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Abstract 18 

In this paper, a design of experiments and a statistical analysis of variance (ANOVA) 19 

are performed to determine the parameters that have more influence on the mass flow 20 

rate profile in diesel injectors. The study has been carried out using a one dimensional 21 

model previously implemented by the authors. The investigation is split into two 22 

different parts. First, the analysis is focused on functional parameters such as the 23 

injection and discharge pressures, the energizing time and the fuel temperature. In the 24 

second part, the influence of 37 geometrical parameters such as the diameters of 25 

hydraulic lines, calibrated orifices and internal volumes, among others, are analysed. 26 

The objective of the study is to quantify the impact of small variations in the nominal 27 

value of these parameters on the injection rate profile for a given injector operating 28 

condition. In the case of the functional parameters, these small variations may be 29 

attributed to possible undesired fluctuations in the conditions that the injector is 30 

submitted to. As far as the geometrical and flow parameters are concerned, the small 31 

variations studied are representative of manufacturing tolerances that could influence 32 

the injected mass flow rate.  33 

As a result, it has been noticed that the configuration of the inlet and outlet orifices of 34 

the control volume together with the discharge coefficient of the inlet orifice, among a 35 

few others, play a remarkable role in the injector performance. The reason resides in the 36 

fact that they are in charge of controlling the behaviour of the pressure in the control 37 



volume, which importantly influences injector dynamics and therefore the injection 38 

process. Variations of only 5% in the diameter of these orifices strongly modify the 39 

shape of the rate of injection curve, influencing both the injection delay and the duration 40 

of the injection process, consequently changing the total mass delivered. 41 
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Ao Geometrical area 

BP Discharge pressure 

Cc Contraction coefficient 

Cd Discharge coefficient 

CN Cavitation number 

D Diameter 

Do Geometrical nozzle diameter 

ECU Electronic Control Unit 

ET Energizing time 



IT Injection time 

L Length 

LSD Least Significant Difference 



fm  Mass flow 

OA Outlet orifice 

OZ Inlet orifice 

Pv Vapour pressure 

RBP Return line discharge pressure 

RP Injection pressure 

SOI Start of injection 

T Fuel temperature 

TMI Total mass injected 

uB Theoretical velocity, 
f

B

BPRP
u



)(2 
  

V Volume 

 
Greek Symbols 



P Pressure drop, P=RP-BP 

ρf Fuel density 

υf Fuel kinematic viscosity 

 Flow coefficient or theoretical Reynolds number 

 Subscripts 

crit Critical conditions 
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1. Introduction 85 

Injection systems have a strong influence on the behaviour of the injection rate and thus 86 

in phenomena such as spray atomization, combustion and emissions (1)(2)(3)(4)(5)(6). 87 

It is therefore important to develop computational tools that enable to predict the 88 

behaviour of the system under different operating conditions, in order to optimise its 89 

performance and detect any potential problem (7)(8). Common-rail diesel injectors can 90 

be modelled by using a one-dimensional approach based on the Bond Graph technique 91 

(8)(9)(10). The capabilities of this kind of models have already been proved in several 92 

works published in the literature (8)(10) (11)(12)(13). 93 

In the present investigation, the authors have utilized the potential of a Bosch injector 94 

1D model previously developed and widely validated against experimental 95 

measurements (7)(9). Specifically, statistical methods (design of experiments and 96 

ANOVA analysis of variance) have been employed to quantify the sensitivity of the 97 

injection rate to variations in both the functional parameters and the design parameters 98 

(geometrical parameters). The variations in the values of these parameters that have 99 

been considered in this study correspond to a ±5% with respect to their nominal value. 100 

The intention of studying these variations is to quantify the effect on the injection rate 101 

of deviations around the nominal working parameters that could take place in a real 102 

engine for a given operating condition. 103 



In the case of the functional parameters (injection pressure, energizing time, 104 

backpressure, return line or fuel temperature), there may be some uncertainties during a 105 

particular injection event. For instance, the high pressure pump may supply slightly 106 

different values of rail pressure for each stroke, influencing the injection rate to a certain 107 

extent. Also, the measurements carried out by the sensors used to control the injection 108 

pressure, cylinder pressure or current of the energizing signal sent by the injector to the 109 

ECU could be submitted to some errors. The studied range of the values of the 110 

parameters (5% around the nominal value) is expected to cover for this kind of possible 111 

deviations with respect to a nominal injection condition. 112 

Similarly, in the case of the geometrical and flow parameters, the tolerances in the 113 

manufacturing process of the injector orifices or their obstruction due to depositions or 114 

coking could also influence their diameter and discharge coefficient within the ±5% 115 

range of variation considered. It is interesting then to quantify the influence of these 116 

deviations around the injector nominal geometry on the fuel mass delivery law for a 117 

given condition. 118 

As far as the structure of the article is concerned, the structure of the injector and the 119 

proposed model are defined in Section 2 together with the response variables that help 120 

to parameterize the injection rate for its subsequent statistical analysis. Next, in Section 121 

3, the designs of experiments used to analyse the functional and the geometrical 122 



parameters of the injector are defined. The statistical study of the variance carried out 123 

for both kinds of parameters is also presented in this section. The results and their 124 

detailed analysis are dealt with in Sections 4 and 5, devoted to the functional and the 125 

geometrical parameters, respectively. The conclusions of the study are finally 126 

condensed in Section 6. 127 

2. Proposed model 128 

The injector description, its operating principle, both its dimensional and hydraulic 129 

characterization and the steps followed for its modelling and validation are already 130 

published in (7). The injector dealt with in the study is a Bosch CRI 2.16 solenoid-131 

operated injector (14), able to work at maximum pressures up to 160 MPa. Its main 132 

specifications are summarized in Table 1. It is important to highlight that, due to the 133 

internal similitude among diesel injectors, the results derived from this study are also 134 

applicable to other injectors (Delphi, Continental, Denso, etc.) to a certain extent. 135 

Sketches of part of the nozzle and the injector holder of the injector of study are 136 

represented in Figures 1 and 2, respectively. A summary of the validation against the 137 

experimental results presented in (7), both in terms of rate of injection and total mass 138 

injected, is shown in Figure 3. 139 

 140 

 141 



Table 1. Main specifications of the injector used for the study. 142 

Injector Bosch CRI 2.16 

Type Solenoid-operated 

Control valve type Ball type valve 

Max. operating pressure 160 MPa 

Number of nozzle orifices 6 

Nozzle orifices outlet diameter (nominal D0) 131 μm 



Figure 1. Sketch and model of the needle. 143 

Figure 2. Sketch and model of the injector holder. 144 



 145 

Figure 3. Summary of the model validation against experimental results. 146 



The parameters employed as response variables on which the analysis of variance is 147 

carried out are those that define the rate of injection curve: start of injection (SOI), 148 

injection time (IT) and the total mass injected (TMI). These three variables are 149 

represented in Figure 4 for the experimental rate of injection curve (injection pressure of 150 

80 MPa and energizing time of 1 ms). In this figure, the mass flow rate profile is 151 

depicted along with the intensity of the electrical current for some given injector 152 

operating conditions. As it can be seen in the figure, the start of injection (SOI) is 153 

defined as the delay between the start of the intensity signal and the start of the mass 154 

flow rate signal. The injection time (IT) is the elapsed time from the start of the 155 

injection to the end of the injection (i.e. the time during which the injector remains 156 

open). Finally, the total mass injected (TMI) corresponds to the integral over the time of 157 

the mass flow rate profile (shaded area below the mass flow rate profile). 158 

 159 

Figure 4. Definition of start of injection and injection time (injection duration). 160 



The response variables considered in the study and their corresponding preferred units 161 

are summarized in Table 2. Please note that the term mg/st refers to the milligrams 162 

injected per injection cycle (stroke). 163 

Table 2. Response variables considered for the analysis of mass flow rate. 164 

Acronym Meaning Units 

SOI Start of Injection µs 

IT Injection Time ms 

TMI Total Mass Injected mg/st 

 165 

3. Design of experiments (DOE) and statistical analysis of variance (ANOVA) 166 

5 operating parameters and 37 geometrical parameters with 3 different levels have been 167 

considered for the study. In order to study all the combinations between these 168 

parameters considering 3 levels for each parameter, it would have been necessary to 169 

perform 243 (35) simulations in the case of the functional parameters study and 4.5 1017 170 

(337) simulations for the study of geometrical factors. In order to avoid this large 171 

quantity of tests, a design of calculations based on Taguchi theory was used (15). This 172 

technique, which allows carrying out experiments in a methodical way to obtain results 173 

at a minimum cost, was applied to define an appropriate set of simulations. Taguchi´s 174 

orthogonal array L27 was chosen to reduce the problem to 27 calculations in the first 175 



case (functional parameters), and orthogonal array L81 was chosen for the study of 176 

geometric parameters to reduce the problem to 81 simulations in the second one 177 

(geometrical parameters). Arrays L27 and L81 allow to study up to 13 and 40 factors with 178 

3 different levels, respectively. A statistical analysis of variance (ANOVA) of the data 179 

obtained from the simulations was performed in order to identify which parameters 180 

have more influence on the response variables summarized in Table 2.  181 

4.  Study on functional parameters 182 

The parameters considered in this first part of the study are the rail pressure (RP), the 183 

energizing time (ET), the backpressure (BP), the fuel temperature (T) and the pressure 184 

existing in the injector return line (RBP). The location of the relevant pressures (RP, BP 185 

and RBP) was depicted in Figures 1 and 2. As far as the fuel temperature (T) is 186 

concerned, it must be noted that the model considers isothermal flow. Therefore, local 187 

variations in fuel temperature are not considered along a simulation. 188 

For each of the factors, 3 different levels were chosen, comprising the nominal value 189 

and a variation of ±5 % over it. The nominal point corresponds to RP = 80 MPa, ET= 190 

1ms, T= 40 ºC, BP= 40 bar and RBP = 0.07 MPa. Table 3 summarizes the different 191 

factors and levels considered for this study. All the possible combinations of all levels 192 

for all the factors lead to Taguchi’s L27 array. Hence, 27 simulations are performed for 193 

the statistical study of the functional factors. Please note that each value of fuel 194 



temperature implies a given set of fluid properties (i.e. fuel density, viscosity and bulk 195 

modulus). Figure 5 depicts the mass flow rate profiles obtained for the 27 simulations of 196 

the L27 array. 197 

Table 3. Functional parameters considered in the study. 198 

Nº Factor Acronym Level 1 Level 2 Level 3 

1 Energizing Time (ms) ET 0.95 1 1.05 

2 Rail Pressure (MPa) RP 76 80 84 

3 Back Pressure (MPa) BP 3.8 4.0 4.2 

4 Temperature (ºC) T 38 40 42 

5 Return Back Pressure (MPa) RBP 0.0665 0.07 0.0735 

 199 

 200 

Figure 5. Mass flow rate results of the L27 array for the study of functional parameters. 201 



A statistical analysis of variance (ANOVA) of the data obtained from the 27 simulations 202 

was performed in order to identify which parameters have more influence on the 203 

response variables. 204 

4.1. Influence of functional parameters on the start of injection (SOI). 205 

First, the contribution of each individual factor to the start of injection was studied and 206 

it may be summarized as follows: the factors RP and T have a statistically significant 207 

effect on the SOI at the 95% confidence level, whereas the analysis predicts a negligible 208 

influence of the factors ET, BP and RBP on the start of injection at the 95% confidence 209 

level. 210 

In Figure 6, the mean value of SOI is represented for each level of the functional factors. 211 

The plots also display the Least Significant Difference (LSD) intervals for each of the 212 

mean values separately, with a confidence level of 95%. As shown in Figure 6, 213 

significant differences in the mean value of SOI are noticed when the values of the 214 

factors RP and T change and there is no superposition of the respective confidence 215 

intervals between different levels. This means that a fluctuation of the rail pressure or a 216 

variation in fuel temperature of about 5% is able to modify the start of injection 217 

significantly. Concerning the temperature, as it is visible in Figure 6, the value of SOI is 218 

lower when the temperature T is increased. This result was already observed by the 219 

authors by experimental means, as reported in (16). As analysed in (17) through the use 220 



of a 1D model of a similar injector to the one of the present investigation, this fact could 221 

be mainly attributed to the decrease in viscosity as the temperature increases. This 222 

implies a lower viscous friction, leading to a quicker opening of the injector needle. The 223 

effect of factors ET, BP and RBP is less significant, as represented by the overlap of the 224 

confidence interval for the different levels. The fact that the energizing time is not 225 

significant can be explained given that the variations on this factor are exclusively 226 

related to the duration of the electrical signal, therefore not affecting the properties of 227 

the signal in terms of maximum intensity level. In the case of the backpressure BP, a 228 

look at its LSD intervals reveals that the start of injection is smaller the higher the 229 

backpressure. This result is mainly due to the fact that the acting force on the tip of the 230 

needle is higher when the backpressure increases, leading to a higher needle opening 231 

force. Nevertheless, a variation of 5% does not significantly affect the start of injection. 232 

As far as the pressure in the return line is concerned, its influence is almost negligible. 233 

In this case, the explanation has to do with the cavitation regime under which the orifice 234 

located upstream of the return line works. This orifice (OA in Figure 2) normally works 235 

under cavitation regime due to the low downstream pressures (around 0.07 MPa for the 236 

injector used in this investigation) and high upstream pressures achieved. According to 237 

the cavitation theory, in such conditions the mass flow does not further depend on the 238 

pressure downstream (18). Thus, any variation in this parameter does not affect the 239 

mass flow rate, as has been observed. 240 



 241 

Figure 6. Mean value of SOI together with the LSD intervals for each factor considered. 242 



4.2 Influence of functional parameters on the injection duration (IT). 243 

Following the same procedure as in the case of the start of injection, an analysis of 244 

variance has been also performed for the injection time. In this case, the LSD intervals 245 

are displayed in Figure 7 for all the factors. As can be clearly noted, the factors RP and 246 

ET have a statistically significant effect on the IT at the 95% confidence level. 247 

Regarding the other factors (T, BP and RBP), the analysis predicts that their influence 248 

on the injection duration is negligible at the 95% confidence level. As far as the 249 

energizing time influence is concerned, its influence on the injection time seems 250 

obvious, since the energizing time is closely related to the injection time, whereas in the 251 

case of the rail pressure its influence is due to the fact that when the injection pressure 252 

increases, the force acting on the needle tip is higher at the moment of the injector 253 

opening. Thus, the needle velocity increases during this first stage of the injection. 254 

Consequently, the rod (Figure 2) moves further upwards during this first part of the 255 

injection, thus reducing the size of the control volume at the ball valve closing stage 256 

(end of energizing time). As a result of the control volume reduction, the pressure in it 257 

gets higher, as represented in Figure 8, which shows the ratio among the control volume 258 

pressure (CVP) and the rail pressure (RP) for the 3 pressure levels considered. This 259 

pressure increase in the control volume entails a bigger force on the upper part of the 260 

rod (see Figure 2) and therefore a quicker needle closing. 261 



With regard to the non-significant factors over the injection time, a slight increment of 262 

the injection time when the backpressure BP is increased can be noted according to 263 

Figure 7. As it was stated earlier, the higher the backpressure, the larger the force acting 264 

on the needle tip (NV3 volume in Figure 1). This would entail a bigger needle speed in 265 

the opening phase. Nevertheless, during the closing phase, this same force opposes the 266 

needle movement resulting in a longer time needed to close the injector. Consequently, 267 

the injection time becomes larger. On the other hand, the influence of the temperature T 268 

on this parameter is mainly due to viscosity variations. The viscosity is reduced the 269 

larger the fuel temperature, thus lessening the fuel viscous friction between the needle 270 

and the wall and also in the gap between the rod and the wall of the injector holder. As a 271 

result, the maximum needle lift increases leading to longer injection durations. 272 



273 
Figure 7. Mean value of IT together with the LSD intervals for each factor considered. 274 



 275 

Figure 8. Ratio between the control volume pressure and the rail pressure for the three 276 

levels of rail pressure considered. 277 

 278 

4.3 Influence of functional parameters on the total mass injected (TMI). 279 

As per the total mass injected, the analysis according to the LSD intervals displayed in 280 

Figure 9 showed that the variables that influence it in a more important manner are the 281 

energizing time (ET) and the rail pressure (RP), as it happened for the injection 282 

duration. This result is somehow expected since these variables are the ones directly 283 

controlled by the ECU of the engine in order to get a certain mass of fuel injected. 284 

Figure 10 shows the variation in the total mass injected quantity as a function of the rail 285 

pressure and the energizing time when the values of the other functional factors (BP, T 286 



and RBP) are kept constant. As it can be seen, the energizing time should be reduced if 287 

it is desired to keep constant the injected mass when increasing the rail pressure. 288 

With regard to the non-significant effects on the total mass injected, Figure 9 shows that 289 

the effects of the temperature and backpressure are small but clear. As far as the 290 

backpressure is concerned, its increase leads to a reduction in total mass injected due to 291 

the reduction of the pressure drop under which the nozzle works. In the case of the 292 

temperature, larger values result in an increase in total mass injected due to the larger 293 

injection times achieved as found in Section 4.2. 294 



 295 

Figure 9. Mean value of TMI together with the LSD intervals for each factor 296 

considered. 297 



 298 

Figure 10. Total Mass Injected (TMI) as a function of the Rail Pressure (RP) and the 299 

Energizing Time (ET). 300 

 301 

5.  Study on geometrical parameters 302 

Once the influence of the functional parameters has been analysed, the same type of 303 

study has been carried out in this section in order to determine which geometrical 304 

parameters have more influence on the injection rate. 305 

The parameters selected in this case are classified into two categories. On the one hand, 306 

pure geometrical parameters such as lengths and diameters of lines, internal volumes in 307 

the nozzle and the injector holder, roughness of lines and diameter of control volume 308 

orifices, among others. The elements containing these parameters are highlighted in 309 

bold letters in the schemes showed at the left of Figures 1 and 2. On the other hand, for 310 



some of the orifices deemed to have a great influence on the behaviour of the injector, 311 

important hydraulic parameters (aside from the diameter) have also been included in 312 

this part of the study. This is the case of the maximum discharge coefficient, the critical 313 

cavitation number and the critical flow number. The elements containing them are the 314 

nozzle orifices (NO in Figure 1), the control volume orifices (OA and OZ in Figure 2) 315 

and different variable orifices (OV1, OV2 and OV3 in Figures 1 and 2) for which the 316 

area depends on the lift of movable pieces (needle, rod or command piston). As it is 317 

well known, the discharge coefficient for an orifice under non-cavitating conditions 318 

exhibits an asymptotic behaviour when plotted against the Reynolds number 319 

(6)(7)(8)(13), so that it reaches a maximum value (Cdmax) once the Reynolds number is 320 

high enough. The critical flow number is defined as the value of flow number that leads 321 

to a discharge coefficient value of 95% of Cdmax. 322 

This flow number (λ) can be regarded as a theoretical Reynolds number for which 323 

Bernoulli’s theoretical velocity is considered instead of the actual velocity, according to 324 

Equation (1): 325 

ff

o BPRPD




)(2 
                (1) 326 

where RP and BP are the rail pressure and the backpressure (or discharge pressure), 327 

respectively. As far as the cavitation number is concerned, the definition introduced 328 

by Soteriou et al. (19) has been considered in this study: 329 



vPBP

BPRP
CN




              (2) 330 

The vapour pressure is usually neglected due to its small value when compared to both 331 

the rail pressure and the discharge pressure. The critical cavitation number (CNcrit) 332 

corresponds to the pressure drop for which cavitation starts. An acceptable estimation of 333 

these conditions can be experimentally determined through the stabilization of the mass 334 

flow rate or mass flow choking (18)(20)(21)(22)(23)(24)(25)(26). As previously 335 

established, when an orifice does not cavitate, the discharge coefficient increases with 336 

the Reynolds number (or flow number) (27)(28)(29). However, under cavitating 337 

conditions (i.e. when CN > CNcrit) the discharge coefficient stops increasing with the 338 

Reynolds number and varies (decreases) with the cavitation number as described by 339 

Equation (3) (30)(31)(32)(33)(34): 340 

CN
CC cd

1
1                          (3) 341 

where Cc is a coefficient that quantifies the contraction that takes place in the orifice due 342 

to cavitation. Cc may be obtained by particularizing the equations for the critical 343 

cavitation conditions (CNcrit), for which the discharge coefficient is known. 344 

All these geometric and hydraulic parameters are compiled in Table 4 with the 345 

nomenclature established for each element of the model in Figures 1 and 2. Data 346 



referring to hydraulic parameters are represented in grey background at the bottom of 347 

the table. As done in Section 4 for the functional parameters, the nominal value is 348 

represented in this table (level 2) together with the levels corresponding to ± 5% of 349 

variation (level 1 and 3). 350 

Table 4. Geometrical and flow parameters considered for the analysis of variance. 351 

Nº Component Factor Nom. Level 1 Level 2 Level 3 

1 Line L1 Diameter (mm) DL1 1.3680 1.4400 1.5120 

2 Length (mm) LL1 7.1915 7.5700 7.9485 

3 Line L2 Diameter (mm) DL2 1.1590 1.2200 1.2810 

4 Length (mm) LL2 6.8590 7.2200 7.5810 

5 Line L3 Diameter (mm) DL3 1.0545 1.1100 1.1655 

6 Length (mm) LL3 3.2205 3.3900 3.5595 

7 Line L4 Diameter (mm) DL4 2.0520 2.1600 2.2680 

8 Length (mm) LL4 109.2500 115.0000 120.7500 

9 Line NL1 Diameter (mm) DNL1 2.0520 2.1600 2.2680 

10 Length (mm) LNL1 14.2500 15.0000 15.7500 

11 Line NL2 Diameter (mm) DNL2 2.2800 2.4000 2.5200 

12 Length (mm) LNL2 25.6500 27.0000 28.3500 

13 Roughness Roughness (mm) LR 0.9500 1.0000 1.0500 

14 Volume V1 Volume (mm3) VV1 118.7500 125.0000 131.2500 

15 Volume V2 Volume (mm3) VV2 10.9060 11.4800 12.0540 



16 Volume V3 Volume (mm3) VV3 2.2230 2.3400 2.4570 

17 Volume V4 Volume (mm3) VV4 0.0536 0.0565 0.0592 

18 Volume NV1 Volume (mm3) VNV1 30.8750 32.5000 34.1250 

19 Volume NV2 Volume (mm3) VNV2 4.7756 5.0270 5.2783 

20 Volume NV3 Volume (mm3) VNV3 0.0554 0.0584 0.0613 

21 Inlet control orifice 

OZ 

Diameter (m) DOZ 205.2000 216.0000 226.8000 

22 Cdmax CDOZ 0.6935 0.7300 0.7665 

23 CNcritic CNOZ 1.8620 1.9600 2.0580 

24 critic LOZ 5937.5000 6250.0000 6562.5000 

25 Outlet control 

orifice OA 

Diameter (m) DOA 233.7000 246.0000 258.3000 

26 Cdmax CDOA 0.8170 0.8600 0.9030 

27 CNcritic CNOA 5.1775 5.4500 5.7225 

28 critic LOA 9025.0000 9500.0000 9975.0000 

29 Nozzles orifices 

NO 

Diameter (m) DNO 124.4500 131.0000 137.5500 

30 Cdmax CDNO 0.7790 0.8200 0.8610 

32 critic LNO 4845.0000 5100.0000 5355.0000 

33 Variable orifice 

OV3 

Cdmax CDOV3 0.5700 0.6000 0.6300 

34 critic LOV3 950.0000 1000.0000 1050.0000 

35 Variable orifice 

OV2 

Cdmax CDOV2 0.5700 0.6000 0.6300 

36 critic LOV2 950.0000 1000.0000 1050.0000 

37 Variable orifice 

OV1 

Cdmax CDOV1 0.5700 0.6000 0.6300 

38 critic LOV1 950.0000 1000.0000 1050.0000 

 352 



This analysis is performed on the nominal point used for the study about functional 353 

parameters: RP = 80 MPa, ET = 1ms, T = 40ºC, BP = 4 MPa and RBP = 0.07 MPa. 354 

The L81 Taguchi´s Orthogonal array (15) was chosen for the study of geometric 355 

parameters in order to reduce the problem to 81 simulations instead of 50653 (373). 356 

The mass flow rate profiles provided by the simulations corresponding to the L81 array 357 

are displayed in Figure 11. As it can be seen, a variation of just a 5% in the nominal 358 

values entails an important variation in the mass flow rate behaviour. The results of the 359 

ANOVA on each of the response variables considered (start of injection, injection time 360 

and total mass injected) are presented and analysed in the following subsections. 361 

 362 

Figure 11. Mass flow rate results of the L81 array for the study of geometrical and flow 363 

parameters. 364 



5.1. Influence of geometrical parameters on the start of injection (SOI). 365 

The results of the study on the contribution of each geometrical factor to the start of 366 

injection response variable are summarized in Figure 12 through the p-values. Factors 367 

with p-values lower than 0.05 have a statistically significant effect on the SOI. 368 

Therefore, only the factors DOZ and DOA (diameters of the inlet and outlet orifices of 369 

the control volume, respectively) have a statistically significant effect on the SOI at the 370 

95% confidence level. The diameters of these orifices are followed in importance by 371 

their corresponding discharge coefficients which (despite not being significant from the 372 

statistical point of view) have much more influence on the start of injection than the rest 373 

of parameters, for which the analysis predicts a negligible influence at the 95% 374 

confidence level. The mean values of SOI for each level of the DOZ and DOA are 375 

represented at the bottom part of Figure 12 together with the corresponding LSD 376 

intervals with a confidence level of 95%. 377 

As shown by the LSD intervals, it can be noted that the start of injection greatly 378 

increases when the diameter of the control volume inlet orifice (DOZ) becomes higher, 379 

whereas the contrary is seen when referring to the control volume outlet orifice (DOA). 380 

In this case, if the DOA gets higher, the start of the injection is considerably reduced. In 381 

order to explain this behaviour, the pressure registered inside the control volume (V2 in 382 

Figure 2) is displayed in Figure 13 for the three different values of DOZ and the 383 

nominal operating conditions. As mentioned earlier, this pressure is deemed to have an 384 



important influence on injector dynamics since it is directly related to the force exerted 385 

on the upper part of the rod (Figure 2). This pressure force, together with the one 386 

exerted on the bottom part of the needle (Figure 1), determines the dynamic behaviour 387 

of the needle-rod ensemble. 388 

 389 

Figure 12. p-values for all the geometric parameters and LSD intervals for DOZ and 390 

DOA factors. 391 



 392 

Figure 13. Pressure inside the control volume for different diameters of the control 393 

volume inlet orifice (OZ). 394 

As can be seen from the Figure, the smaller the diameter of the OZ orifice, the bigger 395 

the pressure drop along this orifice during the beginning of the injection, just when the 396 

OA orifice has been released by the opening of the ball valve OV2 (Figure 2) as a result 397 

of the injector energizing. As a consequence, the smaller the OZ diameter, the lower the 398 

pressure inside the control volume. This results in a lower force exerted on the upper 399 

part of the rod, which opposes to the needle opening thus reducing the time needed for 400 

the injector to open. 401 

The same effect is observed for the control volume outlet orifice (OA) with opposite 402 

consequences. In this particular case, given that this orifice is connecting the control 403 

volume to the return line through the ball valve, the bigger the diameter, the lower the 404 



pressure reached inside the control volume. Therefore, the quicker the needle moves 405 

upwards thus advancing the start of the injection. 406 

 407 

5.2. Influence of geometrical parameters on the injection duration (IT). 408 

As far as the influence on the injection duration is concerned, the results of the ANOVA 409 

in terms of the p-value are given in Figure 14. In this case, three significant factors have 410 

been found: the diameters of the control volume inlet and outlet orifices and the 411 

discharge coefficient of the first one. The control volume inlet orifice diameter (DOZ) 412 

is, by far, the parameter which mostly affects the injection duration, followed by its 413 

discharge coefficient and finally the control volume outlet orifice. The rest of 414 

parameters resulted not to be significant (p-value higher than 0.05). The importance of 415 

DOZ on the injection duration is revealed when looking at the LSD intervals in Figure 416 

14. The fact that these intervals do not show any type of overlapping among them when 417 

changing from a value of DOZ to another one means that the injection time is greatly 418 

affected by this modification regardless of the variation in any other parameter. In the 419 

case of the discharge coefficient of the OZ orifice (CDOZ), the LSD intervals are less 420 

separated, with a small superposition among them as shown in the bottom part of Figure 421 

14. Finally, the diameter of the OA orifice (DOA), the third in importance, exhibits LSD 422 

intervals with higher level of superposition among them. 423 



 424 

Figure 14. p-values for all the geometric parameters and LSD intervals for the 425 

significant factors DOZ, DOA and CDOZ. 426 



As it happened in previous cases, another important observation is how the injection 427 

duration changes when the values of each factor are modified. As noticeable from 428 

observing the LSD intervals, the injection duration is lower when the control volume 429 

inlet orifice diameter (or its discharge coefficient) is increased, whereas it grows when 430 

the control volume outlet diameter is increased. Regarding the inlet orifice, the cause of 431 

this behaviour has to do with the aforementioned phenomenon: as the inlet diameter 432 

gets larger, the pressure losses through it become smaller. Therefore, a higher pressure 433 

is found inside the control volume during the opening stage, as can be seen in Figure 13 434 

(time interval between 0.2 and 0.4 ms). This pressure acts on the upper part of the rod. 435 

As a result, the difference between the pressure acting on the needle tip (volume NV2 in 436 

Figure 1) and the one acting on the upper part of the rod (in the control volume, V2 in 437 

Figure 2) decreases. Consequently, the needle is slowed down during the injector 438 

opening phase. The delay between the different signals is directly related to the start of 439 

injection (SOI) parameter previously analysed in Section 5.1. Nonetheless, the injection 440 

time (IT) depends not only on what happens internally during the opening stage, but 441 

also on the internal behaviour during the injector closing phase. Indeed, using larger 442 

DOZ values would result in a faster recovery of the pressure inside the control volume 443 

once the injector energizing is finished and the ball valve (OV2 in Figure 2) has just 444 

closed, as can also be seen in Figure 13 (time interval between 1.5 and 2 ms). As a 445 



result, the needle speed is higher during the injector closing stage, thus cutting the 446 

injection process at an earlier stage and consequently reducing the injection duration. 447 

In the case of the control volume outlet orifice (OA), the phenomenon that occurs inside 448 

the injector is somehow the opposite of that just described for the OZ orifice. In fact, 449 

when the OA diameter is increased, the pressure inside the control volume (V2) is lower 450 

(i.e. the pressure drop through the OA orifice is smaller). Hence, the injection starts 451 

sooner, increasing the injection duration. It is important to highlight that, in this case, 452 

this parameter only influences the needle opening stage. During the injector closing 453 

period, once the energizing time of the injector has finished, the ball valve is closed and 454 

there is no flow this orifice. As a result, no differences are observed in the injector 455 

closing part of the mass flow rate curves. 456 

5.3 Influence of geometrical parameters on the total mass injected (TMI). 457 

The results of the analysis of variance over the total mass injected (TMI) variable are 458 

compiled in Figure 15 through the p-values obtained for each factor considered. As it 459 

may be observed, the significant factors (p-value lower than 0.05) are, sorted by 460 

importance, the diameter of the control volume inlet orifice (DOZ), the diameter of the 461 

outlet orifice of the control volume (DOA), the discharge coefficient of the OZ orifice 462 

and the diameter of the nozzle orifices (DNO). In the bottom part of the figure, the LSD 463 

intervals of these significant factors are also shown. They highlight that the percentage 464 



of variation of the injected mass when modifying just a 5% in the diameters of the 465 

control orifices is in the order of 15%. This variation is more critical in the case of the 466 

inlet orifice (DOZ), whose LSD intervals do not show any overlapping among them. As 467 

it happened for the injection duration (IT), the effect of the inlet orifice (OZ) is greater 468 

than the effect of the outlet one (OA), given that the former is always active influencing 469 

needle dynamics, whereas the latter is only active during the period for which the ball 470 

valve is open (i.e. when the injector is electrically excited by the ECU signal). 471 

As per the observed trends, these are similar to the ones reported in the previous study 472 

about the injection duration. When the diameter of the control volume inlet orifice (or 473 

its discharge coefficient) is increased, the total mass injected decreases. However, it is 474 

increased if the diameters of either the outlet orifice or the nozzle orifices are enlarged. 475 

The explanation in this last case is obvious, whereas the reason for the influence of the 476 

outlet orifice diameter is the previously explained variation in the control volume 477 

pressure when the control orifices are altered. To a certain extent, the total mass injected 478 

is closely related to the injection duration. 479 



 480 

Figure 15. p-values for all the geometric parameters and LSD intervals for the 481 

significant factors DOZ, CDOZ, DOA and DNO. 482 



5.4. Relative importance of non-significant parameters. 483 

As the previous sections pointed out through the analysis of the response variables, the 484 

most influencing factors on the injection profile are the control orifices. Their relative 485 

importance over the other ones is so high that they may be misleading, suggesting the 486 

erroneous conclusion that the rest of factors (about 30) do not bear any importance. In 487 

order to contextualize their importance among the rest of parameters, the same plan of 488 

simulations has been repeated, in this case without varying any of the parameters 489 

relative to the control orifices. Figure 16 shows the mass flow rate profiles obtained 490 

under this new constraint after performing the 81 simulations of the L81 array involving 491 

all the parameters of Table 4 except for those relative to the control orifices (numbered 492 

from 21 to 28 in the table). 493 

As it may be appreciated in Figure 16, the variability in mass flow rate profiles is 494 

notably reduced when compared to the one shown in Figure 11, especially regarding the 495 

opening and closing stages of the signals. Nevertheless, the geometrical factors that 496 

were appointed to as non-significant in the previous analysis importantly affect the 497 

injection rate. This is due to the fact that the effect of the control orifices in the previous 498 

analysis was very large compared to the rest of factors, thus being statistically more 499 

significant. 500 



 501 

Figure 16. Mass flow rate profiles for the simulations of the L81 array without varying 502 

any of the parameters related to the control volume orifices. 503 

 504 

Figure 17 shows the significant parameters found after these new analysis of variance. 505 

As it may be observed, the most significant parameters in this case may be divided in 506 

three big groups: 507 

1. Parameters belonging to the solenoid valve. 508 

2. Parameters belonging to the nozzle. 509 

3. Parameters belonging to the injector holder. 510 

The parameters comprised in each of the groups are studied next. 511 

1. Parameters belonging to the solenoid valve. 512 



 Ball valve discharge coefficient (CDOV2). This parameter strongly influences 513 

the behaviour of the SOI, IT and TMI response variables. The reason has to do 514 

with the fact that it produces the same effect as the outlet control orifice. 515 

Specifically, it affects the pressure drop in the control volume although to a 516 

lower extent. The LSD intervals of this factor on the three response variables 517 

represented in Figure 18 clearly show that the delay among the electric signal 518 

and the injection (i.e. the SOI) is reduced the higher the discharge coefficient of 519 

this valve. Additionally, high values of Cd lead to an increase in injection time 520 

(IT) and total mass injected (TMI). A high Cd favours the pressure drop in the 521 

control volume, easing the needle rise and consequently the injection rate, as 522 

seen in previous sections. 523 



 524 

Figure 17. p-values for all the geometric factors excluding the parameters of the control 525 

orifices. 526 



 527 

 528 

Figure 18. LSD intervals for the CDOV2 factor. 529 

 530 

 Control volume (VV2): Given that it is the volume where the pressure drop 531 

controlling the rod-needle ensemble is produced, it could be expected that its 532 

size had a considerable effect on injector dynamics, as demonstrated by the 533 

ANOVA results. Variations of its value substantially change the injection rate 534 



profile. If the volume is enlarged, the pressure decrease in it during the injection 535 

start (with the OV2 valve open) is less important, slowing the injector opening. 536 

This is the reason why the trend in the design of solenoid operated injectors is to 537 

reduce its size (7)(8)(35). Figure 19 shows the LSD intervals related to the 538 

variations of this parameter, confirming the explained tendency. 539 

 540 

 541 

Figure 19. LSD intervals for the VV2 factor. 542 



 Discharge coefficient of the OV1 variable orifice (CDOV1): this orifice 543 

corresponds to the area existing among the body of the ball valve and the upper 544 

part of the rod (Figure 2), its variable cross-sectional area depending on the 545 

displacement of this last element. This orifice is the link among the inlet and 546 

outlet control volume orifices through the volumes V2 and V3 (see Figure 2). 547 

Even though the variable area of this orifice is way greater than the area of the 548 

control volume outlet orifice (OA), it influences the upstream pressure thus 549 

substantially modifying injector dynamics. Due to this fact, the last generation 550 

designs for solenoid injectors have modified this part of the injector (7)(8)(35). 551 

The LSD intervals for this parameter are shown in Figure 20. The figure shows 552 

that the injection time grows as the discharge coefficient of the variable section 553 

orifice OV1 increases, thus also augmenting the injected mass. On the other 554 

hand, it can be seen that this parameter hardly influences the start of injection 555 

(SOI). The explanation resides in the fact that the area of this variable orifice 556 

reaches its maximum value when the needle is resting on its seat. In this 557 

situation, its variation is not significant, therefore preventing its influence on the 558 

early stages of the injection. 559 



 560 

Figure 20. LSD intervals for the CDOV1 factor. 561 

2. Nozzle parameters. 562 

As Figure 17 reflects, the diameter of the nozzle orifices (DNO) and their associated 563 

discharge coefficient (CDNO) are the parameters with a major influence on the injection 564 

time (IT) and the total mass injected (TMI). Indeed, these factors show the lowest p-565 

values for both response variables. However, as the results show, they are not 566 

significant as far as the injection delay (SOI) is concerned. 567 



As per the influence of these two variables, DNO and CDNO, they are related to the 568 

instantaneous injected mass through Equation (4): 569 
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This equation governs the behaviour of the injection rate during its steady-state stage. 571 

Hence, its influence on the total mass injected is direct. Besides, the discharge 572 

coefficient influences the pressure in the NV3 volume (Figure 1) to a certain extent. This 573 

pressure is exerted on the lower side of the needle, thus strongly influencing its 574 

dynamics and consequently the injection duration. 575 

 576 

3. Injector holder parameters. 577 

As underlined in the view of the ANOVA results (Figure 17), the most significant 578 

parameters belonging to the injector holder are the length and diameter of the L4 579 

internal duct (DL4 and LL4, respectively) (Figure 2). These parameters directly 580 

influence the pressure losses along the injector body. Figure 21 provides the LSD 581 

intervals of these factors concerning the injection time (IT) and total mass injected 582 

(TMI) response variables. The lower the line diameter and/or the higher its length, the 583 

greater the pressure loss along the duct, thus reducing the effective force on the lower 584 

side of the needle. As a consequence, the needle lift is reduced and so is the injection 585 

time. Nevertheless, as it may be seen in the upper part of Figure 17, it is not a 586 



significant factor from the point of view of the start of injection. The reason is that right 587 

before the beginning of the injection the fluid is at rest within the injector. On the other 588 

hand, as Figure 21 shows, it is important to note that it is much more significant to 589 

modify the length in a 5% than the diameter in the same proportion, which is 590 

demonstrated due to the higher separation among the LSD intervals for the former 591 

factor. 592 

 593 

Figure 21. LSD intervals for the DL4 and LL4 factors. 594 



6. Conclusions 595 

In the present investigation, a quantification of the influence of deviations from the 596 

nominal values of the parameters on the injection rate of diesel injectors has been 597 

carried out by conducting an analysis of variance (ANOVA) for a reference operating 598 

condition, by means of a previously validated one-dimensional model of a Bosch 599 

injector. 600 

On the one hand, some functional parameters (namely the energizing time, rail pressure, 601 

discharge pressure, fuel temperature and injector return line pressure) have been taken 602 

as factors to be studied. On the other hand, up to 37 different geometrical and flow 603 

factors have been considered (23 and 14, respectively). 604 

From the study, it has become clear that the injector performance mainly depends on 6 605 

factors: the rail pressure, the energizing time, the fuel temperature and the permeability 606 

of both control orifices and the nozzle (the permeability being defined as the product of 607 

the discharge coefficient times the geometrical area of the orifice). As far as the 608 

functional parameters are concerned, the rail pressure, energizing time and fuel 609 

temperature may be submitted to fluctuations during the normal operation of the 610 

injector, making their values depart from the nominal ones. Regarding the geometric 611 

and flow parameters, the permeability of the orifices depends on factors such as the 612 

accuracy of the manufacturer during the mechanizing process or the injector aging, 613 

whose influence should be accounted for. The configuration of the control volume inlet 614 



and outlet orifices, together with the discharge coefficient of the inlet orifice, play a key 615 

role in the behaviour of the common-rail injectors with a similar design to the one here 616 

dealt with. The reason resides in the fact that they are in charge of controlling the 617 

pressure in the control volume, which bears great importance in needle dynamics and 618 

consequently on the injection process. Variations in the order of 5% in the diameter of 619 

these orifices produce a strong change in the fuel injection rate, reflected in terms of 620 

total mass injected, delay to the start of injection and duration of the injection process. 621 

Results obtained by other authors in the literature are aligned with the ones here 622 

presented (13)(36)(37)(38). 623 

Given that the influence of the parameters linked to the control orifice on the injection 624 

rate is way greater than the one of any other parameter considered, the third part of the 625 

study has been devoted to an additional analysis of variance. In this analysis, the former 626 

parameters have been left constant, exclusively considering variations of the other 627 

factors. This has allowed to sort and quantify the importance of the rest of parameters. 628 

In this part of the study, the configuration of the ball valve parameters has been proved 629 

to be of great importance. This has been, in fact, the part of the injector that has suffered 630 

most variations in design in the successive generations of injectors during the past 631 

years. The study also pointed out that, although to a lower extent, the losses along the 632 

injector internal ducts also influence the injector behaviour. 633 
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