particular, the left hand side of the figure shows the 346 

comparison of experimental vs. computations for the stationary mass flow rate, while on 347 

the right hand side the effective velocity values are depicted. As it can be observed, the 348 

results of the simulation are almost overlapped with the experiments at low injection 349 

pressure level (30 MPa, Δ𝑃1/2 ≈ 5500 𝑃𝑎), while the simulations tend to deviate from the 350 

experimental results as the injection pressure gets high, with a maximum of 10% at 180 351 

MPa (Δ𝑃1/2 ≈ 13000 𝑃𝑎). It has to be noted that, while the fluid properties have been 352 

considered constant, in reality both density and viscosity tend to increase together with 353 

the fuel pressure. Since density and viscosity have been computed at the backpressure 354 

conditions, there is an underestimation of these properties, especially in the areas 355 

corresponding to the needle seat, the sac and the inlet section of the orifice. While 356 

higher viscosities would tend to reduce the nozzle permeability thanks to the increase of 357 
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the viscous friction losses, the effect of density and viscosity on the local Reynolds 358 

number and the turbulence characteristics could partially explain the behavior of the 359 

simulation results. Another potential cause of the differences between experiments and 360 

simulations is related to the uncertainties in the nozzle geometry determination, which 361 

are related to the standard deviation values provided in Table 1. This subject will be 362 

analyzed in more details in the next section for the transient simulations results. 363 

 364 

Fig. 11. Numerical results validation for mass flow rate and effective velocity. 365 

 366 

5. NOZZLE SIMULATION IN TRANSIENT CONDITIONS. 367 

In the next lines, the procedure used to perform the moving needle lift simulations and 368 

the consequent injection rate results are analyzed. 369 

5.1 Needle lift law derivation from 1D Modelling. 370 

One of the most critical aspects of performing transient internal nozzle flow simulations 371 

is how to impose the needle lift law itself, since this information is generally not 372 

available experimentally. The proposal used in this study has been to obtain the needle 373 

lift profiles from a 1D model of the injector, previously developed in Amesim [45], 374 
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which is a multidisciplinary 1D-model platform based on Bond Graph technique. The 375 

needle lift profiles obtained through the 1D model are then imposed as boundary 376 

conditions for the 3D moving-mesh model. It has to be noted that the 3D simulations do 377 

not start at a completely closed needle condition. Indeed a minimum needle lift of 1 µm 378 

has been set  379 

 380 

Fig. 12. Needle lift laws used for the transient internal flow simulations 381 

The 1D injector model includes all the geometrical, mechanical and hydraulic 382 

information of the internal elements of the injector, extracted from a throughout 383 

characterization of each of them. The details of the model build-up and validation are 384 

available in [46]. The corresponding needle lift laws are shown in Figure 12. The 385 

different maximum lift achieved for each condition is linked to the higher deformation 386 

of the needle and piston as the pressure inside the injector increases. 387 

 388 
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5.2 Numerical results in transient conditions. 389 

For the dynamic internal flow simulations, the position of the needle lift obtained from 390 

the Amesim model (starting at 1 µm lift) has been directly introduced into the 3D-CFD 391 

code, so that the simulation starts and finishes when the needle is at its closed position. 392 

The rest of the boundary conditions, together with the configuration parameters 393 

(turbulence model, cell size, numerical schemes, etc.) are maintained equal to the ones 394 

already explained for the fixed lift simulations. Figure 13 shows the results of these 395 

simulations for the four different levels of injection pressure used along the study (30, 396 

80, 130 and 180 MPa) with a backpressure of 1 MPa.  397 

 398 

Fig. 13. Mass flow rate profiles: experiments vs modelling. 399 

In this graph, the continuous line represents computed injection rate for the nominal 400 

geometry (same as previously used for the steady-state analysis). The shaded area 401 

shows the sensitivity of the results to the main nozzle geometry parameters. In this 402 

sense, the upper boundary of the shaded area corresponds to a geometry where the inlet 403 
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rounding radii and the outlet diameter are equal to the average values plus the standard 404 

deviation obtained from the silicone molds methodology, and reported on Table 1. This 405 

results in values of Ra=37 µm and Do=126.2 µm. On the contrary, the bottom boundary 406 

of the shaded area is obtained with geometrical parameters equal to the average values 407 

minus the standard deviation (i.e, Ra=21 µm and Do=121.8 µm). In the steady state 408 

region, this results in a sensitivity of approximately ±5% with respect to the nominal 409 

geometry in terms of mass flow rate. 410 

As it can be observed, there is a good overall agreement between the numerical and 411 

experimental injection rate results for all the cases studied. This is especially clear for 412 

the opening and closing phases of the injection event, where the nozzle mass flow is 413 

mostly controlled by the needle position, since the most of the pressure drop along the 414 

nozzle is found in the needle seat region. Nevertheless, two regions of interest can be 415 

identified in the simulation: 416 

 At very low needle lift conditions (start and end of the injection event), a small 417 

bump is observed in the mass flow results, especially at low injection pressure. 418 

This is related to positions at which only one or two layers of cells with the 419 

minimum cell size (approximately 3.2 µm) appear in the needle seat region. This 420 

low cell resolution together with the high pressure and velocity gradients 421 

appearing in the flow in this area are the source of numerical instabilities, which 422 

produce the effect previously described. The fact that this effect is more visible 423 

at 30 MPa is related to the slower needle dynamics at this injection pressure, 424 

which results in a longer time to achieve the needle lift necessary to overcome 425 

this phenomenon. According to a previous work by Battistoni et al. [31], the 426 

mass flow at very low needle lifts, and especially during the opening phase of 427 
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the injection, is also affected by the fact that the fluid domain in the sac is 428 

initialized with pressurized liquid fuel. In fact, they noticed that when 429 

initializing the sac volume with a pressurized gas, as it would be realistic for a 430 

spray simulation, the instabilities almost disappeared. Nevertheless, for the 431 

current study a pressurized liquid condition was chosen since it is representative 432 

of the conditions during the injection rate measurements. It has to be noted 433 

anyway that the magnitude of the mass flow deviation induced by this instability 434 

is reduced.  435 

 At steady flow conditions, the simulation considering the nominal geometry 436 

does not follow completely the experimental curve. The mass flow in this case is 437 

slightly lower than the experimental, which was the trend already observed in 438 

the steady-state simulations results (section 4). Closer results are observed when 439 

using higher rounding radii and outlet diameter values, although some deviation 440 

is still present for mid-to-high injection pressures. Additionally, all the 441 

simulations show a flat mass flow in this region, while some oscillations appear 442 

in the experimental data. These oscillations are induced by the pressure waves 443 

traveling inside the injector during its dynamic behavior, which are not captured 444 

in the CFD simulations since a constant pressure boundary condition has been 445 

used, and no needle position or inlet pressure fluctuations have been considered. 446 

Finally, the pressure information inside the domain can be seen in Figure 14 as a 447 

function on the needle lift. In Figure 14.a, the pressure contours have been plotted in the 448 

nozzle middle plane across the orifice for four intermediate needle positions: 35, 67, 94 449 

and 288 µm (maximum needle lift). In this figure, it can be seen that for low needle lifts 450 

the pressure drop is mostly located in the needle seat region. This means that the 451 
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pressure drop across the orifice is reduced, resulting in a low velocity and mass flow 452 

condition, as previously seen in figure 13. On the contrary, as the needle moves up the 453 

area where the pressure drop is concentrated transitions from the needle seat to the 454 

orifice region. Indeed, at maximum needle lift (288 µm) the pressure upstream the 455 

orifice is very close to the inlet pressure of the domain. Consequently, the mass flow 456 

across the orifice is maximum. When this flow scenario is reached (no significant 457 

pressure drop in the needle seat area), the nozzle outlet velocity and consequently the 458 

mass flow become independent from the needle position, resulting in the steady-state 459 

injection rate area previously analyzed. 460 

This behavior can be seen in further details in Figure 14.b, where the average pressure 461 

values along several transversal planes in the needle seat region are detailed. The 462 

numbers of the planes are related to the positions highlighted in the 35 µm contour of 463 

figure 14.a, being 1 the plane positioned just after the inlet and 10 the plane just before 464 

the orifice. Additionally, this information is represented for different needle positions, 465 

including the four previously analyzed. According to this figure, the pressure just before 466 

the orifice goes as low as 20 MPa for the 35 µm lift, while it is almost equal to the inlet 467 

pressure for the last two lifts (221 and 288 µm). 468 
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 469 

Fig. 14. Pressure data as a function of the needle lift for Pinj=180 MPa. a) Contours in the 470 

middle plane. b) Average values in different planes across the needle seat region.  471 
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6. CONCLUSIONS. 472 

In the current paper, the transient hydraulic performance of a diesel injector during a 473 

complete injection event has been evaluated using 3D-CFD simulations. For this 474 

purpose, a production solenoid-driven multihole injector has been widely characterized 475 

prior to carry out the simulations. In particular, a silicone mold technique has been 476 

employed to obtain the geometry of the nozzle sac and orifices, needed to construct the 477 

3D model. Additionally, experiments to determine the injection rate and momentum 478 

flux at the nozzle outlet have been done at different boundary conditions, allowing to 479 

obtain enough data for a wide validation of the model. 480 

The simulation methodology, including Adaptative Mesh Refinement (AMR) has been 481 

first studied and validated on fixed-lift stationary conditions (computed at maximum 482 

needle position). A wide parameterization of the numerical schemes for the equations 483 

discretization, as well as the cell size parameters, has been performed to find the optimal 484 

configuration for the study. Then, some of the main nozzle outlet hydraulic parameters, 485 

such as the stationary mass flow rate or the effective velocity, have been computed and 486 

compared to the experiments, showing a maximum deviation lower than 10%, which is 487 

consistent with previous results without AMR. 488 

Later on, AMR has been used to compute internal nozzle flow at transient needle lift. 489 

The needle lift profiles imposed in the 3D-CFD study had been obtained from a 490 

previously developed and validated 1D model of the same injector used for the 491 

experiments. In these conditions, the methodology used in this study has shown its 492 

suitability to compute the flow delivery at very low lifts, which would not be possible 493 

with other moving mesh strategies without severe convergence issues. The results show 494 

also a good consistency between the experimental and computational injection rates 495 
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(especially in the opening and closing phases), with maximum deviations similar to the 496 

ones obtained at stationary needle lifts. These deviations can be significantly diminished 497 

when increasing the orifice inlet rounding radii and outlet diameter within the 498 

uncertainty boundaries of the silicone molds methodology. Finally, it is seen that the 499 

pressure drop along the domain is strongly related to the needle position, resulting in 500 

different velocity and mass flow through the discharge orifices. 501 
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